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The “International Workshop on e “e ™ collisions from ¢ to 47 (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 continued 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 Novosibirsk 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 measurements 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 ( CCAST), the
National Natural Science Foundation of China (NSFC), the Ministry of Science and Technology of China, the
Chinese Academy of Sciences (CAS), and the University of Science and Technology of China (USTC).
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Abstract: The BESI Collaboration has recently embarked on a two-photon physics program. lts main
motivation is given by the large uncertainty of the contribution of hadronic light-by-light scattering to the
anomalous magnetic moment of the muon «,, and the need of electromagnetic transition form factors
(TFF) as experimental input to improve the calculations. Data acquired with the BES Il detector at
center-of-mass energies from 3.77 to 4. 6 GeV allow for the determination of TFFs of light pseudoscalar
mesons. The measurements are performed with a single-tag technique and result in unprecedented
accuracy at momentum transfers below 2 GeV?, the region of highest importance for the calculations of
a,. Employing the same approach, the first double-tagged measurement of the pion transition form factor
has been started. It is the first step towards a model independent parameterization of the TFF of the 7°.
Additionally , measurements of multi-meson final states have been engaged.
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0 Introduction

The anomalous magnetic moment of the muon is
one of the most precisely known observables in particle
physics. Over the recent decades enormous efforts have
been made to reach a precision in the order of 10 ™' in
the direct experimental measurement, as well as in the
Standard Model prediction of «,. However, there
remains a discrepancy of 3 to 4 standard deviations
between the measured and the calculated values of a,.
The potential origin of this difference has triggered a lot
of activity, since, even if not being significant enough
to claim a discovery, it might be a hint for New
Physics.

Newly proposed experiments aim at a fourfold
improvement of the current precision of the direct

12 .
'. These experimental endeavors

measurements of aﬂ[
have given rise to numerous theory efforts in order to
improve the Standard Model prediction on the same
level. While the dominating QED contribution has
been calculated including corrections up to tenth
order™ | and the weak contribution also being well
understood by means of perturbation theory'*', the
error of the prediction of @, is completely dominated by
the hadronic contributions. The main challenge is that
QCD cannot be handled by perturbative methods at the
relevant energy regime.

" is due to the

The largest hadronic contribution aZ
hadronic vacuum polarization. It is handled within a
dispersive framework, which requires o (e* e~ —
hadrons ) as  experimental input”'.  Various
laboratories world wide have measured hadronic cross
section in scan experiments and exploiting the
technique of Initial State Radiation( ISR) , as has been
reported in this workshop. These results can be used to
significantly reduce the uncertainty of «, related to
hadronic vacuum polarization in the near future.
contribution to the

Another hadronic muon

anomaly o, is due to the hadronic light-by-light

scattering ( HLbL ) , a}fU’L. In contrast to oz/]iVP , It
cannot be directly related to experimentally measurable
quantities. The HLbL involves the coupling of real and

virtual photons to virtual hadronic states, described by

transition form factors( TFF') , while only transitions of
real mesons to real and virtual photons can be
measured. Calculations of the HLbL process are
possible in the low energy regime by means of chiral
perturbation theory, or at high energies, using
perturbative QCD ( pQCD). The energy scale relevant
for the magnetic moment of the muon is, however, the
intermediate regime, which cannot be addressed by
perturbative means. Thus, hadronic models have been
developed and used for the calculations of aELbL. The
contributions of individual hadronic processes to the
models is dominated by the transitions of the
pseudoscalar mesons 77°, 5 and 5’ followed by multi-
meson states and higher resonances ®’. The validity of
the models can be tested with measurements of the

momentum transfer dependence of the respective TFF.

HLbL

The uncertainties of the resulting values of a,

depend strongly on the models. Two of the frequently
quoted examples are the so called " Glasgow
Consensus" by Prades, de Rafael and Vainshtain'”'
and the recent calculations by Jegerlehner and
Nyffeler'®'. The relative uncertainties of the respective
results of a;ILbL differs by approximately 30% .

In order to reduce the model dependency for the

bL

calculation of aEL , recently, the development of data
driven approaches has been started. The goal is to
provide a more reliable estimate of the uncertainty of

HLbL [9-10] Tmportant

, based on dispersive analysis
inputs to these calculations are the TFF of 7°, of two
pions and the pion polarizabilities.

The need for additional data on TFF, in order to
improve the calculations of HLbL and, thus, to
improve the prediction of «,, has motivated the yy

BES 1I.

Experiments at e e” colliders can provide data on

physics program, recently started at
space-like TFF through the measurement of meson
production in two-photon collision. The differential
cross section of this production mechanism is directly
proportional to the square of the TFF, but it is peaked
towards small polar angles of the scattered leptons.
Common detector setups cannot cover smallest
scattering angles, due to the beam optics necessary to

collide the beam at the desired interaction region.
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Thus, the momentum dependence of the TFF is usually
studied in single-tag analyses, where only one of the
scattered leptons is reconstructed in the detector
volume along with the produced hadronic system. The
second lepton is expected to escape detection at
smallest scattering angles, i. e. along the beam axis.
The corresponding momentum transfer is small and the
exchanged photon is quasi-real. Thus, the form factor
F(Q, Q) depends only on a single momentum
transfer F( Q7).

Available measurements of the 7°, n and n' TFF
are dominated by the recent measurements at B-
factories'"'">).  The TFF has been determined for
momentum transfers Q° from 4 GeV> to 40 GeV® and
the results triggered a discussion on the applicability of
pQCD in this energy range, by the so called Belle-
BaBar-puzzle. For athL
influential. Here, the Q°-behavior of the TFF at

approximately 1. 5 GeV” is most important' "™/, At

, however, these data are less

these energies only measurements from the CELLO and
15-16]

CLEO experiments® are available, which suffer
from comparatively low statistics.

The BESII experiment can contribute in exactly
this region of low momentum transfer and can provide
data on the TFF dependence with high statistical

accuracy.

1 The BESII detector at BEPC II

The BES T experiment'”’ is located at the
symmetric e* e~ collider BEPC ]I , which is operated
at the IHEP in Beijing( China). Data can be collected
in a center-of-mass energy range from 2.0 GeV to 4.6
GeV. The BESTI detector setup consists of a helium-
based drift chamber surrounding the Beryllium beam
pipe, a plastic scintillator time-of-flight system, and a
CsI(Tl) electromagnetic calorimeter, which are placed
inside the bore of a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The flux-return yoke
is instrumented with resistive plate counters and serves
as muon chamber. The detector covers 93% of the
solid angle. Momenta of charged particles and photon
energies are measured with a resolution of 0. 5% and

2.5% at 1 GeV, respectively.

Data taking has been routinely performed since
2009. In the recent data taking campaigns BESTI has
collected 1.25 x 10” e* e” — ]/ events, more than
500 x 10° e* e” — i (2S) events, 2.9 fh™' at the
(3770) peak, and more than 5 fb " in the center-of-
mass region above 4 GeV, which are devoted to studies
of the charmonia and charmonium-like states ">,
This data set comprises the world s largest samples of
J/,p(2s), and  (3770) mesons. Additional data
have been acquired for a 7-mass scan and a high
statistics R-scan. Based on these data, the BES Il
collaboration pursues a physics program'*’ | which
focuseson charmonium spectroscopy, charm physics,
light hadron spectroscopy, 7 physics, and R-
measurements.

The investigations in the field of yy physics make

use of all larger data sets, whereas the data taken at

/s =3.77 GeV constitute the largest individual sample.
It has been used to study the TFF of 7°, 5 and 7’.

2 Transition form factors of 7', 7
and »’

The analysis of the TFF of 7z°, 5 and 7’ is based
on a single-tag technique: Only the decay products of
the produced mesons P = 7°, nn’and one of the two
scattered leptons of the reaction e” e —Pe’ e are
measured in the detector. The other lepton is
reconstructed from four-momentum conservation and it
is required to have a scattering angle smaller than 8°,
which corresponds to the radius of the beam pipe at the
end of the detector.

The 7° meson is reconstructed from its decay into
two photons. The main source of background in the
event selection are QED processes, such as radiative

Bhabha

combination with a soft photon from any secondary

scattering.  Hard radiative photons in
process easily mimic the invariant mass of a pion.
Three conditions are applied on the measured photon
pairs to successfully reduce this background: A limit
on the helicity angle of the photons, which is the angle
between one of the photons in the rest frame of the pion

and the direction of motion in the laboratory frame; A

threshold on the scattering angle of the pion; A
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minimum polar angle difference of the two photons in
the laboratory frame. Hadronic background from
decays of ¢ (3770) into pairs of D mesons, the
radiative return to ¥ (2S) and J/i, and from the qq
continuum is rejected by a condition, which has been
introduced in the BaBar analysis''''| in order to
suppress initial state radiation in the signal channels.
based on and momentum

Since it is energy

conservation, it is also efficiently suppressing
background from incompletely reconstructed hadronic
sources and other two-photon production channels.
Remaining event candidates show clear signal peaks,
not only of the 77", but also of the 5 meson in the
invariant mass distribution of the two photons.

In order to extract the TFF of the 7°, remaining
background is subtracted bin-by-bin from the
differential distribution of momentum transfer. For
every bin in Q° the invariant mass spectrum of the two
photon system is fitted and the number of signal events
above the continuous background is counted. The
background free (° spectrum is converted to the TFF-
distribution by normalizing to the reconstruction
efficiency and luminosity and finally dividing out the
point-like cross section, by means of a Monte Carlo
Wess-Zumino-Witten

simulation based on the

term" %,

The data taken at the ¢y (3770) peak statistically
only allow for a measurement of the TFF of the 7° at
momentum transfers of 0. 3 < Q* ( GeV®) <3. 1. This
corresponds to the kinematical region, which is of
importance as input for the calculations on hadronic
light-by-light
obtained with the analysis scheme described above is
5 GeV’;

momentum transfers it is still compatible with the

scattering.  The statistical accuracy

unprecedented for Q° < 1. for larger
CLEO"" result. The systematics are still under study,
where the largest contribution comes from the method of
background subtraction. The publication of the result is
expected in the near future.

An improved understanding of the contribution of
the 77° TFF to a}jU’L is, however, only sufficient on the
level of the current experimental precision of @,. In

view of the announced new direct measurements and

their planned four-fold improvement in accuracy, it is
necessary to include and to improve the understanding
of the contributions of  and 1’ .

A dedicated measurement of the respective TFF
has been started, based on the decay modes 7 —
m'w ™ and n'—a’m " 7w, which result in the same
final state, taking into account the subsequent decays
of 77’ and 7 into two photons. The analysis strategy is
analogous to the analysis of the 77’ production described
above, except for the conditions to suppress radiative
Bhabha scattering, which is not of concern in this
channel. Hadronic background contributions involve
decays of w and ¢ mesons into three pions. In the
analysis of the n mesons, there is also background from
incompletely reconstructed decays of %’ mesons,
produced in  the two-photon  collisions. By
kinematically fitting the decay systems to the masses of
n and 7', respectively, background is suppressed
completely.

Based on this selection, the TFF can be extracted

from data taken at /s =3. 77 GeV, for momentum
transfers between 0. 3 < Q° (GeV’) < 3. 5. The
statistical accuracy is compatible with the published
results of the CELLO and CLEO experiments "'
However, it should be noted that in contrast to the
previous measurements, here, only one decay channel
has been evaluated. Adding more decay channels in
the analysis, as well as analyzing the remaining data

sets will improve the BESTI result significantly.

3 Transition form factors of 77

Recently, the BES I collaboration started a
measurements of 77" 77~ pair production in two-photon
collisions. The measurement is not only motivated by

. HLbL
its relevance for a, ",

especially for the new
dispersive calculations. It is also of interest, due to the
possibility of extracting parameters of resonances in the
two-pion final state and the possibility to study pion
rescattering effects at low invariant masses. Previous
measurements used untagged measurements, i. e. both
scattered leptons escaped detection, and were
restricted to invariant masses larger than approximately

500 MeV/c>.

Only a few data points at lower masses



% 6 2

vy physics analyses at BESTI 453

have been published by the MARK Il experiment' >

The analysis of the 7% 7~ final state at BES Il
follows the single-tag strategy, successfully used in the
analysis of single pseudoscalar meson production. The
main background contributions stem from the two-
photon production of muon pairs, and the radiative
Bhabha scattering process, in which the photon couples
to a p-meson, decaying into two pions.

The QED background of muon production is well
understood from the yy physics studies at LEP).
Monte Carlo generators are used to produce training
samples for the application of an artificial neural
network , which was already successfully applied in the
measurement of hadronic cross sections, to separate
pions from muons'®'. Muon background surviving the
condition found with the neural net is subtracted using
Monte Carlo distributions.

Background involving the p-meson is subtracted
by fitting the clearly visible peak in the 7% 7~

invariant mass with the Kiihn-Santamaria

! The remaining events allow to

parameterization
study the production of 77 " 77~ in bins of the momentum
transfer (7, the pion invariant mass, and the pion
helicity angle cos@”. This is the first measurement in
the invariant mass region of 2m_<M__(GeV) <2.0
and the momentum transfer region of 0.2<(Q’(GeV’) <

2.0 with a full coverage of the helicity angle.
4 Double-tagged measurements

In case of common detector setups at e’ e~
colliders, double-tagged measurements refer to the
analysis of events, where both leptons have been
scattered into the detector volume, 1i. e. the scattering
angles with respect to the beam axis are in general
larger than approximately 20°. Thus, the momentum
transfer of each lepton is large. Due to vanishing cross
sections for events with the corresponding kinematics,
currently, experimental information on TFFs depending
on two virtualities F( Q7,Q7) is not available.

First exploratory studies for a double-tagged
measurement of the 77° TFF have been started at BES
Il. The aim is to exploit the large data sets, originally

collected for charm physics and charmonium-like

spectroscopy, which correspond to almost 8 fb™'.
Monte Carlo studies show that a direct measurement of
F(Q;,Q7) is possible for 0.5<Q;,0;(GeV?) <1.5,
which, depending on the reconstruction efficiency, can
already have a significant impact on a}beL

The available statistics at BES Il should at least
be sufficient for a comparison between two hadronic
models, which was recently suggested by Nyffeler. The
momentum transfer dependence of the TFF in VMD and
in the LMD + V model'"*! differs by a damping factor of
Q°. The difference could be as large as 25% for
F(1 GeV*,1 GeV?), and, thus, be resolved by a
measurement.

Another aspect of double-tagged measurements is
related to the production mechanism in two-photon
collisions. The general term for the cross section can
be separated into individual terms depending on the
transverse or longitudinal polarization of the individual
relative perpendicular

photons,  the parallel  or

polarization of the two photons and the helicity of the

two-photon  system "

Another parameter is the
dihedral angle of the leptons in the rest frame of the
two photons. It can be used to separate multi-meson
and tensor contributions to the TFF. Its determination
requires knowledge of the four-momentum of both
scattered leptons. In single-tag measurements there is,
however, a large uncertainty on the azimuthal angle of
the untagged lepton. Double-tagged measurements, in
turn, suffer from a vanishing cross section.

A way out is the installation of special tagging
detectors, which cover small angles. In this way,
double-tagged measurements are no longer restricted to
events with two large virtualities of the exchanged
photons. A first tagging detector has been installed at
BESTI. It is a sampling calorimeter, made from lead
an scintillating fibers, which covers polar angles from 1
to 10 m - rad. Its benefits will be tested in the
upcoming data taking periods. The tagging detector can
also be used to measure photons emitted by initial state
radiation. Motivated by the additional use, there are
plans to replace the current detector design with crystal
calorimeters, which will be

hemispheres of the BESTI setup.

installed in both
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5 Conclusion

The yy physics program at BESTI is motivated by
the need of new, high precision data on transition form
factors of pseudoscalar mesons as input to the
calculations of the contribution of hadronic light-by-
light scattering to the anomalous magnetic moment of
the muon. The measurement of the 7" TFF results in
momentum

unprecedented statistical

transfers in the region of 0.3 <Q*(GeV’) <1.5 and

accuracy for

compatible precision with previous measurements for
larger Q°. The results for 1 and 5’ are currently
limited in statistics by restricting the analysis to only a
single decay mode.

The analysis of 7% 77~ in two-photon collisions
will provide the first single-tag measurement at low
invariant masses and small momentum transfers, with
the full coverage of the pion helicity angle. The
analysis is being extended to the neutral channels
w7, 'y and .

In addition to the single-tag studies, first double-
tagged investigations have been started. It is the first
attempt to obtain a direct and model independent
parameterization of the TFF of 7°.

The great potential of the BESTII experiment, to
contribute valuable information on the field of yy
physics is currently being extended by the installation
of tagging detectors. These add new prospects to the
physics program, allowing to measure the scattered
leptons with small momentum transfer, which has, so

far, escaped detection.
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0 Introduction

The anomalous magnetic moment ( AMM ) of
lepton and contribution of light by light ( LbL )
processes has a long history of investigation. After
recent experiments on measurement of AMM of muon in
Brookhaven National Laboratory ( BNL) E821'" the
interest in this topic has returned. Two new
experiments on measurement of AMM of muon are
under construction in Fermilab'>’ and J-PARC"!. New
precision data are demand more accurate calculations.

The most problematic part of the calculation AMM
of muon is the segment associated with the strong
interaction because most of this contribution is in
nonperturbative low energy region. This contribution
consist of hadron vacuum polarization ( HVP ) part
(leading in o) and LbL scattering through the
nonperturbative QCD vacuum ( sub-leading in o). The
HVP contribution can be extracted from the
experimental data but the contribution of LbL scattering
needs to be modeled.

What degrees of freedom ( DoF ) are relevant to
modeling strong interaction at low energy: Mesons or
quarks(and gluons) ? This question is connected with
the confinement problem and is one of the most
important tasks in physics of strong interaction. One
can separate two different approaches for description of
LbL processes. In the first one the only mesonic DoF

are used. The second one starts from quark Lagrangian

and have mesonic DoF as a bound state.

1 Model

The LbL contribution to AMM of muon is in the
low energy region where the perturbative methods of
QCD are not applicable.

Nonlocal quark model NyQM is nonlinear
realization of Nambu-Jona-Lasinio model. Nonlocality
can be motivated by instanton liquid model. The model
is formulated in terms of quark degrees of freedom and

bound

circumscribing of the model is made in Refs. [4-5]

states  corresponding to  mesons.  The
and here we give a brief description of model properties

that is needed for calculation of AMM.

1.1 Lagrangian
The Lagrangian of the SU (3) mnonlocal chiral
quark model with the SU(3) x SU(3) symmetry has

the form.

7= () (iD= m)g(x) + LI T) +

Jos () Jps(2) ] = %wa[]ié(x)ffé(x)fé(w -
3J5(2) Jps () Jps (%) ] (1)

where ¢( x) are the quark fields, m (m, =m,#m,)
is the diagonal matrix of the quark current masses, G
and H are the four-and six-quark coupling constants.
The second line in the Lagrangian represents the
Kobayashi-Maskawa-t" Hooft determinant vertex with

the structural constant

1
T(:bu = geijkemnl ( /\u ) im ( )\b )jn, ( Aﬂa> kl (2)

where A, are the Gell — Mann matrices fora = 1,---,8

and A, = /2/31
The nonlocal structure of the model is introduced

via the nonlocal quark currents
(@) = [ddiaf(e) fin)qe =) Fg(x +x,)
(3)
where M = S for the scalar and M = PS for the
pseudoscalar channels, I't = A“, I'ts =iy’ A“ and f(x)
is a form factor with the nonlocality parameter A
reflecting the nonlocal properties of the QCD vacuum.
The model can be bosonized using the stationary
phase approximation which leads to the system of gap

equations for the dynamical quark masses m, ;.

ma, + S, + 55, =0 (4)

Ji

with i =u,d,s and j, k# i, and S, is the quark
loop integral

) G L m R
S =8 o

where m, (k) =m,, +m, . f (kK'), D, (K) =K +

m: (k*) is the dynamical quark propagator obtained by
solving the Dyson-Schwinger equation, f(k’) is the
nonlocal form factor in the momentum representation.
For calculation we wuse two different form-factors:

Gaussian form
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2

2y _ _p
S = exp(= 75 (5)
monopole form
f*) = 1+ 557 (6)

where A is the cutoff parameter. The model have five

parameters which can be fitted on physical
observables. In order to investigate the sensitivity of
the model to the change in model parameters the
dynamical mass of light quark varies between 200-350
MeV with corresponding refit of other parameters. This
region corresponds to the more or less physical range of
dynamical quark mass.
1.2 Meson propagator

The quark-meson vertex functions and the meson
masses can be found from the solution of Bethe-

Fig. 1. For the

interaction”' the quark-antiquark scattering matrix in

Salpeter  equation separable

each (PS or S) channels becomes
= X

P
e

T=Fp)8 (py +p, - (s +p ) TG (Ta)
I N
-G +T1(p*)

where p, are the momenta of external quark lines, G

T(P2> :i')’sf\k( )/ﬂ'i’)’sf\l (7b)

and [T (p°) are the corresponding matrices of the four-
quarkcoupling constants and the polarization operators
of mesons(p =p, +p, =p; +p,). The meson masses
can be found from the zeros of determinant det(G ™' —

[1( - M*)) =0. The T-matrix for the system of

mesons in each neutral channelcan be expressed as

. Vi, (P) @ V,y, (P
1) = °_<P2®+M;;> ) (8)

where M, are the meson masses, and V, (P*) are the

ch

vertex functions (V,,(p*) ="V, (P*)y") . The sum
in Eq. (8) is over the full set of light mesons: (M, =

a’, 1, n') in the pseudoscalar channel and ( My =
a,(980), f,(980), o) in the scalar one.

O+

Fig.1 The set of diagram with four-quarks interaction vertex can be represented by pure four-quarks vertex

and sum of diagram that will be associated with meson exchange

Details about the vertex of interaction of mesons with
quarks, meson propagator, etc. can be found in Refs.
[4, 6-7].
1.3 Interaction with external photons

The next step for description Lbl. processes is to
introduce in the nonlocal chiral Lagrangian( Eq. (1))
the gauge-invariant interaction with an external photon
field A, (z) by Schwinger factor (Eq. (9)). In the
result we obtain infinite series of vertexes quark —
antiquark interactions with photons.

q(y)—Q(x,y) =pexplil[d2"A, (2) | q(y) (9)

The scheme, based on the rules that the derivative
of the contour integral does not depend on the

path shape

d (7., _ 4 -y _
@[ dF,(2) = F,(2), 89 (x = y) [ dF,(2) =0,

was suggested in Ref. [ 8] and applied to nonlocal
models in Ref. [9]. The actual form of the vertexes

shown in Fig.2 can be found in Ref. [10].

ai(p) q1(n) 42(v)
k 14 k K
(a) (b)
a1 (1) “) as(p) a(p) @) () aa(T)
k i k K

© (d

Fig.2 The quark-photon vertex I'' (¢), I, (q,, 4,),

I_,(Li;(qls 4. 4q;), I::,),f(ql, %, 4, 44)
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1.4 Box diagram

In effective quark model under consideration there

are two different parts which correspond to contact

contribution or contribution with the intermediate meson.

L
6 + 12

() (b)

Using quark-antiquark interactions vertexes with
one, two, three or four photons, see Fig.3(The numbers
in front of the diagrams are the combinatoric factors) , we

can build five types of diagrams.

.
© @ ©

Fig.3 The box diagram and the diagrams with nonlocal multiphoton interaction vertices

that give the contributions to [1,,,,(q,, ., ¢;)

The contribution of the box diagram with the local
vertices, Fig.3(a), is the dot (olive) line(Loc) ; the
box diagram, Fig.3(a), with the nonlocal parts of the
vertices is the dash line (NL, ) ; the triangle, Fig. 3
(b), and loop, Fig. 3 (c¢), diagrams with the two-
photon vertices is the dash-dot line (NL, ) ; the loop
with the three-photon vertex, Fig.3(d), is the dot-dot
line(NL;) ; the loop with the four-photon vertex, Fig.
3(e), is the dash-dot-dot line (NL, ) ; the sum of all
contributions ( Total ) is the solid line. At zero all
contributions are finite. Only the sum of all diagrams is
gauge invariant and corresponds to contact (or quark

loop) contribution.

2 LbL in AMM of muon

The contribution of light by light process to AMM

of muon has the form:
s :
s 4521[(2:-')4 <§:>
"
I1,.. (0 0. a) T (a1, 45, p)
G0 ((p +q)> =my) ((p+q,)* —m,)
(10)

where the tensor T is the Dirac trace

™" (4, ¢, p) =
Tr( (p +m, [y ,y"] (p+m,) x
Y (p=q+m,)y (p+q, +m)y").
Taking the Dirac trace, the tensorT**’ becomes a
polynomial in the momenta p, ¢,, ¢,.
After that, it is convenient to convert all momenta
into the Euclidean space, and we will use the capital

letters P, Q,, Q, for the corresponding counterparts of

the Minkowskian vectors p, q,, ¢,, e.g. P> = —p° =
- muz, le = - Q12, Qg = - qg- Then
Eq. (10) becomes
oM = ¢’ [ d;Q, | 0, 1 Twwnmug
roo®m, 2m)" 2m) Q005 DiD,
D, :(P+Q])2 = i=2<P < Q) +Q?, x
D,=(P=0Q;)" =m; =2(P - Q) +;
Since the highest order of the power of the muon
* and HP}-U’)\U'
of P, the factors in the integrand of Eq. (11) can be

(11)

. Ao - .
momentum P in ™7 is two is independent

rewritten as

Tp;u//\o'H 6
s = N AT (12)
D1D2 {lZ:l a a
with the coefficients
1 1 _(P-0Qy)
Al _DI’AZ_DZ’A3_ D]
(13)
(P : Qz) 1
A4_ D2 ’AS _D1D27A6_1

where all P-dependence is included in the A, factors,
while T, are P-independent.

Then, one can average over the direction of the
muon momentum P (as was suggested in Ref. [11] for
the pion-exchange contribution)

L L
em* em' 0o

Zi#fdolfd(%l]dt W%?Z<Au>...

(14)
where the radial variables of integration (), =1, | and
Q,=10Q, | and the angular variable t = (Q, + Q,)/
(1Q,1 1Q,1) are introduced. The averaged A, factors
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was introduced in Ref. [11].
300.01 T —— Total
3 Density function 200015, R
% 000} AN TN
For investigation of the dependence of contribution © ' \}H T mti
from photon legs virtuality one can watch for " density 0:) 00
function". This is the function which corresponds to % -100.0 ¢ /’/ |
the LbL contribution to AMM before integration over -200.0 / 1
intermediate photons virtualities. '300~00.0 01'2 05 08 10 12 1s
0,0, ¢ 1 -7 _ 0,/ GeV
p”](Ql7Qz): I ZZZJI—ldt 2 <Aa>Ha (15>
277' a=1 03

The volume under 3D-density function is full
contribution to AMM of muon. In Fig. 4, this function

is shown for the nonlocal model in leading 1/N, order.

Loc+NL;+NL,+NL3;+NL4

200

150
100
50

P (01,0

Fig.4 The 3D density p(Q,,0Q,) defined in Eq. (15)

One can see that contribution is mainly localized
in a range of virtualities of photons around 1 GeV, as
shown in Fig. 5. Different curves correspond to the
contributions of topologically different sets of diagrams
drawn in Fig. 3.

In Fig. 5, the slice of p™" (Q,, Q,) in the
diagonal direction ), = (), is presented together with
the partial contributions from the diagrams of different
topology. One can see, that the p"""(0,0) =0 is due
to a nontrivial cancellation of different diagrams of
Fig. 3. This important result is a consequence of gauge
invariance and the spontaneous violation of the chiral
symmetry, and represents the low energy theorem
analogous to the theorem for the Adler function at zero
momentum. Another interesting feature is that the large

Q,, Q, behavior is dominated by the box diagram with

Fig.5 The 2D slice of the density p(Q,,0,)
at 0, =0,

local vertices and quark propagators with momentum-
independent masses in accordance with the perturbative
theory. All these are very important characteristics of
the NyQM, interpolating the well-known results of the
chiral perturbative theory at low momenta and the
operator product expansion at large momenta. FEarlier,

12]

similar results were btained for the two-point "~ and

]

three-point' "*’ correlators.

4 Conclusion

The contribution to AMM of muon from LbL
process in NyQM corresponds to contributions from
contact term and term with intermediate pseudoscalar

and scalar channels. The contact term contribution is

apl™ = (1.0 £0.9) - 107 (16)
and the total contribution is estimated as
ay™ =16.8(1.25) - 107" (17)

where the error bar is the band in the region of physical
dynamical mass.

In Fig. 6, one can see that it is important, at least
in the framework of quark model, to take into account
not only diagrams with intermediate mesons but also the
contact term (or quark loop) contribution. The solid
curve is total contribution, the others dashed curves:
contact terms in Fig. 3 and meson exchange Refs.
[6-7], respectively.

In comparison with other model calculations, our
results are quite close to the recent results obtained in
Refs. [ 14-15]. The specific feature of our model and

14]

Dyson-Schwinger approach'™*' is that due to nonlocal

interaction kernel the quarks become dynamical ones
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20.0
. 150
3s
3 10.0
E
5.0 T e
0.0 i a

150 200 250 300 350 400
my, /| MeV

Fig.6 The contribution of muon AMM from LbL depending

on the dynamical mass of quark m, , in zero order on 1/N,

with momentum-dependent mass. The predictions of
the NyQM for the different contributions to the muon
g —2 are in agreement with Ref. [ 14 ] within 10% .
The next step of calculations is to extend the
quark model in order to estimate subleading in 1/N,

terms. This subleading contribution from diagrams with

the meson loop has a negative sign''®’.

To solve the puzzle of LbL contribution, we should to
better understand the physics of strong interaction at a
long distance. In principle one can do this with more

accurate measurement of meson form factors.
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photon virtualities ¢;, and ¢5. From the experimental
point of view, one can study such TFFs from both
space- and time-like energy regions. The time-like
region of the TFF can be accessed at meson facilities
either through the double Dalitz decay processes P—
1717171, which give access to both photon virtualities
(41,¢;) in the range 4m; < (q;,q;) < (mp=2m;)*,
or the single Dalitz decay processes P—1 "1~ vy, which
contains a single virtual photon with transferred
momentum in the range 4m; < ¢ < mj, thus
simplifying the TFF to Fp, .. . (q7,0) =Fp .- (¢°).
To complete the time-like region, e e” colliders
access to the values ¢° > mj, through the e e — Py
annihilation processes. The space-like region of the
TFFs are accessed in e "¢~ colliders by the two-photon-
fusion reaction e e —e” e~ P, where at the moment
the measurement of both virtualities is still an
experimental challenge. The common practice is then
to extract the TFF when one of the outgoing leptons is
tagged and the other is not, that is, the single-tag
method. The tagged lepton emits a highly off-shell
photon with transferred momentum ¢} = — Q* and is
detected, while the other, untagged, is scattered at a
small angle with ¢° = 0. The form factor extracted from
the single-tag experiment is then F, . . ( - Q*,0)=
Fpo (0°).

At low-momentum transfer, the TFF can be
described by the expansion

Foey (0 = Fup (00 (1 =, & w0, L)
m, m,

(1)
where F, (0) is the normalization, the low-energy
parameters ( LEPs ) b, and ¢, are the slope and the
curvature of the TFF, respectively, and m, is the
pseudoscalar meson mass. F, (0) can be obtained
either from the measured two-photon partial width of
the meson P or, in the case of 77, 1 and ', from the

prediction of the axial anomaly in the chiral limit

of QCD.
The slope parameter has been extensively
discussed from both theoretical analyses''”’ and

[6-12]

experimental measurements With respect to the

experimental determinations, the values for the slope

are usually obtained after a fit to data using a

normalized, single-pole term with an associated mass

Ap, i.e.

F, (0)

F. . 2y - PPl
rey (@) =1 Q*/A;

The A2 Collaboration reported b, =0.59(5) 12 the

most precise experimental determination up to date.

(2)

The curvature was for the first time reported in Ref.
[3] with the value ¢, =0.37(10) (7).

Several attempts to describe the 7 TFF are
available in the literature at present'> *****"/ but none
of them tries for a unique description of both space-
and time-like experimental data, specially at low
energies. In Ref. [28 ], it was suggested for the 7°
case that a model-independent approach to the space-
like TFF can be achieved using a sequence of rational
functions, the Padé approximants ( PAs), to fit the
data. Later on, in Ref. [3 ], the same method was
applied to the n and ' TFFs. More recently, the A2
Collaboration reported a new measurement of the n—
e’ ey Dalitz decay process with the best statistical

12]

accuracy up to date' A comparison with different

theoretical ~approaches was also performed. In
particular, the results from Ref. [3 ], based on space-
like data, were extrapolated to the time-like region and
agreed perfectly with their measurement. Triggered by
these new A2 results, we explore in the present work a
combined description of both space- and time-like
regions of the 7 TFF within our method of rational
approximants. This will provide, for the first time, a
determination of the energy dependence of the n TFF
in both regions together with a unified extraction of its
LEPs.

Our approach makes use of PAs as fitting
functions to all the experimental data. PAs are rational
functions P,," ( Q%) (ratio of a polynomial T, ( Q) of
order N and a polynomial R, (Q°) of order M)
constructed in such a way that they have the same
Taylor expansion as the function to be approximated up

to order ( Q2>N+M+l(291.

case from the unknown low-energy parameters ( LEPs)

Since PAs are built in our

of the TFF, once the fit to the experimental data is
done, the reexpansion of the PAs yields the desired
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coefficients. The advantage of PAs over Taylor
expansions is their ability to enlarge the domain of
convergence. However, to prove the convergence of a
given PA sequence is a difficult task and only for
certain classes of functions can this be done rigorously.
In practice, the success of PAs in the description of
experimental data can only be seen a posteriori in the
sense that the pattern of convergence can be shown but
unfortunately not proven mathematically. We refer the

interested reader to Refs. [ 30-31 ] for details on this

technique.

1 7 transition form factor: a space-
and time-like description

To extract the n TFF low-energy parameters b,
and ¢, (slope and curvature, respectively) from the
available data, we start with a P! ( Q*) sequence.
However, according to Ref. [ 32 ], the pseudoscalar
TFFs behave as 1/0Q* for Q*—oo , which means that,
for any value of L, one will obtain in principle a good
fit only up to a finite value of Q° but not for Q°—co .
Therefore, it would be desirable to incorporate this
asymptotic-limit information in the fits to Q> F oty
(Q?) by considering also a Py(Q*) sequence.

Experimental data from the space-like region is
from CELLO, CLEO, and BABAR
Collaborations'”® **' | together with the
NA60 and A2

We also include the value

obtained
time-like
experimental ~ data  from

Collaborations " 2

r,., =0.516 (18) ~ keV™ (which is basically
dominated by the recent KLOE-2 measurement ') in
our fits.

We start fitting with a P, ( Q°) sequence. We
reach L =7, shown in Fig. 1 as a green-dashed line.
The smaller plot in Fig. 1 is a zoom into the time-like
region. The obtained LEPs are shown in Fig. 2 together
with our previous results ( empty orange ) when only
space-like data were included in our fits”'. The
stability observed for the LEPs with the P} ( Q%)
sequence is remarkable, and the impact of the
inclusion of time-like data is clear since it not only

allows us to reach higher precision on each PA but also

to enlarge our PA sequence by 2 elements. The

stability of the result is also clearer and reached
earlier, reduces our systematic error, and shows the
ability of our method to extract, for the first time, the

LEPs from a combined fit to all the available data.

i

4
A )
E ‘/ P{(Q%
= P Q%
o 0.00 i Y
Ql
h e ~0.05
-
>~
IS -0.10
S
N_ -0.15
Q) —0‘.20 —0‘15 —0‘10 —0‘05 0.‘00
20 30 40
0%/ GeV?

Fig.1 7-TFF best fits

In Fig. 1, The gray-dashed line shows our best
P!( Q) fit and the black line our best Py (Q*) fit.
Experimental data points in the space-like region are
from CELLO ( circles)'” | CLEO ( triangles ) "*’, and
BABAR ( squares ) ™
data points in the time-like region are from NA60
(stars) '°', A2 2011 ( dark squares) "’ | and A2 2013

(empty circles) ™!, The inner plot shows a zoom into

Collaborations.  Experimental

the time-like region.

0.65
0.60

ST

0557

0.50

Py Py Py Py Psi Pa Pp

0.40 -

NEERERER

0.30 [
]

Cn

0251

Py Py Py Py Psi Pa Pp

Fig.2 Slope and curvature predictions for the  TFF
using the P} ( Q%) up to L =7(solid line)

Previous results considering only space-like data



% 6 41 n transition form factor: A combined analysis of space- and time-like experimental data through rational approximants 465

from Ref. [ 3] are also shown( empty squares) as a way
to stress the role of the time-like data in our fits. Only
statistical errors are shown.

To reproduce the asymptotic behavior of the TFF,
we have also considered the Py ( Q) sequence. The
results obtained are in very nice agreement with our
previous determinations. The best fit is shown by the
black-solid line in Fig. 1. We reach N =2. Since these
approximants contain the correct high-energy behavior
built-in, they can be extrapolated up to infinity ( black-
dashed line in Fig. 1) and then predict the leading
1/Q* coefficient ;

lim 0°F,,,(0°) = 0177 5B eV (3)

mry
This prediction, although larger than in our previous
work*! | still cannot be satisfactorily compared with the
BABAR time-like measurement at ¢° = 112 GeV®,
F, . (112 GeV*) =0.229(30) (8) GeV™. The
impact of such discrepancy in the n-n’ mixing is
discussed in the next section.
Our combined weighted average results, taking

into account both types of PA sequences, give

b, =0.576(11) ,(4) .

¢, =0.339(15),(5) }

where the second error is systematic ( around 0.7 and

(4)

sys

1.5% for b, and ¢, , respectively.
Eq. (4) can be compared with b, = 0.60(6)
(3)yand ¢, = 0.37(10),,(7)

data exclusively’.

st
. using space-like
As expected, not only statistical
results have been improved but also systematics, both
by an order of magnitude, yielding the most precise
slope determination ever.

experimental

Our slope is compared with

determinations from Refs. [ 6-12 ] together with
theoretical extraction from Refs. [ 1-5, 37-38 ] in
Fig. 3.

One should notice that all the previous

collaborations used a VMD model fit to extract the
slope. In order to be consistent when compared with
our results, a systematic error of about 40% should be
added to the experimental determinations based on

space-like data'>

5%  should be

, and a systematic error of about

added to the

experimental

1-loop ChPT! | I I . I I l
vMDI! | 1Y
Quark Loop!! | ’
Brodsk Leapge! | (]
R x T8 )
PA to SL-data!*! ——
Disp.Rel.”! ——
Disp.Rel.l®! ——
Axial Anom.”] ¢
Lepton-G*! —_—
CELLO["] + —_—
CLEO!” ¥
NA60!! ——
A2 —
WASA! '
A204 L —
This Work H
Il L1 TR ! 1 L1 L1 L1 TR
0.2 0.4 0.6 0.8 1.0
by

Fig.3 Slope determinations for n TFF

determinations based on time-like data.

When comparing different theoretical extractions
of the slope of the  TFF with our result in Fig.3, we
find a pretty good agreement with the exception of the
results in Ref. [ 2] that reported b, =0. 546 (9) and
b,=0. 521 (2) using Resonance Chiral theory with
one- or two-octet ansiitze. The disagreement is between
2 and 5 standard deviations. Ref. [2] uses Resonance
Chiral theory, which is based in large-N, arguments, to
extract LEPs. Going from large-N, to N, =3 imposes a
Since Ref. [ 2] considered
two approximations for fitting the 17 TFF (with one and

. [31, 3940]
systematic error .

two octets) , one could consider the difference between

[3,42]

them as a way to estimate such error . In such a

way, the n TFF slope would read b, =0.53(1), at
2.5 standard deviation from our result.

Eventually, we want to comment on the effective
single-pole mass determination A, from Eq. (2).
Using b, = m}/A} and the values in Eq. (4), we
obtain A, = 0. 722 (7) GeV or A;* = 1. 919
(39) GeV .

The fits shown in Fig. 1 use the experimental
value of the two — photon decay width as an
experimental datum to be fitted. Such fit could be
repeated without including that decay. In such a way,
we reach again a P] (Q%) and a P3( Q) as our best
PA with the advantage now that the value F WY(O) is a
prediction of our fits. We find ¥, (0) I; =0.250
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(38) GeV ™' for the P|(Q*) and F, (0) I, =0.248
(28) GeV ™' for the P; (Q*), which translates into
I, 1;=0.43(13) keV and I' 1 =0.42(10)
keV, respectively. Compared with the experimental

value I' 1. =0.516(18) keV such predictions are

nYy " exp
at 0.66 and 0. 94 standard deviation each.
2 Reanalysis of #-n’ mixing
parameters

In this section we briefly summarize the main
elements to extract the mixing parameters exclusively
from our fits to the form factor data. As was done in
Ref. [3], we analyze n-’' mixing using the quark-
flavor basis. In this basis, the 7 and 75’ decay
constants are parametrized as

(F‘T’] F;) ~ (Fqcosqbq

q s ;
Fl,F, F sing,

— F sing,
F cosd,

(5)

where F,  are the light-quark and strange pseudoscalar
decay constants, respectively, and ¢, the related
mixing angles. Several phenomenological analyses find
¢, = ¢,, which is also supported by large-N, ChPT
calculations where the difference between these two
angles is seen to be proportional to an OZI-rule
violating parameter and hence small ',

Within this approximation, the asymptotic limits
of the TFFs take the form

lim Q*F . (Q*) =2(¢c,F) +¢,F,) =

0
2( 2qucos¢o - ¢,F sing)

(6)
lim QF,y . (Q°) =2(c,Fl +¢.F)) =

2(¢ F

9 q

sing + ¢, F cose)

and their normalization at zero

1 (¢ F, —cF?
an(o) = 2( :1 731 éq 7]‘) =
4 FF, - F.F,
4’ Fqcosqb Fxsmqb o)
1 o S
FT],W(O) = 72( q - — ):
dar FIF, - FF,
42\ F sing + F“cosd)

]
with ¢, =5/3 and ¢, = /2/3.

Experimental information provides | F,_ (0) 1

0.274 (5) GeV™' and IF,.,, (0)1,, =0.344(6)
GeV ™' and for the asymptotic value of the  TFF we

take the value shown in Eq. (3) with symmetrical

errors 012112 Q°F,,.,(Q*) =0.177(15) GeV. With

these values, the mixing parameters are predicted to be
F/F, =1.07(1), F/F_ =1 39(14)} (8)
¢ =39.3(1.2)°
with F_=92.21(14) MeV"**). The uncertainties are
dominated by the error from the asymptotic value
prediction.
The mixing parameters obtained with our fits are
precise enough to be competitive with the standard
approaches with the advantage of using much less input

information.

3 A prediction for the VPy couplings

In this section, we extend our analysis to the
vector-pseudoscalar electromagnetic form factors. In
particular, we are interested in the couplings of the
radiative decays of lowest-lying vector mesons into 5 or
n',i.e., V—>(n,n')y, and of the radiative decays
n'—Vy, with V=p, 0, ¢.

We follow closely the method presented in Refs.
[44-457, and make use of the equations in Appendix
A in Ref. [44] to relate the form factors with the
mixing angle and the decay constants in the flavor
basis. To account for the 7 — @ mixing we use ¢, =
3.4°. The form factors, saturated with the lowest-lying

resonance and then assuming vector meson dominance

can be expressed by

fv
vay((), 0) = mingPy (9)
y

where g, are the couplings we are interested in, and
fy are the leptonic decay constants of the vector mesons
and are determined from the experimental decay
rates via

4 5 fr s
?a mfyﬁ;

with ¢, is an electric charge factor of the quarks that

F'(V—oe'e) = (10)

1 sinfl, cosf,
27k
p, w, ¢ respectively. Here 6, = ¢, +arctan(1//2).

) for V =

make up the vector, ¢, = (



% 6 41 n transition form factor: A combined analysis of space- and time-like experimental data through rational approximants 467

Experimentally we find
Sp =(221.2 £0.9) MeV
f, = (179.9 £3.1) MeV (11)
fy = (239.0 £3.8) MeV

using I'(p—e e” ) =7.04(6) keV, I'(w—e’e” ) =
0.60(2) keV, and I'(¢p—e"e™ ) =1.27(4) keV from
Ref. [34].
The couplings in this flavor basis are:
g = 3m, cos¢ g . = 3m, sin
pY 477_2](;)0 /EF(]’ pny 477_2];)0 /EFq
—"—(cos ﬁ—Zsin ﬂ)
Ao gy 2
(cos i+251n ﬂ) 12
f by rFq by ar (12)
sins¢
cos )
) P /2F,
My sing. cosd
-2
Eon'y = A7 f(b(gmd)v AF ,1 cosy, /— )

where we have assumed ¢, = ¢, = ¢. Tab. l collects

Bamy

oy =

omy = 4o f<1>

our predictions in its second column. Corrections due
to ¢, # ¢, to these formulae can be found in Appendix
A, Eq. (A.5) of Ref. [44].

Tab.1 Summary of VPy couplings

parameter prediction experoment

oy 1.50(4) 1.58(5)

oty 1.18(5) 1.32(3)

Sumy 0.57(2) 0.45(2)

Bun'y 0.55(2) 0.43(2)

Simy ~0.83(11)  -0.69(1)

oy 0.98(14) 0.72(1)

R,y = %Z% 4.74(55)  4.67(20)

The decay widths of P—Vy and V—Py are

2 2
I'(P—Vy) = %ggpy(w)
mp
, , (13)
o o (mv - mp)

F<V4)P’Y> = 24gww

my
The experimental decay widths from Ref. [ 34 ] allow us
to extract an experimental value for gy, , which are

collected in the last column in Tab. 1, experimental

determinations are from Ref. [34].

compare  well  with  the
see Tab. 1,
considering the simplicity of the approach. The

Our  predictions
experimental determinations, specially
differences are always below 2 standard deviations,
excepting the @ couplings. Our prediction for the ratio

of J/W decays is in that respect remarkable.

4 Conclusion

In the present work, the 7 transition form factor
has been analyzed for the first time in both space- and
time-like regions at low and intermediate energies,
making use of a model-independent approach based on
the use of rational approximants of Padé type. The
model independence of our approach is achieved trough
a detailed and conservative evaluation of the systematic
error associated with it. The new set of experimental
data on the n—e” e” y reaction provided by the A2
Collaboration in the very low-energy part of the time-
like region allows for a much better determination of
the slope and curvature parameters of the form factor,
as compared to the predictions obtained in our previous
work only using space-like data, which constitute the
most precise values up-to-date of these low-energy
parameters. Our method is also able to predict for the
first time the third derivative of the form factor. In
addition, the new analysis has served to further
constrain its values at zero momentum transfer and
infinity. We have seen that our results, in particular
for the case of the slope parameter, are quite
insensitive to the values used in the fits for the two-
photon decay width of the 5, thus showing that the
collection of space- and time-like experimental data is
more than enough to fix a value for the normalization of
the form factor compatible with current measurements.
We have also seen that the role played by the high-
energy space-like data is crucial to getting accurate
predictions for the low-energy parameters of the form
factor and its asymptotic value. As a consequence of
these new results, we have fully reanalyzed the n-n’
mixing parameters this time also considering
renormalisation-scale dependent effects of the singlet

decay constant F,. The new values obtained are



468 P EAFHARAKFFIR

% 46 %

already competitive with standard results with the
advantage of requiring much less input information.
Related to this, we have also obtained predictions for
the VPy couplings which are in the ballpark of present-
day determinations.

In summary, the method of Padé approximants
has been shown to be very powerful for fixing the low-
energy properties of the 7 transition form factor,
making their predictions more accurate and well-
established. This fact opens the door to a more
exhaustive analysis of the single Dalitz decay processes
P—1" 1"y, with P=7", 5, ' and [ = e, pu, the
double Dalitz ones P—1" 1" [* 1" (in all possible
kinematically allowed configurations) " | and the rare
lepton-pair decays P — 1" [~ (see the 7" —e" e~
application in Ref. [47] ), which are usually discussed
only in terms of monopole approximations. Indeed,
when this work was being concluded the BES I
Collaboration reported a first observation of the n'—
ze" ey process measuring the branching ratio and

(8] This new

extracting the 7’ transition form factor
measurement may put our approach with its back to the
wall. However, a very preliminary analysis of this
recent data in comparison with our prediction for this
form factor in the time-like region exhibits a nice
agreement but reveals the necessity of going beyond the

dominance model wused in the

experimental analysis'®".

vector meson
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0 Introduction

In this article, we emphasize the importance of
the low-Q” parity test for the new physics searches. We
illustrate our point with a specific example called the

41 which means the parity

dark parity violation
violation induced by a dark gauge boson. This
presentation shares some parts with Ref. [ 5], although
updates and complementary descriptions are provided.
Let us briefly look back on the history of the
sin’@,, physics. It is well documented in the review'®

and we will go over only some part of it very briefly. In

Received ;2015-11-30 ; Revised :2016-04-20
Foundation item : Supported in part by the IBS(IBS-R018-D1).

1961, Glashow introduced the SU (2), x U (1),
symmetry, which has a mixing between two neutral
gauge bosons'”'. In 1967, Weinberg added the Higgs
mechanism with a Higgs doublet and a vacuum
expectation value, establishing the mass relation my, =

31 He also

m,cos @, with the weak mixing angle 6,
predicted the weak neutral current mediated by the Z
boson. In 1973, the neutral current was discovered in
the neutrino scattering experiments at the CERN
Gargamelle detector'®’. Whether the SU(2) L xU(l),

is a correct theory to describe this neutral current was

not clear then though. One of the features of the
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SU(2),x U(1l), was the mixing term in the weak
neutral current interaction, proportional to sin’6,,, and
the parity test measuring this sin’@,, can possibly test
the standard model (SM).

In 1978, SLAC EI122 experiment using the
polarized electron beam and the deuteron target
measured the parity violation asymmetry, which gave
sin’f, =~ 0. 22 (2), agreeing to the SM'*'. Tt is
noticeable that this establishment of the SU(2), x
U(1), by the SLAC parity test in 1978 occurred much
earlier than the direct discovery of the W/Z boson
resonances at the CERN SPS
19832/ In 1979, after only one year of the SLAC

parity test, Glashow, Salam, and Weinberg received

experiments  in

the Nobel prize in physics.

The lessons we can learn from this history
include; (D the parity test( by the precise measurement
of sin’@,) can be a critical way to search for a new
gauge interaction; (2) its finding may precede the direct
discovery of a gauge boson by the bump search.

Fig. 1 taken from Ref. [ 4] shows the running of
the sin’@, in the SM and the current experimental
constraints. While the current data are more or less
consistent with the SM prediction with the given error
bars, more precise measurements in the future
experiments ( red bars) may reveal potential new
physics effects that were elusive for the current

constraints.

0242}

v-DIS
Qureak (first)

0.240 |

'80.238 F
50236}
(==

APV(Cs)

£0.234F

0.232 F APVRa")
0.230 "Antic

-3 -2 -1 0 1 2 3
lOg]()Q/ GeV

Fig.1 The running of the sin’@,,

In Fig. 1, the running of the sin’@, with the
momentum transfer () in the SM and the current
The red

bars show the anticipated sensitivities in the future

experimental constraints taken from Ref. [4].

parity tests.
1 Dark Photon vs. Dark Z

The dark gauge boson (we use Z' for its notation )
is a hypothetical particle with a very small mass and a
small coupling to the SM particles. While the heavy Z’
(typically TeV scale) has been a traditional target of
discovery '’ | the light Z' (typically MeV-GeV scale )
is a recently highlighted subject with a growing

interest '’ .

For such a light particle to survive all
experimental constraints, it should have extremely
small couplings to the SM particles.

There are number of dark force models in the
literature, but we consider only two of them. Both
models commonly assume the kinetic mixing between
the U(1), and the U(1) ,,'"'. The SM particles
have zero charges under the new gauge group U (1)
4k » yet the gauge boson Z' of the U(1) ,,, can still
couple to the SM fermions through the mixing with the
SM gauge bosons.

One model is the dark photon''®" | which couples
only to the electromagnetic current at the leading
order. Another is a relatively new model, the dark Z
') which couples to the electromagnetic current as
well as the weak neutral current. Their interactions are
given by
Ly =~ 8y, (1)

Loz == Leelpy + Ez(g/zcosew)«mc]zru (2)

with [} = Q,fy, fand J“ = (T - 2 Qsin’0,)f -
Yof = (Ty) fy,vs) & and g, are the parametrization
of the effective y-Z' mixing and Z-Z' mixing,
respectively.

The difference of the two models comes from how
the Z' gets a mass or the details of the Higgs sector.
Because of the Z coupling, the Z’ in the dark Z model
inherits some properties of the Z boson such as the
parity violating nature. In a rough sense, the dark
photon is a heavier version of the photon, and the dark
Z is a lighter version of the Z boson.

Because of the new coupling, some experiments
that are irrelevant to the dark photon searches are

[14, 17-20]

relevant to the dark Z searches . They include
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the low — Q° parity test, which will be discussed later

in this article.

2 Bump hunt

There are many ongoing and proposed searches for
the dark force in the labs around the world'™/. A
particularly attractive feature about the dark force is
that it is one of the rare new physics scenarios that can
be tested/discovered at the low-energy experiments,
which are typically built for nuclear or hadronic
physics. Of course, it is possible because the dark force
carrier Z' is very light (MeV-GeV scale) .

Fig.2 in Ref. [21 ] shows the parameter space of
the dark photon with the current bounds. The bounds

[2223 [2426]
anomalous

. : [2728]
fixed target experiments ,

[29] 30-35]
9’

come from the electron " and muon
magnetic moments,

and
[36-37]

beam dump experiments'”’ | meson decays'
e*e” collision (e"e”—y +1717) experiments
Except for the anomalous magnetic moments, the
searches are all based on the dilepton searches from the

Z', that is the bump hunt.

L U NI LSS
PR
d, ‘\_

Fig.2 Dark force searches all around the world

If we put some of these experimental efforts on the
map( Fig. 2), we can see the search is practically a
global activity. Quite obviously, we are going through
a very exciting time with so many contemporary

searches to find a new fundamental force of nature.

3 Low-energy parity test

Now, we discuss the low — energy parity test''™

as another means to search for the dark force. The
presence of the dark Z modifies the effective lagrangian

of the weak neutral current scattering,

! 4G,
Ly == /Z—ﬁ HNC(Sinzaw)JEC(Sinzew> (3)

G —(1+5 ! J: (4)

1+ Q*/m,
sin’g,, — (1 Y 2 c?sﬁw 12 2
my sinfy 1 + Q°/my,

)sinZHW

(5)
where () is the momentum transfer between the two
neutral currents, and § is a reparametrization of the g,
with ¢, = (m,/ m,) 8. One salient feature is that
these shifts are sensitive only to the low-Q° ( low
momentum transfer ). Thus, the dark Z effectively
changes the weak neutral current scattering, including
the effective sin’6,, which describes the parity
violation, but only for the low momentum transfer.

Fig. 3(from Ref. [ 3] with a slight modification )
shows an example of how the effective sin’f, changes
with Q in the presence of a dark Z for m, =100 Mev,
200 Mev cases. Although there are some details in the
figure, the important point is that the deviations appear
only in the low Q values, roughly 9 <m,. They never
appear in the high Q values relevant to the high-energy
experiments, which tells us that we need low-energy
experiments to see the dark Z mediated scattering

effects.

Mz = 100 MeV ]

-DIS
" Maaz = 200 MeV

Qureak (first)

-3 -2 -1 0 1 2 3
log0Q / GeV

Fig.3 Effective sin’@,, running taken from Ref. [ 3]

In Fig. 3, dark Z of 100 MeV and 200 MeV were

taken. Note that the deviations appear only in the low-
Q’ regime( Q°<m}).

In  this region,  non-perturbative  QCD

contributions to the SM value become important. They

have traditionally been determined utilizing dispersion

[38-39]

relations Recently, first-principle lattice QCD
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determinations of the leading-order hadronic effects
have also become available ***! .
For the low-Q° parity tests, one can use the

[4244) Ra‘i o l4546]

atomic parity violation in Cs i0 or the

low-Q” polarized electron scattering experiments SLAC
E158'47)  JLAB Qweak'®’, JLAB Mgller™®’ and
Mainz P2 °°'. The possible deviations due to the dark
Z can be large enough to be observed with the future
experiments.

For the intermediate scale Z' of m, =~ ©'(10)
Gev, the deep inelastic scattering experiments such as
JLAB PVDIS"" and JLAB SOLID“? may also be
sensitive. In fact, as Fig. 4 ( The NuTeV anomaly can
be addressed by this intermediate scale dark Z) taken
from Ref. [4] shows, the intermediate scale Z' can

address the NuTeV ( < Q > =5 Gev) anomalym].

Mz =15 GeV ]

-0.0010 < &6' < -0.0003
|&d'| >0.0008 (light color)

{Sg 0.236F | apvese

3 ) a1 0 1 2 3
log0Q / GeV

Fig.4 The 15 GeV dark Z case taken from Ref. [4 ]

4 Conclusion

The parity test by precise measurement of the
sin’@, has been important in studying new gauge
helped
establishing the SU(2), x U(1), electroweak theory.

There is a growing interest in the dark gauge interaction

interactions.  Especially, it  critically

( mediated by a light Z' gauge boson) around the world
partly because many existing low-energy facilities can
join the searches. While most searches of the light Z’
are based on the direct bump searches, the parity tests
in the low-Q* (‘such as the atomic parity violation,
polarized electron scattering, deep inelastic scattering)
are important and complementary searches for the dark
force. The latter are also independent of the Z' decay
branching ratios.

If the history may repeat, the dark force evidence

from the low-Q° parity test might precede the discovery
of a new resonance just like what happened in the

electroweak interaction case.
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0 Introduction

The standard model ( SM) of the electro-weak
interactions was tested in many experiments and no
clear discrepancies have found. However, at present
an intensive quest for such discrepancies which can
indicate a new physics are continuing. One of the SM
effects is a forward-backward asymmetry in the process
e"e —u u” induced by the interference of diagrams
with the virtual photon and Z-boson ;

A, = N(6" >90°) - N(8" <90°)
N(6" > 90°) + N(8* < 90°)

v .
where 87 is an angle between positive muon momentum

(1)

and positron beam direction in the center-of-mass frame
and N is a

measurements of A, are presented in Fig. 1'''. The
[2]

number of events. Experimental

data can be found in the review ™' and references
therein. All results are in good agreement with the SM
calculation. ~ However, the accuracy of these
measurements is not very high and new measurements

with a precision of about 1% could be quite useful.

T T T T
£=0.5 (expected):
[@Belle 11 (50 ab"), stat. err. only (x 5000)

50

|
wn
(=

L 1

20 60 80 100
Vs /Gev

A (e — 1" 1) /%
o je=)

[
[=]

Fig.1 Measured forward-backward asymmetry

The w* ™ production differential cross section is

expressed by the formula.

do
d cosh*

2
= 77012(8)[17](1 +c0s°0") +2F, cosf" ]
s

(2)

A
where s =4FE,,.

F, =1 —ZXgZV cosdy +X2(gzy +83)
F, = 2vg; cosd, + 4 g1g"
G sMZZ (3)
X =
2R27als) /(M5 =s)* + MAT

tand, = M,I", /(Mi -5s)

where G, is the Fermi constant and g,, g, are the

vector and axial coupling constants of the neutral
current weak interactions.
A = 3F,/4F,.
expressed via fundamental parameters of SM as;
8y = /E( TéL -2Q,sin’g,) =
1 . 1
72 SmZGWgA = /leTéL =~ (4)
where T, = = 1/2 is third component of the charged

Then the asymmetry is

The g, and g, constants can be

lepton weak isospin, (), is lepton charge and 0, is the
weak mixing angle. Parameter p, is close to 1 and
summarises the high-order electro-weak corrections and
hypothetical New Physics effects. Since for charged
leptons g, = (1/2 =2 sin’@,, ) =0 charge asymmetry
contribution, F, is practically insensitive to the 6.
However, a precise A;; measurement can be used to a
search of a New Physics.
When s < M), the asymmetry (in the Born
leading order) can be written as:
3F, 3 Gps

Apg T T =

- 4F, - 162 ma(s)

For the Belle Il energy range, /s =10 GeV,
which results in A;, = -0. 008.

(5)

1 Bellell experiment

The KEKB B-factory

collider with the world s highest luminosity, 2 x 10*

-2 -1
cm S

energy-asymmetric

, was in operation from 1999 until 2010.

Experiments with the Belle detector'*

in the energy
range of 10-11 GeV collected an integrated luminosity
exceeding 1000 fb~'. This huge data sample provided
a number of important results concerning the CP
symmetry violation in the quark sector, heavy
quarkonium spectroscopy, tau lepton decays and two-
photon physics. The total number of e e™ —>u* u”
events is about 10° that can provide a statistical
uncertainty of gAy/Az ~1%. However an achievement
of the comparable systematic uncertainties, caused by
the apparatus effects as well as background asymmetry ,
is quite a difficult task.

At present the new SuperKEKB collider and the
Belle Il detector are under construction at KEK"™'.
This new experiment will continue and widen that

began at the previous experiments. The instantaneous
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luminosity of this collider will exceed the previous one
by about 40 times, amounting to 8 x 10 e¢m s,

However, high luminosity is unavoidably accompanied

by high event rate and background. Then the detector

Backward

KLM

2400

Barrel

Belle Ii

Super conducting coil

ECL

should be drastically upgraded. A schematic view of
the Belle Il detector (top half) in comparison to the
previous Belle detector ( bottom half) is presented in
Fig. 2.

Forward
KLM

KLM

380,
1580

R
295
[~}
(9]
(7]
R195
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. 570

)
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_PXD(2 layers)

RI100EO) |\
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<Rmas =

Endca
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KLM
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TOF
2980
ECL

KLM

Fig.2 Schematic view of the Belle I detector ( top half)

In Fig. 2, schematic view of the Belle Il detector

(top half) in comparison to the previous Belle detector

( bottom half). Belle and Belle Il ;: SVD -silicon vertex

detector, CDC -central drift chamber, ECL -
electromagnetic crystal calorimeter, KLM -K-long and
muon detector; Belle; ACC -aerogel Cherenkov

counters, TOF -time-of-flight system; Belle [T : PXD -
pixel vertex detector, Barrel PID-Cherenkov time-of-
propagation counters, FEndcap PID-aerogel RICH
detector.

The vertex detector, central drift chamber and

be
completely. The KLM will be partially upgraded. The

particle identification  system  will replaced
ECL scintillation crystals and mechanical structure is
kept from the previous experiments. However, the
calorimeter electronics will be replaced by a more
modern one.

Although the SM was confirmed in the previous
A, measurements, achieved accuracies still leave
certain room for the New Physics ( NP). Thus, a
search for NP, i.

e. phenomena which are not

described by the SM, becomes the most important task
Belle I
luminosity of about 50 ab ™", which should be reached

for the experiment. With an integrated
with SuperKEKB, statistical uncertainties in the value
A reduce to 0. 1% . High statistics will help to reduce
the systematics uncertainties by the detail study of the
u’ u” angular distribution, careful study of the
background processes and detector asymmetry effects.

the Belle I

discussed asymmetry a MC simulation of the studied

To estimate capability for the
process including the weak interaction contribution was
done. The Belle software was used in this study. A set
of the straight forward selections were applied to the
detected events.

( I )Number of good tracks; 2.

( II') Acollinearity : 4, <10°.

(M) E./(/s/2 ) >0.75 (for both tracks).

(V) lcos(8:y) | <0.75 .

( 'V ) Particle identification.

Here oy, Ecy, cos (6 &) are acollinearity,

particle energy and positron polar angle respectively.
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After these selections the tracking acceptance is about
70% and the detection efficiency after particle
identification selection becomes about 45% .

Main background processes and corresponding
contaminations to u u” are e’e”—e e u Ty (~1
x107), €+€74>T+T7*><,U,+17/TVH) (,Uf;/#VT) (~5
x10~*) and Bhabha scattering, e“e” —e e, due to
electron misidentification ( < 107*). Backgrounds
from the cosmic rays as well as from the e e —uu/
dd/ss/cc and e"e”—e" e e’ e are negligible.

The main theoretical uncertainty comes from the
higher order contributions: An interference of the
initial state and final state radiation (see Fig. 3) as
well as two double internal photon lines diagrams ( see

Fig.4).

Fig.3 Feynman diagrams corresponding to

the initial and final state radiation

1 ¢ "

Fig.4 Box diagrams providing small FB asymmetry

The asymmetry provided by these contributions
calculated with the KKMC code is shown in Fig.5. As
seen from the figure the main contribution comes from
the interference of the initial and final state radiation
diagrams. It decreases with the increase of the
acollinearity angle and has the opposite sign in
comparison with the electro-weak induced asymmetry.

The value of this QED FB asymmetry is about
107 at the of 10° that is

accolinearity cut

approximately the same as that induced by electroweak

|cos( 0 *)| <0.75 Emin/Ebeam>>0.75
E T T

T T4
6x10* - -
4 Vs = 10.580 GeV ]
m 4x10 0 ® KKMC 7
‘E‘ L o v KKMC w/o IFI 4
2x10*- -
ok ]
1 1 1 1 ]
0 5 10 15 20
77 max / (O)

Fig.5 A, with and without QED

interference contribution

interactions. Then the QED asymmetry should be
calculated with high accuracy. One can expect to
achieve a required precision in the QED induced A,
taking into account the detector acceptance using. The
QED asymmetry can be studied using the existing MC
generators KKMC 4. 19'®) and PHOKHARA 9. 17,
Very large experimental statistics which can be
collected at SuperKEKB will provide a possibility of a
careful checks on both the QED as well as apparatus
asymmetries by detailed fits of the angular distributions
for the different cuts on acollinearity. The detector
induced asymmetry will be revealed by a study of the
other QED processes.

Effects of the New Physics can be described by
three parameters'®’ ; S, T and U. A difference between
measured and theoretical values of the p parameter
obtained from low energy asymmetry measurements can
be expressed as Ap = a (M) T where a (M},) =
1/128.945 is the running electromagnetic coupling
constant at Z-boson mass. At the accuracy in
o( A,p)/A,, ~107° T parameter uncertainty becomes
~ 0.1 which is comparable to the existing accuracy
obtained from other experiment. It should be noted that
in this case the limits on T are obtained independently

of other parameters, S and U.

2 Conclusion

( I )Belle Il provides a unique environment for a
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precision electroweak measurement far from the Z pole

(') The w" w~ FB asymmetry study is
complementary to measurements of the parity violation
at low energy.

(I ) For precise calculations of the high order
QED contributions to the FB asymmetry the theoretical
input is highly needed.

(IV) Existing Belle data is used now to study
detector related uncertainties as well as to optimize
Belle I triggers and Belle [ Monte Carlo simulation.

(V) The Belle [l experiment starts data taking in
2017 and 50 ab ' is expected by the end of 2023.
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0 Introduction

The weak mixing angle sin’f, is one of the

fundamental parameters of the standard model (SM) of
elementary particle physics. It has been measured with
greal precision at the Z resonance''', where the
determinations from LEP and SLD are marginally
consistent. Due to quantum corrections, the effective
weak mixing angle is a scale dependent quantity and
measurements at different scales become important both
for testing the SM and searching for effects of new
physics beyond the SM in the running >’
Measurements at lower scales were obtained in
neutrino nucleon scattering'®’ |, deep inelastic electron
scatteringm , parity violating electron scattering on

[e6] [7

electrons'®’ and protons'”' and atomic parity violation

8 ..
8] These measurements were sufficient to

in Caesium
establish the running of sin’@,, more precision is
however required for a stringent test of the SM and
searches for new physics. The final result from the
Qweak experiment is eagerly awaited and should
improve on the published result'”’ by a factor of three
to four. More precise determinations require new

experimental approaches, such as the proposed
Moller'”! and deep inelastic ( SOLID''®") scattering
experiments at JLAB and the P2 experiment in Mainz,
which will be described in the following. An overview
of current and planned experiments together with the
theory prediction''" for the running of sin’@,, is shown
in Fig. 1.

A precise determination of the weak mixing angle
at low scales is sensitive to contributions of new physics
beyond the SM which can change the running of sin’6,,
via contributions of new gauge bosons, additional

[12]

fermions, mixing terms or the exchange of very

heavy particles which can be parametrized as four-

0.245 . : . . : :

Qy (p)

0.240

P2@MESA

0.235
Qu (APY )

eDIS ATLAS

0.230 LD ]
sin? By (Q) cuis
0.225F . . . . . : " N
0.0001 0.001 0.01 0.1 1 10 100 1000 10000

0/GeV

Fig.1 Scale dependence of sin’g,, together with
completed and planned experimental measurements

. . . 2
fermion contact 1nteract10ns[ ].

In the last case, P2
will be sensitive to scales up to 49 TeV, comparable to
the experiments at the large hadron collider after

collecting 300 fb ~'of integrated luminosity.
1 Requirements

The P2 experiment aims to determine sin’@,, with

a precision of 0. 13% by performing a measurement of

the parity violating asymmetry A,, in electron-proton

scattering. This asymmetry between the cross-sections

for left- and righthanded electrons ¢, and o, is
determined by the weak charge of the proton @ :

A = 0L = 0r _ GFQZ

" 42«

o, +0og
where G, is the Fermi constant, the fine structure

(Quw + F(Q*)) (1)

constant and Q° the squared four-moment transfer,
setting the scale. Contributions stemming from the fact
that the proton is not a point-like particle are collected
in F(Q%) and are small for low values of Q°, thus
motivating an experiment at low momentum transfer.
Further hadronic uncertainties come from box graphs
such as the one shown in Fig. 2. These uncertainties
with a weak dependence on the momentum transfer do

however, increase steeply with rising center-of-mass
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energy "' favouring a low beam energy.

Fig.2 y-Z box graph for electron-proton scattering

The weak mixing angle is related to Q, via

Q, =1 -4sin’e, (2)
which implies by propagation of uncertainty that a
0.13% measurement of sin’, requires a 1. 5%
measurement of (), which also corresponds to the
target uncertainty in the asymmetry. Due to the small
weak charge of the proton and the small Q°, the
expected asymmetry is only 33 ppb, thus requiring a
measurement with 0. 44 ppb precision. The statistical
the number of scattered

uncertainty scales with

1 . . .
electrons as — , which in turn requires the observation

of 7(10"™) electrons. For sociological reasons, the
total measurement time is limited to 10 000 hours,
which requires observing (7(10") signal electrons per
second.

These very high rates can be achieved by directing
a 150 pA electron beam onto a 60 cm long liquid
hydrogen target, producing a luminosity of 2.4 x 10%
s 'em ™7,

The aim of determining sin’@,, with a precision of

0. 13% is thus

accelerator and detector

extremely challenging for the

systems. The following
sections outline how the MESA accelerator, the
polarisation measurement and the P2 experiment intend

to tackle these challenges.

2 The MESA accelerator

In order to accommodate the very long running
time and demanding stability requirements of the P2
experiment, a new accelerator, the Mainz energy-
recovery superconducting accelerator ( MESA™™') s
being built.

With a maximum extracted beam energy of 155

MeV, MESA is small enough to fit into the existing
halls that have become available with the completion of
the A4 parity violating electron scattering program at
the Mainz Microtron MAMI. P2 and the MAGIX
spectrometer ( see the contribution of A. Denig to this
conference for details on the MESA program beyond the
P2 experiment) will be housed in a new hall as part of
the recently funded centre for fundamental physics.
Fig. 3 shows the overall layout of accelerator and
experiments ( indicating existing and new halls at the
institute of nuclear physics in Mainz).

P2 requires a highly polarized ( > 85% ), high
intensity (150 wA) beam of 155 MeV electrons with
excellent availabiliy ( > 4000 h/year). The beam
helicity will be flipped several thousand times a
second. The main challenge is to reduce any helicity
correlated changes in beam intensity, energy, position
and angle to less than 0. 1 ppb. Here we can profit
from the extensive experience in beam stabilization
gained at the Mainz Microtron MAMI. Tab. 1 compares
the values for helicity correlated beam fluctuations
achieved at MAMI with the requirements for P2 at
MESA. Whilst the energy stability already fulfills the
demands, improvements of one to two orders of
magnitude have to be achieved for position, angle and
intensity; new digital feedback electronics for beam
stabilization are currently being designed and tested at

MAMI.

Tab.1 Helicity correlated beam fluctuations

Beam Achieved Contribution Required
Quantity at MAMI 10 8(Apy) for MESA
Energy 0.04 eV <0. 1ppb fulfilled
Position 3 nm 5 ppb 0.13 nm
Angle 0.5 rad 3 ppb 0.06 nrad
Intensity 14 ppb 4 ppb 0.36pph
The MESA lattice design is finalized, the

superconducting RF cavities have been ordered and
civil construction on the new hall will start 2016. We

plan to start installing the accelerator in 2018 and have

beam available for P2 before 2020.

3 Polarimetry

P2 requires a knowledge of the beam polarisation
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Existing <.
experimental

Fig.3 Layout of the MESA accelerator and experiments

of better than 0.5% . We aim to achieve this precision
via two paths''®’ | namely an invasive double Mott
polarimeter at the electron source and a hydro-Meller
polarimeter, which can be operated at the same time as
and is placed right in front of the main experiment.
3.1 Double Mott polarimeter

The asymmetry of Mott scattering in thin foils can
be used to determine the beam polarization, it however
requires a precise knowledge of the analyzing power of
the scattering foils which introduces a large uncertainty

"in two

into the measurement. Double Mott scattering' "’
foils allows to determine the effective analyzing power
within the setup, thus reducing the associated
uncertainty which makes it a suitable choice for precise
source polarimetry at MESA. A prototype of the
double-Mott polarimeter is currently tested with the
MESA source prototype in operation in Mainz.
3.2 Hydro-Mgller polarimeter

We plan to determine the beam polarization at the
final energy with a hydro-Meller polarimeter"®’ right in
front of the main experiment. Here the asymmetry in
Moller scattering of the beam electrons with the
electrons in fully polarized atomic hydrogen is used.
The hydrogen is polarized using a 7-8 T solenoid
magnet. In order to avoid hydrogen recombination, the
gas is kept at cryogenic temperatures and the walls of
the vessel are coated with superfluid helium. Operating
this cryogenic setup with a high intensity electron beam

passing through the center is certainly challenging. The

cryostat/magnet for this setup is currently under

construction.

4 The P2 experiment

For a given electron beam energy, the scattering
angle § determines the momentum transfer Q°. At low
Q’, the uncertainty of the asymmetry measurement is
dominated by statistics and helicity correlated beam
fluctuations. At large (7, uncertainties in the proton
form factors become dominant. For our setup, the best
accuracy can be reached with a central scattering angle

of 35° at an angular acceptance of 20° (as shown in

Fig.4).

107

Beam energy: 150 MeV
Beam current 150 pA
Polarization: 85 %
4P:

Target length: 60 cm
- Detector acceptance: 20 deg

20 =132.10% Total rate (el e-p): 0.1 THz
2 Asin’g, =32:10 Measurement time: 10000 h
DA™ 0.1 ppb

Statistics

10°

T T 11T

A sin’ 6y

1 0-4 polarization

B
|

10°

0/
Fig.4 Contributions to the uncertainty

In Fig. 4, contributions to the uncertainty of the
sin’ @, measurement at fixed beam energy, intensity
and run time in dependence of the central scattering
angle. G,, G, and G, refer to the uncertainties

stemming from the electric and magnetic strange form
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factor and the axial form factor of the proton
respectively.

As the very high intensity beam produces several
thousand Bremsstrahlung photons for every electron
scattered into the angular range of interest as well as a
large amount of Mgller scattered electrons with low
transverse momentum, a magnetic spectrometer is
required in order to guide signal electrons to detectors
whilst at the same time shielding them from photon and
Mgller backgrounds. The detectors in turn face the
challenge of reliably detecting more than 100 GHz of
scattered electrons. The following sections will describe
the spectrometer design, the development of integrating
Cherenkov detectors as well as a pixellated tracking
detector for a precise determination of the momentum
transfer Q.

4.1 Spectrometer

For the spectrometer design, the main choice is
between a toroidal (as used in the Qweak experiment )
and a solenoidal magnetic field. The advantages of a
toroidal setup, such as zero field in the target region
and easy access to instrumentation are compromised by
the fact that the coils are necessarily inside of the
spectrometer acceptance, typically leading to a loss of
about half the signal electrons and consequently a
doubling of the measurement time, which is unrealistic
in the context of P2.

We have thus decided to employ a solenoidal
design and studied possible placements of the target,
shielding and detectors for several existing solenoids,
e. g. from the ZEUS experiment at HERA'' or the
FOPI experiment at GSI'™'.
both ray-tracing in the magnet field maps and full
Geant4  based

optimization of the shape and placement of lead

We have shown using

simulations that with a careful
shields, sufficient signal-to-background ratios can be
achieved in the integrating detectors. A possible view
of the setup is shown in the rendering in Fig. 5
(showing the solenoid coil, target, lead shielding and
integrating detectors as well as a hunky physicist for
scale).

4.2 Integrating detectors

Individually of GHz of

counting  hundreds

Fig.5 Rendering of a possible P2 setup

electrons is extremely challenging, but not actually
required for P2. Instead, we opt for an integrating
measurement, where the electrons produce Cherenkov
light in bars of fused silica( quartz) , which is detected
with photomultipliers operated at low gain. The current
of these photomultipliers is integrated over one helicity
period and read out with high precision (22 bit)
analog-to-digital converters.

We are currently testsing different types and
polishing finishes as well as wrappings of quartz bars
MAMI beam and have found both a

performance sufficient for P2 as well as an excellent

with the

agreement of the light yield at different incident angles
with Geant4 based simulations.
The switchable

currently under

gain photomultiplier base is
development in Mainz; for the
integrating ADC a joint development with the Mgller
experiment is ongoing at the University of Manitoba.
4.3 Tracking detectors

In order to determine the average momentum
transfer < (7 > of the scattered electrons creating
signals in the integrating detectors, a tracking detector
is required. The high rates at MESA, the precision
requirements and the low momenta of the scattered
electrons ( making multiple coulomb scattering in the
tracker material the dominating uncertainty in the
momentum measurement ) call for a fast, high
granularity sensor with very little material. We choose
to employ high-voltage monolithic active pixel senors

(HV-MAPS"*'®)) as the detector technology. These
CMOS

sensors, manufactured in a commercial
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technology, apply a “high” voltage of around 90 V
between deep n-wells and the substrate, leading to very
fast charge collection from a thin depletion layer. The
thin charge collection zone allows for thinning of the
sensors to just 50 wm. The sensor is segmented into 80
by 80 pm pixels. The CMOS process used allows for
integrating both analog and digital electronics directly
on the sensor; the output are zero suppressed hit
addresses and timestamps on a fast differential link. In
the development of the sensors for P2, we closely
collaborate with the Mu3e, ATLAS and Panda
experiments.

From these thin sensors, we plan to build a
tracking detector with four planes ( shown in Fig. 6,
consisting of four planes of HV-MAPS sensors). The
arrangement in two double planes combines a good
momentum and angular resolution in a multiple
scattering dominated regime with ease of reconstruction
in a high multiplicity environment. We are currently
studying tracking algorithms that also perform well in
the non-uniform field close to the edge of the magnet
and are at the same time robust and fast enough to
allow for on-line track finding and fitting, possibly on
graphics

highly  parallel —architectures such as

processing units( GPUs).

Solenoid

Tracking detector

Integrating
Detectors

Beamaxis  Jarget

Fig.6 Schematic view of the P2 tracking detector

5 Conclusion

The P2 experiment aims to measure sin’@,, at low
momentum transfer with unprecedented accuracy,
which both improves the precision on one of the
fundamental parameters of the standard model and
allows to search for new physics. The new MESA
accelerator in Mainz will provide a stable, very high
intensity electron beam combined with precision
polarimetry.

P2 will measure the parity violating

asymmetry in electron- proton scattering using a

solenoid  spectrometer with integrating Cherenkov

detectors combined with a thin pixel tracker.

Accelerator commissioning is scheduled to start in 2018
and a first P2 data taking for 2020. Beyond the sin’6,,
measurement, P2 can also be used to study parity
violation with different target materials, giving access
e. g. to neutron skins. The MESA accelerator also has

a wide physics program beyond P2, described

elsewhere in these proceedings.
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charmonia and charmed mesons.

( II ) Pairs of particles, such as v , D, D,
charmed baryons etc are copiously produced with
unique threshold characteristics.

(I ) This energy region is in the transition
between perturbative and non-perturbative in terms
of QCD.

(IV ) Dierent types of hadrons, conventional or
exotic ,can demonstrate their structures and interactions
decays,

through processes of their productions,

transitions and behaviors under various probes.
The BEPC Il detector has a

acceptance of 93% of 47 and consists of four main

geometrical

components;: (1) A small-celled, helium-based main
draft chamber (MDC) with 43 layers, which provides
measurements of ionization energy loss (dE/dx). The
average single wire resolution is 135 pm, and the
momentum resolution for charged particles with
momenta of 1 GeV/c in a1 T magnetic field is 0. 5% .
) An electromagnetic calorimeter ( EMC) made of
6240 CsI (Tl) crystals arranged in a cylindrical shape
(barrel) plus two end caps. For 1.0 GeV photons, the
energy resolution is 2. 5% in the barrel and 5% in the
end caps, and the position resolution is 6 mm in the
barrel and 9 mm in the end caps. 3) A time-of-flight
system for particle identication ( PID) composed of a
barrel part made of two layers with 88 pieces of 5 em
thick, 2. 4 m long plastic scintillators in each layer,
and two end caps with 96 fan-shaped, 5 em thick
plastic scintillators in each end cap. The time
resolution is 80 ps in the barrel and 110 ps in the
endcaps, corresponding to a 20K/7 separation for
momenta up to about 1.0 GeV/c. @ A muon chamber
system( MUC) made of about 1000 m” of resistive plate
chambers arranged in nine layers in the barrel and
eight layers in the end caps, and incorporated in the
return iron of the superconducting magnet. The
position resolution is about 2 c¢cm. More details of the
detector are described in Ref. [1].

In general, the clean environments and high
luminosity at BEPC Tl are very helpful to study the
structure and interaction of hadrons. BEPC Il has

accumulated 1.3 Billion J/¥%, 0.5 Billion ¥% and

2.9 fb ™" at ¥(3773), all of which are the largest data
sets in the world. There are also very huge samples of
light mesons from decays of these charmonia, such as
1, n', 7, K etc. By simple estimation based on the
branching ratios, there would be about 7.1 M ' § and
1.9 M 5’ & from the two most abundant channels in the
J/W sample, which provide ideal samples for studying
their Dalitz decays.

1 Dalitz
experimental techniques

decay of mesons and

Meson Dalitz decays are very sensitive EM probes

to study the structures and the interactions of

[2]
mesons

. The information of meson transition form
factors(TFF) etc can be retrieved from these processes
to test various models of mesons. These TFFs can also
help to reduce the uncertainties caused by the light-by-
light hadronic contributions to the calculations of
(g =2),, which has seen 3. 60 discrepancies with the
experimental measurements' '

There are a pair of electron and positron in the
final states of meson Dalitz decays, which could be
easily polluted by the converted electron-positron pairs
from phontons interacting with detector materials. Thus
it is crucial to exclude the gamma conversion events as
much as possible in order to establish the meson Dalitz
decays experimentally.

At BEPC II,

developed, with the algorithm based on the information

a photon conversion nder is

of common vertex position on the tranverse plane. It is
described in Ref. [5].

Fig. 1 shows the performance of vetoing gamma
conversions, with the process J/yy—n'y, n'—yr’®
7. The conversion mostly takes place at beam pipe
and the innerMDC wall. The algorithm can reconstruct
and data-MC

the conversion vertex quite well

consistency is good.

2 First observation of p'—ye*e”

BEPCII measured the Dalitz decay n'—vye™ e~
for the first time. The results are published at Ref.
[6]. The dierential decay width, are normalized to the
radiative decay width I" (' — yy) to reduce the
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common systematic errors. The measured ratio is R, =
(2.13 £0. 09 (stat) +0.07 (sys)) x 107, This
corresponds to a branching fraction BR (' —
ye'e ) =(4.69 +£0.20(stat) £0.23(sys)) x 10"

The first errors are statistic and the second ones are

systematic.
500 T T T T
g (b) —+ Data
= 400f ? 9
Signal MC
g i 300F ey Conv. MC | 3
> 2 200F ]
& Z
A4
A 100E, ; ’1 4 B
inner MDC wall SN 7L T
-10 L L L 0 WA i&_l
-10 -5 0 5 10 0 2 4 6 8 10
Rx/cm d,,/ cm

Fig.1 Veto ofy conversions at BEPCIII

In Fig. 1 (a), Ry vs Rx distributions for the
simulated y conversion events. In Fig. 1 (b), & xy
distributions, in which the shaded histogram shows the
MC-simulated signal events. The symbol " +" with
error bars are data. The dotted histogram shows the
background from the y-conversion events. In Fig. 1
(b), the solid arrow indicates the requirement on
8 xy.

The ratio R, can be described clearly in theory. It
is formulated with the calculable QED part for a point
meson, then times the TFF. The latter is described
byphenomeno  logical ~models, and can be
experimentally determined from dierences between the
measured dilepton invariant mass spectrum and the
QED calculation. In the vector meson dominance
( VMD) model®, it is assumed that interactions
between a virtual photon and hadrons are dominated by
a superposition of neutral vector meson states. So we
retrieve  the TFF

could information from the

measurements. Fig. 2 shows the eciency-corrected
signal yields versus mass of electron positron pairs from
n'—vye’ e, with the QED shape superimposed for
comparison. The discrepancy between QED and data,
which reflects the TFF, is evident in the high M (ee)
region.

In Fig.2, the black crosses are data and the gray
shaded histogram indicates the pointlike QED result.

The most common TFF model uses only the first

i e
I Experiment
ol + .
N§ é - QED calculation| 3
s L s ]
ok St
‘2 i .
2 10k -
= E E
1 AR TR TR SR M0 S ST SO0 0L S W 0V YA R0 TER 00 R S 0 1 SO TR0 TAE SR R0 SAF SOE TR0 0 AR 0 00 R ¥
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M(ee )/ (GeV/c?)

Fig.2 Eciency-corrected signal yields versus mass

of electron positron pairs from n'—ye e~

term in the dispersion relation. The results of a least-
squares fit with this single-pole model are shown in
Fig. 3.

determined are in agreement with the result obtained in

The parameters of the form factors thus

the process of n»—yu "u~ as measured in Ref. [7].

10

| FgH | ?

T T TTTI

02 03 04 05 06 07 08
M(e*e) / (GeV/c?)

Fig.3 The single-pole form factor fitting of '—ye " e~

In Fig.3, The black crosses are data, where the
statistical and systematic uncertainties are combined;
the gray solid curve shows the fit results. The gray

dotted line shows the pointlike case for comparison.

3 First observation of J/ys—Pe” e~
(P=n',nand 77’)
In the

experiments, only Dalitz decays of light mesons are

previous measurements from other

studied. In order to shed light on some of the puzzles
would be

interesting to search for and study the Dalitz decay of

observed in these measurements, it

heavy quarkonium.
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The theoretical and experimental investigations of
the EM Dalitz decays of the light vector mesons
motivate us to study the rare charmonium decays J/i—
Pe™e” , which should provide useful information on the
interaction of the with  the
electromagnetic field. The huge J/i sample at BEPC
Il provides a good chance for this. BEPCII made this

measurement and provided experimental information on
[8]

charmonium states

these decays for the first time

BEPCII studied the processes of J/ip—Pe*e™ ,
and established this decay pattern for three dierent
pseudoscalar mesons: n,n’' , and 7 in the major
decay modes. Fig. 4 shows the mass distributions of
the pseudoscalar meson candidates in J/iy—Pe” e .

All the modes are established experimentally for the

first time.
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Fig.4 Mass distributions of the pseudoscalar

meson candidates in J/y—Pe " e~

In Fig. 4, the subplots (a) to (e) are from
dierent pseudoscalar states and their subsequent decay
channels as inidcated. The black dots with error bars
are data, the small dashed lines represent the signal,
the long dotted-dashed curves show the nonpeaking
back-ground shapes, and the gray shaded components
are the shapes of the peaking backgrounds from the

J/y—Pe" e decays. Total ts are shown as the solid
lines.

The branching fractions of these processes are
determined. The BR are measured to be B (J/¢y —
n'ete” ) =(5.81+0.16 +0.31) x107°, B(J/y—
mete ) = (1.16 £0.07 £0.06) x 107 and
B(J/p—mlee”) =(7.56 +1.32 +0.50) x 107",
respectively.

The measurements for J/iy—mn'e" e and J/ip—
nee” decay modes are consistent with the theoretical
prediction in Ref. [9]. The theoretical prediction for
the decay rate of J/iy—7’e* e based on the VMD
model is about 2. 5 standard deviations from the
measurement in this analysis, which may indicate that
QCD

relativistic corrections are needed.

further radiative and

improvements of the

Direct information on the form factor is obtained
by studying the efficiency-corrected signal yields for
each given M(e® e ) bin. Fig.5 shows the form factor
obtained for J/ip—mn'e*e”. The crosses are data, and
the fit is shown as the solid curve. The dotted-dashed
curve indicate the prediction of the simple pole model,
where the form factor is parametrized by the simple
pole approximation with the pole mass at 3. 686
GeV/c’.

8 | -
o 6F -
S4F -
S .
— 2 -

0 .

0 02 04 06 08 10 1.2 1.4 16 18 2.0
M(e'e) / (GeV/ch)

Fig.5 Form factor for J/yy—n'e e~

In Fig.5, the crosses are data, the dotted-dashed
curve is the prediction of the simple pole model with
the pole mass of 3. 686 GeV/c’, and the fit is shown
by the solid curve.

4 Measurement of ' —we e~

With a sample of 1. 31 billion J/i events
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collected with the BEPC Il detector, we have also
analyzed the decays ' —>yw and ' —>w e’ e, via
J/—mn"y . The results are published in Ref. [ 10 ].
Similar to the study of n'—y e” e, the process
n'—w e’ e has to be measured with respect to the
normalization process of 7' —wy. With the optimized
event selections, the decay ' —wy is observed in the
dis tribution of M( 7’7 7 y) versus M(7w'm ™)
shown in Fig. 6. The concentration of events in the
central region indicate the existence of n'—wy, which

serves as normalization.

1.10 g 40
< 105 3
> 30
g 1.00 55
= 095 20
&
o 090 15
C’E 10
S 0.85 5

0.80 0

0.65 0.70 0.75 0.80 0.85
M(7 "7 "7 ) | (GeV/c?)
Fig.6 2D distribution of the invariant masses

M@ a5 y) wM(# o @) from ' —w e’ e data

To improve the mass resolution, as well as to
better handle the background in the vertical band
around the w mass region and horizontal band around
the i’ mass region, we determine the signal yield from
the  distribution  of  the  difference  between
Mz’ 7" 7w e’e’) and M (7" «#° 7 ). The
backgrounds in the vertical and horizontal bands do not
peak in the signal region, which is demonstrated by the
inclusive MC sample, as shown by the histogram in
Fig. 7.

The dots with

histogramshows the MC simulation of inclusive J/is

error bars are data, the
decays. The solid curve represents the fit results, and
the dashed curve is the background determined by
the fit.

To determine the n'—w e "¢ yield, an unbinned
likelihood  fit

Mz’ 7" 7w e'e) —M(m" " @), as shown in

maximum on the distribution of

Fig. 8, is performed. The signal component is modeled

— inclusive backgrounds

+ data
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Fig.7 Distribution of the mass difference

M@ w me'e) -Ma@ a" o) fromy >we*e”
by the MC simulated signal shape convoluted with a
Gaussian function to account for the difference in the
mass resolution between data and MC simulation. The
shape of the dominant non-resonant background is
derived from the MC simulation, and its magnitude is
fixed taking into account the decay branching fraction
PDG'".  The

contributions are described with a 2nd-order Chebychev

from  the remaining  background
polynomial. The fit shown in Fig. 8 has a statistical
significance of 8¢, which is determined by the change
of the log-likelihood value and of the number of degrees
of freedom in the fit with and without the signal

included.
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Fig.8 Fitting results from ' —>w e¢* e~ on the
distribution of M(#" w* 7w e*e”) -M(a" o =)

In Fig. 8, the crosses show the distribution of

data. The dash-dotted line represents the 7' —
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n 7" 7 component, and the dotted curve shows the
background except n'—n 7" 7.

So for the first time, the decay of n'—w e e is
observed with a statistical significance of 8¢, and its
branching fraction is measured to be
B(n'—we'e )= (1. 97 = 0. 34 (stat) =
0.17(syst) ) x 10,

theoretical prediction, 2.0 x 10 *'"*'. The branching

which is consistent with

fraction of B’ —awy is determined to be B(np'—wy) =
(2.55 £0.03(stat) =0.16(syst)) x 1077, which
is in good agreement with the world average value in

Ref. [11] and the most precise measurement to date.

5 Conclution

In summary, EM Dalitz decays could be sensitive
and provide very rich information about meson
structures, and plays an important role in constraining
the uncertainties to (g =2),. BEPCII has performed
and published several Dalitz decays, including n'—
yee , J/p—Pe e (P=n",n and 7°), n'—
we'e” etc. These processes are all observed and
measured for the first time. They have furthered our
knowledge about meson structures and meson
interactions. Many more related work is ongoing.
There will be more results to come, and they will
further test the theory against the measurements and
could be sensitvie to the new physics beyond the

standard model.

References

[1 ] ABLIKIM M, AN Z H, BAI J Z, et al. Design and
construction of the BEPC I detector [ J ].
Instruments & Methods in Physics Research A, 2010,

Nuclear

614(3) : 345-399.

[2 ] LANDSBERG L G. FElectromagnetic decays of light
mesons[ J|. Physics Reports, 1985, 128(6) : 301-376.

[3 ] DAVIER M, HOECKER A, MALAESCU B, et al.
Reevaluation of the hadronic contributions to the muong-2
and to « (M) [J]. European Physical Journal C, 2011,
71, 1515-1527.

[4 ] MILLER J P, DE RAFAEL E, ROBERTS B L, et al.
Muon(g-2) : Experiment and theory [ J]. Annual Review
of Nuclear & Particle Science, 2012, 62, 237-264.

[5 ] XU M, ACHASOV M N, AI X C, et al. A photon
conversion finder at BEPC IIl [ J ] Chinese Physics C,
2012, 36(8) : 742-749.

[6 ] ABLIKIM M, ACHASOV M N, AI X C, et al
Measurement of matrix elements for the decays n —
a7 7 and n/n' —a'w 7’ [J]. Physics Review D,
2015, 92(1): 012001 (1-12).

[7 ] DZHELYADIN R I,GOLOVKIN S V,KONSTANTINOV A
S, et al. Study of the electromagnetic transition form-
factor in w**’}T‘)/..L*' u” decay [ J]. Physics Letters B,
1981, 102(4) . 296-298.

[8 ] ABLIKIM M, ACHASOV M N, AI X C, et al

Observation of electromagnetic Dalitz decays J/iy—Pe " e~
[J]. Physical Review D, 2014, 89(9) : 092008 (1-10).

[9 JFUJ L, LI H B, QIN X S, et al. Study of the
electromagnetic transitions J/gy— Pl" [~ and probe dark
photon [ J ]. Modern Physics Letters A, 2012,
27 1250223.

[10] RODRIGUEZ C L,MORSCHER M,PATTABIRAMAN B,
et al. Erratum: Binary black hole mergers from globular
clusters; Implications for advanced LIGO[ J]. PHysical
Review Letters, 2016, 116(2) : 029901.

[11]OLIVE K K A, AGASHE K, AMSLER C, et al. Review
of particle physics[ J]. Chinese Physics C, 2014, 38(9) :
1-1232.

[12] FAESSLER A, FUCHS C, KRIVORUCHENKO M I
Dilepton spectra from decays of light unflavored mesons

[J]. Physical Review C, 2000, 61 035206.



5465456 1 ¥ B # 2 K LK X & & &4 Vol. 46 ,No. 6

201646 A JOURNAL OF UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA Jun. 2016

Article 1D;0253-2778 (2016 )06-0494-08

Combined study of the n and ' mesons: Phenomenology,
chiral extrapolation of lattice QCD and effective field theory

GUO Zhihui'?

(1. Department of Physics, Hebei Normal University, Shijiazhuang 050024, China)
(2. State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, CAS, Beijing 100190, China)

Abstract; A comprehensive phenomenological study is carried out of the decay processes with the n or 5’
in the initial/final states within the effective field theory approach. Two primary types of processes are
analyzed: The ones only with light-flavor hadrons and those involving the J/¢. The couplings from the
effective Lagrangian, together with the 1-n’ mixing parameters from the two-mixing-angle scheme, are
fitted to a large number of experimental data, including the various decay widths and the form factors.
With the phenomenological mixing parameters and the lattice simulation data of the masses and decay
constants of the light pseudoscalar mesons as inputs, a next-to-next-to-leading order study is performed of
the n-n’ mixing system in U(3) chiral perturbation theory. Updated values of the relevant low energy
constants are obtained.
Key words: chiral Lagrangian; 1 and n' mixing
CLC number:0572. 3 Document code ; A doi;10.3969/j. issn. 0253-2778. 2016. 06. 008
Citation: GUO Zhihui. Combined study of the 5 and 5’ mesons: Phenomenology, chiral extrapolation of lattice QCD and
effective field theory[ J]. Journal of University of Science and Technology of China, 2016,46(6) : 494-501.
SRREHE. W PRAMER S A i PARIESR T [T ], P RS R 5741k ,2016,46 (6) + 494-501.

MIBRMER F AR R FAEEFRTR

&

(1. T JLImFE KA AL 505 B T RERE, Wb %, 050024)
(2. WEBABE B Y BT, HIEY) B E K S %, JLat, 100190)

WE. AR EAXGRER TN Ao B R FR AT 200 R, T 2R L AN R TR, —FF 2R
SR BRBTHER;, Z—FARF Y AL TR BEMESEREHENRELERBRE T E%
A, ZANAE T AZEREZ T O A BUL, B AT B T WURA AU T o) p-n' Ro5. Loadid
FIHET BOREABABRREETEHNFHABENLENBRERANTREF R EFH, RMNEUI)
FIERAR IR AR R T AT p-n/ BT T R KN 047, -4 B T 237 694K 38 48 6 209 SEL.
KEBIR . FIEA X5 -y Bd

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

Foundation item: Supported by National Natural Science Foundation of China ( U1232105 ), Ministry of Science and Technology
(2015CB856700) .

Biography : GUO Zhihui ( corresponding author) , Professor/PhD. Research field: high energy physics. E-mail; zhguo@ mail. hebtu. edu. cn



% 6 41 Combined study of the 5 and 1" mesons: Phenomenology, chiral extrapolation of lattice QCD and effective field theory 495

0 Introduction

The light-flavor 1 and n' mesons provide a

valuable ~ window to study many important

nonperturbative properties of Quantum
Chromodynamics (QCD) , including the spontaneously
chiral symmetry breaking, the mechanism of explicit
breaking of SU (3 )-flavor symmetry and the U (1),
anomaly of strong interactions.

There are many experimental collaborations that
have measured or planned to measure the physical
processes with the 1 or " mesons, with high precision
and high statistics, such as BES I''?', Jefferson
Lab"* | KLOE"', CELSIUS/WASA'® CBELSA/
TAPS'' and CMD-2"*".

QCD simulations have greatly progressed on the n and

On the other hand, lattice

1’ mesons and many precise simulation data have been
released "

We have performed a thorough analysis of the
radiative decay processes involving the 5 or ' and
light-flavor vector resonances within the framework of
resonance chiral theory ( RyT') in Ref. "4 In the
following sections, we extend the discussions to study
the decay processes of J/y — VP, Py'*’, with V
denoting the light-flavor vectors and P the light

"1 The two-mixing-angle scheme

pseudoscalar mesons
for the n-n' system is used in these phenomenological
discussions, and precise values of the four mixing
parameters are extracted from the experimental data.
Together with the phenomenological determinations of
mixing parameters and the lattice simulation data as
inputs, we have then carried out the next-to-next-to-
leading order( NNLO) study of the 1-n' mixing within
the U (3 ) chiral perturbation theory (yPT ). The
phenomenological inputs and lattice simulations are
successfully reproduced, with reasonable values of low
energy constants( LECs) 16

review the works in Refs. [ 14-16].

1 Theoretical

decay processes

. In this paper, we briefly

formalism for the

1.1 Radiative processes with light-flavor hadrons

To describe the dynamics between the light

psuedoscalar mesons and the light-flavor vector

resonances, we use the relevant chiral Lagrangian from
RyT to calculate the decay widths and form factors. We
simply elaborate the pertinent chiral Lagrangians in the
following. The kinetic terms for the light vector

resonances read
2

\ M
(V) == (VW T, =0, 0) (1)

with V" denoting the vector octet plus singlet described

in the anti-symmetric tensor formalism''"'.  The

transitions between the vectors and the photon are

governed by the operator' ',

F, -
(V) :-z—é(vw -1 (2)

where f* contain the external source fields. We are

only interested in the photon field in this work. The
VJP operators with one vector field, one external

source and one light pseudoscalar, including the

singlet 7, state, read '*"'"*.

L = ng< [V freivou) +
p . ~
Mizl/glivpzr< { Vm ’f/j:r} vauu> +

ic, ~

o, S VL 1) 4
V€ VYV T UT) 4
o Eunr LV VT )
T AL A

iesM, ng< V7o Y In(det ) (3)

where the light pseudoscalar multiplet is incorporated
in the lNI,/L , uand y , fields. The VVP types of effective
Lagrangian involving 7, read'*"®)
Fvwp = diye LV VY 7))+
i:izgwo< fV Vel )+
A3 &, LNV V2 VP 07) +
dys,,, (LVTV VP ) —

l;iiM%/ /g’igﬂupa’<wv7vpa>ln(det ZL) (4>
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In addition, the relevant part of the Wess-Zumino- interactions will enter into these decays. We include

Witten Lagrangian is

2N,

8 ZF Hpo
We refer to Refs. [ 14,17-18 ] for further details
We then calculate the

Lyaw = (@I v" ") (5)

about the previous Lagrangians.

transition amplitudes, depicted by the Feynman

diagrams shown in Figs. 1 and 2. With these transition

amplitudes, it is straightforward to get the

experimentally observed form factors and decay
widths' ™'
P P
+ .y
(a) (b)

(%)

types of processes

(2) (b) (©)

Fig.2 Feynman diagrams for the Pyy‘ "’ types of processes

Before ending this section, we elaborate one more
detail about the two-mixing-angle scheme to treat the 5
and 1’ mesons. The light pseudoscalar octet plus
singlet mesons are incorporated in the u field in the
previous Lagrangians and we take the following two-
when  calculating  the

mixing-angle  formalism

amplitudes with 5 or ' states

(77) ~ 1(17800508
F Fgsinf

!

n
where 7, and 7, stand for the SU(3) -flavor singlet and

— Fosineo)(nx) (6)
F,cosf,

octet states, respectively, and 7, =n' denote the

physical states. The four mixing parameters F, Fg, 6,

and 6; will be fitted to experimental data.

1.2 Calculation of the J/y—VP, Py'*’ amplitudes
In this part, we introduce the effective Lagrangian

describing the dynamics of the J/¢— VP and Py""’

decays. Both the strong and the electromagnetic (EM )

three terms to describe the strong interactions in the
J/yp—VP decays
Lyp = Myhye,, " (W'V7) +
1
M,
M b, Cu) (V) (7)

Notice that proper M, factors are introduced in the

hzg/wpa-lﬂﬂ< %ZLV 7Vp{r % 5(+> +

previous equation in order to make the couplings
h;_, , ; dimensionless.
Two effective operators are constructed to describe
the J/yPy"*’ interaction
%w’y = glgwp(r‘/f#<ﬁyfag> +
S T ) (®)

The transition strength between the J/iy and the
photon field reads

st = =ty (9)

with ,, = a,4" - 9,9
Together with these effective Lagrangians and also
the ones given in Sect. 1. 1, we can calculate the

J/y— Py'* and VP amplitudes.

Feynman diagrams are depicted in Figs. 3 and 4.

The pertinent

¥ ¥* Jr-’ 4t
g /k/J v /r‘r i
i + + <~
Jfd C\ I (\ JfY m .
AN AN
P(r% 7,7 P(n%,7) (m 7)
(a) () (©

Fig.3 Relevant Feynman diagrams for

the J/is—Py" decays

v T?

ok
/ + + j .*\/\ J'\C/

DN J/¢ s T ng .
Plabna)  Plat,nn) P) P, n,1)
(2) (b) (©) (d

Fig.4 Relevant Feynman diagrams
for the J/ys— VP decays

In order to reasonably reproduce the experimental

it 1s necessary

results of the J/iy—n'y decay widths,
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to include the mechanism depicted by the Fig.3(¢),
i. e. to consider the contribution from the charmonium
7m. and also the mixing between 7, and n'm]. The
decay widths and form factors can be easily obtained

with the transition amplitudes corresponding to Figs. 3

and 4. We refer to Ref. [ 15 ] for further details.

2 Phenomenological discussions

We consider a large amount of experimental data
in our work, including the available decay widths of
P—Vy, V—>Py, Poyy, Pyl 1", V>PL" I,
J/gp—Py and J/p—VP™  with P =7, K, n, n'
and V=p, K", w, ¢. In addition, the form factors of
Jp—n'y™ noyy s ' —yyT, ey will be
also taken into account. We will make a global fit by
including all of these data.

Before presenting our fit results, we point out that
with the theoretical formalism in Sect. 1 alone it is
impossible for us to reasonably reproduce the J/i —
wm’ decay width. We simply include the excited vector
p' in this channel to perform the fits' .

A rather good reproduction of the experimental
data in our global fit is achieved, with the y*/d. o.f
close to one. The final results for the form factors of
J/y—n" v, n—yy® and n'—yy" are given in
Figs. 5, 6 and 7, respectively. Due to the large
experimental error bars, the ¢ —n'y" form factor
barely plays any important role in the fits and we do not

explicitly show the result for this channel "',

10 T T T T T T T

8 4

| Fyyyr |2

0 02 0406 08 1.0 1.2 1.4 1.6 1.8 2.0
M(e*e) / (GeV/c?)

Fig.5 The J/4—n' y" form factors

The solid ( middle ) line denotes our central

results and the shaded areas represent the error bands

at one-sigma level. The data are taken from Ref.

[217.

—
L

my3 /4| Fy' (5,0) | */ keV

2

T a -

0.7 -05 -03 -0.1 0.1 03
s/ GeV?

Fig.6 The n—yy" form factors

The solid ( middle ) line denotes our central
values and the shaded areas represent the error bands
at one-sigma level. The experimental data are taken

from Refs. [22-27]. We clearly show the curve in the

timelike region of s >0 in the framed figure.

(=3

(=3

(=]
J

100

S

maim,®/4| Fn' (50)|?/keV

-1.0 -0.8-0.6-04 -02 0 0.2 04 0.6 0.8
s/ GeV?

Fig.7 The n'—yy" form factors

The solid ( middle ) line denotes our central
results and the shaded areas represent the error bands
at one-sigma level. The experimental data are taken
from Refs. [24-28 ].

In Tab. 1, we give the fitted values for the four
mixing parameters defined in Eq. 6. In order to
highlight the influence of the J/i data on the
determination of the 1-n’ mixing, we explicitly show
two different fit results. In the global fit, we include
all of the previously mentioned experimental data,
while in the partial fit situation only the data involving
into account.

the light-flavor hadrons are taken
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Although the values of the mixing parameters from the
two fits are compatible, the error bars after including
the J/i data are clearly smaller than those with only
the light-flavor data. Therefore one can conclude that
the J/y — VP, P y~

constraining then-n’ mixing. For the remaining fitted

decays are important for

parameters, we refer to Ref. [ 15] for details.

Tab.1 Mixing parameters from the fits

parameter global fit partial fit

Fg/MeV 133.7 £3.7 126.3 +6.5

Fy/MeV 118.0 +5.5 109.7 +16.6
65 (-26.7£1.8)° (-21.1%6.0)°
0y (-11.0%1.0)" (-2.5+8.2)"

Next we analyze the different mechanisms that
contribute to the J/iy—Pl" ™ processes. According to
the Feynman diagrams in Fig. 3, there are three
different kinds of contributions; The contact interacting
vertex, the light-vector-resonance exchanges and the
n.-n' mixing. The effects from the intermediate vectors
like J/iy —p’P, wP and P, with p’, @ and ¢
decaying into the lepton pairs, have been removed
when doing experimental analyses for the J/¢y —
P e” e decays in Ref. [21]. In order to be consistent
with the experimental setups, we also drop the Fig. 3
(b) when fitting to the data. Nevertheless, we point
out that it is a priori not justified to neglect the
contributions from the intermediate light vectors in the
J/y—PLl* 1" decays. We have made a rough estimate
that the light vectors can contribute around 30% in the
J/p—a’ e e decay”™ , which qualitatively agrees
with the findings in Refs. [29-31]. In our case, large
destructive interference between the p’ exchange and
other mechanisms in the J/iy—7’y are observed. As
a result, a larger value of the branching ratio of the
Jp— ' et e

contributions from the intermediate pO resonance. So it

is predicted after neglecting the

is meaningful and important to make a revised
experimental analysis on the J/y—7" e* e~ decays by
keeping all of the contributions, instead of removing
parts of them. In contrast, the contributions from the
intermediate light vectors turn out to be negligible in
the J/iy—n'y decay processes. The branching ratios

for the J/yy—P "1™ are summarized in Tab.2.

Tab.2 Branching ratios ( x10°) for the J/y—Pl* 1~ decays

type Exp our results

yomlet e” 0.0756 +0.0141 0.1191 0. 0138

yonet e 1.16 +0. 09 1.16 £0.08
y—n' et e 5.81+0.35 5.76 +0. 16
AT - 0. 0280 0. 0032
ponutu” - 0.32 £0.02
v wt T - 1.46 £0.04

Another interesting subject is to analyze the roles
of the strong and EM interactions in the J/ — VP
decays. In our theoretical formalism, the strong
interaction is depicted by the Fig. 4 (a), while the
other diagrams correspond to the EM interactions. We
confirm that the EM interactions play the dominant
roles in the isospin violated decay channels, such as
]/(//Hpon', and wm’, and the strong interactions
dominate in the isospin conserved channels, such as

J/y— pm, on', en', K* 7K™ and K*°K".
3 Chiral extrapolation of the n and
7’ masses

Previously when addressing the 1-n’ mixing, we

simply adopted the two-mixing-angle scheme in
Eq. (6) and do not give any further explanation to
derive the formalism. Next we shall use the U(3)yPT
as an underlying theory to calculate the n-n' mixing
pattern. In order to establish a consistent power

counting, the simultaneous expansions on the
momentum squared, light-quark masses and 1/N.,
which will be denoted as & expansion, need to be

introduced into U (3 ) yPT. Up to NNLO in &

expansion, the pertinent chiral Lagrangians read

, F F F?
F = ) + )+ MK (10)

, L
L= Ly, + 3 x X x)

12 D)
Fpl®
— Xy + L(utu,) (x,) +

4
Le{x, ) ) + Ly xo) + LigCu ) (ufy ) +
L25X<X+X—> + Clz<h,whw L)+ C14<u#u”)(+)(+> +
C17<uy/\/+ lL#X+> +C19<X+X+X+> +C}1<X—X—X+>
(12)

X (x2) (11)

7%(82) —
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With these chiral Lagrangians, one can then
calculate the 7-n’ mixing pattern and express the
mixing parameters in Eq. (6) in terms of the chiral
LECs in Eqs. (10), (11) and (12). Due to the
lengthy formulas, we refer to Ref. [ 16 ] for further
details about the relations between the mixing
parameters and LECs.

One of the biggest challenges when calculating the
1n-n’ mixing pattern in U(3)yPT is to determine the
many unknown LECs. The precise lattice simulations
of the light pseudoscalar mesons are valuable to
constrain the values of the unknown LECs. We shall
include in our fits the m_ dependence of the 5 and 7’

[9-13 [32-33]

masses *"*! | the kaon masses , the 7, K decay

[32-33] [34]

constants and their ratios The previously
determined phenomenological results of the n-n'
mixing parameters will be also used to constrain these
LECGs.

It is interesting to mention that even at leading

order the U (3 ) yPT, which only has one free

parameter, can reasonably reproduce the lattice
simulation data, as shown in Fig. 8 ( The lattice
simulation data are from Refs. [ 9-13]). While in
order to simultaneously describe the lattice simulations
on the light pseudoscalar mesons, specially the pion
and kaon decay constants, it is essential to include the
NNLO contributions. Among the NNLO LECs in
Eq. (12), we fix 0”, Ly, Ly to zero, due to their
marginal effects in our present discussion. While for
the poorly known 7(p°) LECs C,, we multiply the
values of C, from Refs. [ 35-36 ] by a common factor «
in our fits. We find that two different sets of values
from Refs. [ 3536 ] lead to more or less similar
results. Therefore, we only present the NNLO fit
results by taking the values of C, from Ref. [36] in
Tab. 3. The values obtained here are compatible with
the recent two-loop determinations of the next-to-
leading order LECs'”'. The NNLO reproduction of the
lattice simulation data is quite successful '’ and
therefore the U(3) chiral perturbation theory can be
considered as a useful tool to perform the chiral
extrapolation of the lattice data for the light

pseudoscalars.

O ETMC
1319 | o ukaco
A RBC/UKQCD
124 | v HsC
O EXP I B
114 % f % %
1.0 4 I % %T Q L
g = T '
> 094 .
£V Q
= 084
0.7 4 - 5
s 5 ) -
0.6 W% 3 3 &
s 7
0.5
T T T T T
0.00 0.05 0.10 0.15 020 025

my? | GeV?
Fig.8 The LO fit of the » and »’ masses

Tab.3 The values of the parameters from the NNLO fits
by taking the /(p®) LECs from Ref. [36]

parameter numerical value
Fg/MeV 81.7+1.5+5.3
103 x Lg 0.60 +0.11 +0.52
103 x Lg 0.25 +0.07 +0.31
A, -0.003 £0.060 0. 19
Ay 0.08 +0.11 £0.20
10° x L, -0.12+0.06 =0. 19
103 x L -0.05 +0.04 £0.02
10° x L, 0.26 +0.05 +0.06
@ 0.59+£0.09 0. 18

4 Conclution

With the effective Lagrangian approach, we have
made a comprehensive study of the processes involving
n or ' mesons, including the radiative decays with
light-flavor hadrons, such as the types of VPy™,
Pyy”™, and also the J/¢y—Py" and VP decays, with
P=m,K,n,n and V=p, K*, w, ¢. The modern
recipe of the two-mixing-angle scheme was used to
describe the 1 and 1’ mesons. We made a global fit by
considering a large amount of the experimental data.
Reliable values of the n-n' mixing parameters, together
with the resonance couplings from the effective
Lagrangian, have been determined. We pointed out
that the contributions from the intermediate light
vectors in the J/y—ar" y and J/p—7" 171" decays,
with [ =e, w, are important. Therefore a future revised

experimental measurement is crucial to the verification

of this mechanism.
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We further calculate the »-n' mixing pattern from
the underlying U(3) chiral perturbation theory. And
the four mixing parameters were expressed in terms of
the chiral low energy constants. By including the
lattice simulation data of the masses of 5, 1’ and
kaon, and the pion and kaon decay constants, we
carried out a next-to-next-to-leading order study and
determine the relevant chiral low energy constants,
which are consisten with the recent two-loop results.
We conclude that the U(3) chiral perturbation theory
can provide a useful tool to perform the chiral

extrapolations of the lattice QCD data for the light

pseudoscalar mesons.
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0 Introduction

The measurement of the cross section of e"e” —
¢ (1020)n—K* K™ 7 process provides an opportunity
to refine the parameters of ¢(1680) meson. Also it is
needed for the improvement of the accuracy of the
hadronic contribution to the (g —2)/2 of muon. The
process has been studied earlier by the BaBar

Collaboration in the c. m. energy (E,, ) range from

1.56 to0 3.48 GeV in the n—27y decay channel'' | and
in the energy range from 1.56 to 2. 64 GeV in the n—
a7 7 decay channel”’. It was found that the main
intermediate mechanism is e” e~ — ¢ (1680 ) —
$(1020) 7, whereas the cross section of so-called non-
¢ (1020) 0 part of the process(i. e. with kaons, which
have the invariant mass M, (K ,K™) >1045 MeV/¢”)
is an order of magnitude lower. The statistics was not

enough to study the dynamics of non-¢ (1020) 7§

contribution.

We performed the study of e* e - K" K™ 7
process with the CMD-3 detector. The structure of the
detector and its physical programm are described

[34
elsewhere >’

. The analysis is based on an integrated

luminosity of 22 pb ™' collected by the CMD-3 in 2011-
2012.

1 Study of e" e — K" K™ 5 with
CMD-3

1.1 Selection of K* K™ n final state

To select kaons in the K* K™ 7 final state, we
search for a pair of beam-originating tracks, which
have zero net charge and ionization losses dE/dx in the
drift chamber, typical for kaons with corresponding
momenta. For the selected pair we calculate the energy
disbalance AE .

AE=E. + E( +

(_TJK+ _Pkf)z"'mi -2E,,., (1)

which represents the total energy of the final particles
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minus twice beam energy under the assumption that the
missing particle is 7 meson. The AE distribution peaks
at zero for signal events, so it is used to extract the
number of these events at each £, point.

To search for non-¢ (1020 ) mechanisms in n—
2y mode, we perform a 4C kinematic fit with all the
pairs of photons, and choose the pair having the lowest
X'- We apply the conditions M, (K", K™ ) > 1045
MeV/c¢® and y* < 25. We find 10 events in the
experiment ( see Fig. 1, (a) invariant mass of the pair
of photons, (b) invariant mass of the pair of kaons,
(¢) energy dishalance AE, (d) y* of the 4C kinematic
fit) , whereas 15.2 events of the e "¢ " —¢(1020) n—
K* K™ 2y process are expected according to the
simulation. Thus, on the basis of the data collected by
CMD-3 in 2011-2012 we

contribution of any other intermediate mechanisms,

cannot recognize the
except e “e " —@(1020) . Moreover, we suspect that
the events, which in BaBar study''’ were considered as
non-¢p ( 1020 ) n part of the process, are in fact the
events from the tail of ¢(1020).

3.5F Exp - 10 events E Exp - 10 events
3.0F (a) MC - 15.1 events ;(5) (b) MC - 15.1 events
2.5F ~F
2.0F 2.0F
1.5 15
1.0E 1.0F
0.5F 0.5
0 d 0 L .
530 540 550 560 _2570 1000 1100 1200 1300
Min(7y,7 )/ (MeV-c™) Min(K,K) | (MeV-c?)
3.0F Exp-10events | 45 Exp - 10 events
25E (©) MC- 15.1 events | 4.0 (d) MC - 15.1 events
35
20F 3.0
1.5F 2.5
1.0F i3
E 10K -4
05 05 L 1 1
00 5 10 15 20 25

-25-20-15-10-5 0 5 10 15 20
A E/MeV x’

Fig.1 The experimental ( markers with error bars)
and simulated (open histograms) distributions

To select kaons from ¢(1020) decay, we apply to

the selected pair of kaons the condition
M, (K*,K™) <1070 MeV/c*. Also we search for the
other beam-originating tracks with dE/dx, typical for
pions. Fig. 2 shows the dE/dx for the selected kaons
and pions. It can be seen, that there is no significant
particle misidentification ( the selected candidates for
kaons( dots) and pions( crosses) in the experiment).
1.2 Background processes

If the parameter AE belongs to the range from
—180 to 150 MeV, the estimations of the expected

number of events ( according to the cross sections

3.5x10*
3.0x10*

1 units)

2.5x10*

2.0x10*
1.5x10*

conventiona

Jdx (
5
X
2

Iy 0.5%10°
o

(=] T T[T T[T T[T T[T T[T T[T

(=}

| L | L
100 200 300 400 500

Momentum of particle / (MeV-c™)

Fig.2 The distribution of energy losses vs particle momentum

measured by BaBar''>') show that the only significant
background processes are: e*e” —¢(1020)f,(500) ,
K** (892) K* #° > K" K #'#°, e" ¢ —
K"K~ a7~ . As for the latter process, its contribution
can be almost completely suppressed. Indeed, if in the
event that two charged pions were found, we use a
distribution of M, 0, parameter ( Fig. 3 ),
representing the missing mass for the two kaons and two
pions. The events of e e —K*" K™ 7" 7~ process are
concentrated near the origin of coordinates, and for the
suppression of the background we apply the condition
M >100 MeV/c’.

charged pion was found, we use a distribution of

If in the event that only one

missing2 K27
missing2ky PArameter (Fig. 4) | representing the missing
mass for the two kaons and one pion. In this case for
the background suppression we apply the condition
M >300 MeV/c’.

missing2 K7

120
% . Experimental data
100 KKrr
wn
‘g F
q>) 80 :_+ D Overall expected signal
[ C
2 60
_d.é F cut
40k
z f ++
08 4
u +.
0 A s « IPUPoRer )
0 50 100 150 200 250 300

Missing mass of 2K 27/ (MeV-c?)

Fig.3 The distributions of the M ..., parameter

In the experiment ( markers with error bars) ; for
the MC of the signal process (filled histogram). The
number of events at each bin of the simulated histogram
corresponds to the expected number of events in this

bin. All the energy points £ are combined.

m.

The distributions of the missing mass M _,.ox and
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Fig.4 The distributions of the M, ;...x,, parameter

the invariant mass M. (K", K™ ) of two kaons for the

inv

experimental and simulated background events are
In the
experiment ( markers with error bars) ; for the MC of
$(1020) 7° ( cross-hatched histogram ), K* K~ o
(hatched histogram) , ¢(1020)f,(500) —>K* K™ 77’
(dotted line) , K** (892)K™ 7’ —K*" K™ #’#° (dotted
K" K 7" 7~ ( filled

histogram ) , sum of backrounds ( solid line ). All

shown in Figs. 5 and 6 correspondingly.

histogram ) , processes

are combined.

c.m.

energy points £

i e T N
100 200 300 400 500 600 700
Missing mass of KK *pair / (MeV-c?)

| = Esperimentaldata +
600 [ cwmemmsamrues +
2 500 : €xpected contrbution of phi(1020),(500) =K K i
5 e
% 400E Espected contribution of KK “pi%:=K K pi%pl0
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= Fl
5 300 N € xpected contibution of phi(1020p0
o Fl o
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Z F + 4+
100
0

800

Fig.5 The distributions of the M, ;... parameter

1.3 Number of signal events

The distributions of simulated signal and
background events in AE are fitted at every point of
energy. For the signal events the fitting function is the
sum of three Gaussian functions with different mean
values and widths, the widest of which describes the
radiative tail of the distribution. The simulated sum of
backgrounds is fitted by a second-degree polynomial.
The functions found are used to fit the distribution of
experimental events in AE with three free parameters;

The amplitude and position of the signal function, and

Min( K ,K) / (MeV-c?)

Fig. 6 The distributions of the M, (K* ,K~ ) parameter

inv

the amplitude of the background function. The integral
of the signal function gives the number of signal events
at a given energy point (N, (E,, )). So we get the
~ 1454 +48 events in
the experiment. As an example the procedure of signal-

=1.96 GeV is shown in

total number of signal N

signal , total

background separation at £
Fig. 7.

c.m.

2 oA 0 STy K Kpfp

KWpt=K kolpt

Number of events

|| =
77—

0 = e R e
-200 -150 -100 -50 O 50 100 150 200
A E/MeV

Fig.7 The distribution of AE parameter

In Fig. 7, the distribution of AE parameter at
E.. =1.96 GeV: in the experiment ( markers with
error bars) ; for the MC of ¢(1020) 7 process ( cross-
hatched histogram ) ; for the MC of K™ K~ @ process
(hatched histogram) ; for the MC of ¢(1020)f,(500)
—K" K~ 7’7" process (dotted line) ; for the MC of
K**(892) K" 7° K" K™ 77" process ( dotted
histogram ) ; for the MC of K"K~ 7" 77~ process (filled
histogram ). Also the fit of the experimental
distribution (' solid line) and the fit of background
(dashed line) are shown.

1.4 Cross section of e "¢ " —¢(1020 )5 process

The cross section of the e™ e” — ¢ (1020 ) 5

process was calculated at each K, according to the
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expression ;

T 4102000 =
]Vsigna] - (1+6,4)
Leey ey (148,) - B(¢p(1020)—>K"K™)
where L is the collected luminosity at the fixed energy

(2)

rad

point, &y is the efficiency of registration of the events
of the signal process, determined from simulation, 1 +
8. 1s the correction to the efficiency of registration,
Eyig 18 the efficiency of trigger, and (1 +6,,) is the
radiative correction. The results of calculation are

presented in Fig. 8 along with the BaBar data.

3.5§— +BaBar
300
gz 2 H’ —4— CMD3 2011
= 25F
EN: HH’ —+ cMD3 2012
£20F +
2 E
2 15F + +
e F
UI.O;
0.5
B e b b b b i L

1.55 1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.0
E ../ GeV

Fig.8 The cross section of e " ¢ ~—¢ (1020 )5 process

CMD-3 results, based on the data collected in
and in 2012 ( squared

markers) years; BaBar results, measured in n—2y

2011 ( circular markers )

mode (triangle markers) .
1.5 Approximation of the cross section
We fit the

parametrization, as that was used in BaBar study '’ ;

cross section using the same

n.r.

A¢<1020>n +

T 4(1020)y = 127TP¢<1020>7,(5) | S

Fq;( 1680) o Poi6m)

/ P (M)
i, e L) 3

s —th(,&m +1 /;F¢(16w)(s)
Here P, 0, is the ¢ (1020) n phase space,

Ay i), describes the possible contribution of some
resonance below the reaction threshold ( presumably, it
might be ¢ (1020) ), and the second term under the
module sign describes ¢ (1680 ) — ¢ (1020 ) 5
contribution in accordance with the vector meson
dominance model. We perform a fit of CMD-3 data
together with the BaBar data for ¢. m. energies from

2.3 t0 3.46 GeV, taken from Ref. [ 1 ] (which allows

to fix the A} o), term) , and a fit of BaBar data. The
preliminary results for the ¢ ( 1680 ) parameters,
derived from the fit of CMD-3 and BaBar data, are
listed in Tab. 1.

Tab.1 Results of the cross section approximation

Parameter BaBar CMD -3

xX/n.d.f 40.0/44 56.9/54
e petes. eV 111.2 £17.0 115.4 +17.4
M g 1650,/ MeV 1682.3 £10.0 1666.6 +7.3
Ty (1680)/MeV 175.8 +38.0 222.7 £42.6
o™ /nb 2.92+0.7 2.50 +0.67
Y (1680) -1.33£0.12 -1.1+0.12
APr/(nb - GeV') 0.11 £0.02 0.095 +0.016

2 Conclusion

We established that in the e e - K" K™ 7
process only ¢ (1020 ) % intermediate state can be
recognized at the current level of CMD-3 statistics. The
cross section of e” e” — ¢ (1020) n process was
measured at 30 center-of-mass energy points in the
range from 1.59 up to 2.0 GeV. The total of 1454 +
selected. The

measured cross section was approximated according to

48 events of signal process were

vector meson dominance model as a sum of ¢ (1680)
and nonresonant amplitudes, and preliminary results

for ¢ (1680) meson parameters have been obtained.
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BaBar'®”' detectors. In this paper we present new

0 Introduction

measurement of the e” e —K3K) and e” ¢ —>K K"

Investigation of e e~ annihilation into hadrons at cross section, characterized by statistical advantage

low energies provides unique information about and performed in the center-of-mass energy E,, range

c.om.

interaction of light quarks. Precise measurement of the

e’ e”—KK cross section allows to study properties of

the light vector mesons with Je = 17- , and is

required for the precise calculation of strong interaction

contributions to (g — 2 ), and « (M,) values'''. A

significant deviation of coupling constants ratio
gd,"KJrKi . . .
=*———— from a theoretical prediction requires new
gd,"KSKL

. el
comprehensive measurement of the cross sections

The most precise previous study of the process has

been performed by the CMD-2"*'  SND“' and

1004-1060 MeV at 25 energy points. Also the paper
contains the results of the cross section interpretation
according to the vector meson dominance ( VMD )

model.

1 CMD-3 detector and data set

The Cryogenic Magnetic Detector ( CMD-3 ) is
installed in one of two interaction regions of VEPP-
2000 collider'® | and is described elsewhere!®'. The

detector tracking system consists of the cylindrical drift

chamber(DC) and double-layer cylindrical multi-wire
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proportional Z-chamber, both used for a trigger, and
inside thin (0. 2 X,)
superconducting solenoid with 1. 3 T field. DC

both are installed
contains 1 218 hexagonal cells and allows to measure
charged particle momentum with 1. 5% 4. 5%
accuracy in the 100-1000 MeV/¢ range, and provides
the measurement of the polar (#) and azimuth (¢ )
angles with 20 mrad and 3. 5-8. 0 mrad accuracy,
respectively. An amplitude information from the DC
wires is used to measure the ionization losses dE/dx of
charged particles with ¢, =11% -14% accuracy for
minimum ionization particles (m. i. p.). A barrel
liquid xenon (LXe) with 5.4 X, and CsI crystal with
8.1 X, electromagnetic calorimeters are placed outside
the solenoid. The BGO crystals with 13.4 X are used
as the end-cap calorimeters. Return yoke of the
detector is surrounded by the scintillation counters,
which are required for cosmic events veto.

To study a detector response to investigated
processes and obtain a detection efficiency, we have
developed a Monte Carlo ( MC ) simulation of our
detector based on GEANT4'"" package, and all
simulated events pass all our reconstruction and
selection procedures. The MC simulation includes
photon jet radiation by the initial electron or positron,
calculated according to Ref. [ 11].

The analysis is based on 5.5 pb™' of integrated
luminosity, collected in two scans of ¢ (1020 )
resonance region at 25 energy points in the £, =
1004-1060 MeV range.

The beam energy E has been monitored by

beam
using the back-scattering-laser-light system''>! which

determines £~ at each energy point with about 0. 06

1.

MeV accuracy.

2 e' e —KK event selection

At energies under studied KJ-meson can be
produced only simultaneously with K°-meson. So,
signal identification of the process e e — KK is
based on the detection of two pions from the Kj—
7@~ decay. For each pair of oppositely charged

tracks in the event we perform a kinematic fit with the

requirement to have a common vertex, and retain track
parameters associated with this vertex. Assuming tracks
to be pions, the pair with the best y” from the vertex fit
and with the invariant mass in the range 420-580

MeV/c” is considered as a K candidate. The following

requirements are applied to the events with found K.’
candidate.

( I ) The longitudinal and transverse distances of
the vertex position are required to have 1Z;,1 <10 em
and lpg | <6 cm, respectively;

( I ) Each track has momentum 130 <P_. < 320
MeV/c¢ corresponding to the kinematically allowed
region for pions from the K decay;

(I ) Each track has the ionization losses
dE/dx, . <dE/dx

kaons

+ 3 X0y, ., to reject charged

m.i.p
and background protons. The last two
requirements are illustrated in Fig. 1 by lines for all

detected tracks at the energy point K, = 505 MeV;

beam

protons -

200 300 400 500 600
P./(MeV-ch
(a) positive

dE/dx,a.u.

104 o

0 100 200 300 400 500 600
P, /(MeV-c™)
(b) negative

Fig.1 The ionization losses vs momentum

(V) The total reconstructed momentum of the K}
candidate, Pyq, is required to be within five standard
deviations from the nominal momentum at each energy
point.

We determine the number of signal events for data

and simulation by approximation of two pion invariant
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mass, shown in the Fig. 2 (at the beam energy 505
MeV for simulation(a) and data (b). The short dotted
line corresponds to a signal profile, and the long dotted
line is for the background), by a sum of signal and
background profiles. The signal shape is described by
the sum of three Gaussian functions with parameters
fixed from the simulation, but with additional Gaussian
smearing to account for the detector response. A
background, predominantly caused by collider processes
ee” —>mta 27, 4a*, 37, K* K~ and cosmic
muons, is described by second order polynomial
function and is presented in both data and MC-
simulation. The background in simulation corresponds
to tails of signal with wrong reconstructed parameters of
pions. By varying shapes of the functions used, we
eslimate uncertainty in number of extracted signal

events not more than 1.1%.

—
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Fig.2 The approximation of the invariant mass of two pions

The detection efficiency e ( K(K)) is obtained by
dividing the number of MC simulated events after
reconstruction and selections described above, by the
total number of generated KK pairs. Fig.3 shows the
obtained detection efficiency ( squares ) vs c. m.

energy. The energy behavior as well as the absolute

value ( =35% ) is predominantly due to pions polar

angle selection criterion. The efficiencies of single

tracks of charged kaons (& (K" ), ¢ (K™ )); The
efficiency of both kaons detection (& (K™ K™ ))-

circles ; The efficiency of K¢-meson ( (K3} ) ) -squares.

09 F b X
£ x X
E L - K"
08F ve(K)
] NG
0.7 F o ¢(K'K)
3 o &(K)
0.6 F - s
E ’ . o L] °
05 &
F e
0.4 -
E CMmmmn m o o m O
03 1 1 1
1020 1040 1060
Ecm/MeV

Fig.3 The detection efficiency vs energy from simulation

The detection of the charged mode (e* e —
K™ K") is based on the search of two central collinear

tracks of kaons in DC with defined momentums

approximately equal to /E> /4 —m.. with accuracy

of detector resolution. Additional selection reveals that
kaon track has ionization losses significantly larger than
the ones of m.i.p. due to relatively small velocity of
kaons under study 8 =0.2-0.4 (as shown in Fig. 1).
The level of remaining background is less than 0.5% .

The collinear configuration of the process allows to
test MC

efficiencies of each kaon in data as well as in MC. The

simulation by the determination of the

experimental efficiencies of single positive and negative
tracks(e (K" ), e (K~ )) are shown by triangles in
Fig. 3 and increases from 78% to 90% across the
energy region under study. The deviation of efficiencies
of single tracks in data from MC is less then 1%.
Circles in the figure correspond to total simulated
detection efficiency (¢( K"K~ )) of K"K~ final state,
constituted by geometrical efficiency due to polar angle

selection (=~ 73% ) as well as by the values of

e(K"), e(K™).

3  Cross section of ¢e* ¢~ —>KK and
systematic uncertainties

The experimental Born cross section of the e e " —KK

process has been calculated for each energy point

according to the expression;
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U_bom _ NC'XP
ErcgetrigL( 1 + al'ad)

is a detection efficiency, €, is a trigger

6&*n. disper ( 1 >

where €

efficiency, L is the integrated luminosity, 1 +4,, is a
and 89!1. disper.

correction due to the energy dispersion of the electron-

radiative  correction, represents  a

positron beams.

The trigger efficiency is studied using responses of
two independent triggers, charged and neutral, for
selected signal events, and is found to be close to unity
€pige =0.998 £0. 001. The integrated luminosity L is
determined by the processes e*e”—e*e” and e'e”—
yy with about 1% '’ accuracy. The initial state

radiative correction 1 +8§,,, is calculated using structure

rad

function method with an accuracy better than

0.3% .
c.m. energy is about 300 keV,

The dispersion of the electron-positron
significant in
comparison with the width of ¢ meson, and we
introduce the correction of the cross section, which has
a maximum value of 1. 028 £0. 007 for both channel in
the peak of ¢ resonance. The resulting cross sections

are shown in Fig. 4.

0k #':' e KK,
” "t ——ee —KK?
3 5
. A
10°F 3 e
SI00F 2 R
E '3 L
s B/ S S
I ST .
10 - y T

1000 1010 1020 1030 1040 1050 1060
Ec_M_/MeV

Fig.4 Preliminary results of measurement

The uncertainty in e* e” —KJK) cross section is
dominated by the signal extraction procedure used two
Moreover, MC

simulation doesn "t exactly reproduce all detector

pion mass approximation ( Fig. 2).

responses, and we perform some additional study to
obtain corrections for data-MC difference in the
good data-MC

agreement for the charged pion detection inefficiency

detection efficiency. We observe

(= 1% ), introduce no efficiency correction, and

estimate uncertainty in the detection as 0. 5%. By

variation of corresponding selection criteria we estimate
uncertainty due to the data-MC difference in the
angular and momentum resolutions as 0.4% , and other
selection criteria contribute 0.5% .

The uncertainty in e” e —K " K~ cross section is
dominated by inexact knowledge of angular acceptance
of kaons. This systematic uncertainty (3% ) is
examined using Z-chamber which surrounds DC.
Unlike pions in neutral channel the charged pair of
kaons have much more ionization losses and collinear
configuration that leads to strong correlation in detector
response to charged kaons tracks.

The systematic errors of the e’ e~ — KK and
e" e — K"K~ cross sections measurement, discussed
above, are summarized in Tab. 1, and in total

estimated as 1.8% and 3.2% , respectively.
Tab.1 Summary of systematic errors in the

e* e” —KK cross section measurement

. - il il - -
source systematic error et e —>K‘SK(,4 et e —>K*K

signal extraction 1.1 0.3
detection efficiency 1.0 3
radiative correction 0.3 0.3

energy dispersion correction 0.3 0.3
trigger efficiency 0.1 0.1
luminosity 1.0 1.0

total 1.8 3.2

4 Cross section interpretation

Our data in the studied energy range allows to
obtain ¢ (1020) parameters with good accuracy. We
approximate the energy dependence of the cross section
according to a vector meson dominance ( VMD) model

as a sum of ¢, w, p-like amplitudes“‘ﬂ :

8ma 3 Z(s)
O g (8) = -
e i (5) 355/2P1< Z(md,z)
| 8oy 8 oKk . BrBokk | Bwy8ukk

D,(s) " D,(s) " D,(s) Ay ol (2)

where s =E> | p, is a kaon momentum, Z(s) =1 +
is the Sommerfeld-Gamov-Sakharov factor for
/1 —4m,/s ,

D,(s)=m)—s—i/s,(s), m,, and T, are mass

and width of major intermediate resonances: V =

o
2B

charged kaons with velocity B =
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p(770), @ (782), ¢ (1020). The sign before p-
amplitude is plus for charged channel and minus for
neutral one due to quark structure of kaons and p-
meson. The energy dependence of the decay width is
expressed via sum of branching fractions and phase

space energy dependence P, () of all decay modes

as (see Refs. [5-15]):

P, (s)
r.(s) =r,>B,, —~""
‘ ' ; - PVﬁf(m%/')

The coupling constants of the intermediate vector

meson V with initial and final states can be
presented as:
3m%f]_' Vee /6’77"”%/'[' vB ik
8y, = > 8wkk = 3 ’
Y 4o py(my)
where I, and By are electronic width and decay

branching fraction to pair of kaons.

In our approximation we use values of mass
(Tab. 1), total width, and electronic width of p(770)
and  (782): I',,, =7.04 £0.06 keV, I', ,, =

0.60 = 0. 02 keV''".
p(770) and w(782) to a pair of kaons are unknown,

The branching fractions of

and we use the relation g, 0 = = &,ke9 =g¢,<gk1i//§,
based on the quark model with " ideal" mixing and

exact SU (3) symmetry of u-, d-, s-quarks'"”’. I

n
order to take into account possible breaking of the
assumption both g xoc9 and g,cqc9 are multiplied by the
union constant r,,,,,.

The amplitude A, . . denotes a contribution of
excited w (1420), p (1450) and ¢ (1680) vector
meson states to the ¢ (1020) mass region. Using
BaBar'®”' data above 1.06 GeV for the ¢ e¢” —KJK)
and e e —K" K~ reactions we fix the contribution of
higher energy states.

We fit the cross sections of e* e” —K; K| and
e'e” —K" K™ with float m,, I'y, I'y ,.,- XB, s,
I'y..xB, - and g,, parameters. The obtained
fit is shown in the Fig. 4 with the following parameters,
which contain statistical errors as well as systematic
and model-dependent uncertainties ;

m, = 1019.464 + 0. 060 MeV/c*
I, = 4.247 £0.015 MeV

Iy By g = 0.429 0.009 keV
Iy B, g = 0.679 =0.022 keV
re =0.76 £0.11

2y ok vy = 0.995 0,035

(3)

The difference of charged and neutral cross-
sections for 24 energy points defined as R, =
. (P

ete —>K*+K~- p3K1(S> Z(S)
Fig.5. The difference R,

interference term of resonance amplitudes of ¢-meson

—0,+,-_xgy 1s shown in

. is predominantly caused by
and isovector p-meson. The shaded area corresponds to
1.8% and 3. 2% systematic uncertainties in data for
neutral and charged channel respectively. The result of
the fit discussed above is shown by solid line that leads
to agreement y* = 37. It should be mentioned that the

case with A =0 and naive theoretical prediction

o
gvkik- = gViKQKS{, .= 1 also gives an adequate
description of experimental R_,. This case is
characterized by y* = 51 and shown by the short dotted
line, while long dotted lines correspond to the same
theoretical prediction with r,,, =0.5 or 1.5 and differ

strongly from data.

Rc/n

1020 1040 1060
Ecm/MeV

Fig.5 The difference of charged and neutral cross-sections

5 Conclusion

Using pions from the K} — 7% 77~ decay and
collinear charge kaons in DC we observed 6.5 x 10°
and 1.6 x 10° events of the e” e” —KK) and e*e ™ —
K* K~ processes respectively in the 1004-1060 MeV c.
m. energy range, and measured its cross section with
1.8%-3.2% systematic error. Using VMD model the
parameters of ¢-meson are preliminary measured ( Eq.
(3)). The obtained deviation of p, @ amplitudes from
naive theoretical prediction r,,, = 0.76 0. 11 allows
of used VMD-based

phenomenological model as 25 % . Moreover, obtained

to estimate the precision

ratio gy xx-/8y xexg = 0. 995 £ 0. 035 demonstrates
the precision of SU(2)-symmetry better than 3.5 %.
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0 Introduction

The total cross section of e e” pair annihilation
into hadrons can be used for the calculation of the
muon anomalous magnetic moment. For this reason,

we need to know all significant exclusive contributions

to the e* e¢” —hadrons cross section. The Born cross
. + - + - + - + -
sections of e e” —n7r 7~ and e” e” —wmw " 7w are
two examples of such exclusive channels.
Dynamics of studied processes are particularly
useful for testing various phenomenological models,

among them models, which allow to describe different
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contributions to the p7 " 7~ internal structure besides
p(770) 7. The test can be performed by studying the
7"~ invariant mass and angular distributions of final
particles.

The e* e” —>nm " 7~ Feynman diagram for the
model of vector dominance ( VDM) is shown in Fig. 1.
Two of possible Feynman VDM diagrams that provide a
main  contribution to the

+ -
process e 4 —

_ ) . .
7 7 @ @ o are shown in Fig. 2.

et

Fig.1 Feynman diagram describing

In Fig. 1,
ete >y’ W,
dominance model ( VDM ), where V =p (770), p
(1450) , p(1700) , V' =p(770).

Feynman diagram describing the

n — 7yy in the vector-meson

et

[

Fig.2 Feynman diagrams of two main contributions to

internal structure of the e*e ™ —z 7 77 o process

The result of the measurement of the e ¢” —

nm "~ can be used to find the n—y "y " transition

[1]

form factor'° and to test the conservation of vector

current (CVC ), which relates the 7~ — 7~ 7'v,

decay rate with the e"e” —nm "7~ cross section'?’.
Measurements of the e " e~ —mar "1~ cross section

have been also performed in the SND, BaBar and

[3-11]

CMD-2 experiments The e* ¢” —wm "™ 7w~ Bom

cross section measurement has been performed in the

BaBar experiment 8

1 Experiment

CMD-3 (Fig.3) is the general-purpose cryogenic
magnetic detector installed at the electron-positron
collider VEPP-2000, which is situated in Budker
Institute of Nuclear Physics( BINP). In order to reach
the design luminosity in the single-bunch mode the
round beam technique is used. This collider operates

in the center-of-mass energy range from 0. 32 GeV to

2.00 GeV.
The tracking system of the CMD-3 detector

consists of a double-layer multiwire proportional Z-
chamber and a cylindrical drift chamber with hexagonal
cells, whose volume is filled with the argon-isobutane
gas mixture. The magnetic field in the track system is
provided by the superconducting solenoid, which
surrounds the drift and Z- chambers. In 2011 the
magnetic field was equal to 1.0 T and in 2012 to 1.3
T. The barrel electromagnetic calorimeter is outside of
the superconducting solenoid and consists of two parts.
The first part of the barrel electromagnetic calorimeter
is the Liquid Xenon calorimeter (5. 4X,), which
allows to measure the coordinates of photons with the
accuracy of 1-2 mm. The second part is the Csl crystal
calorimeter (8. 1X,,). There is also the endcap BGO
crystal calorimeter ( 13. 4X,), the time-of-flight and

the muon system.
T v =
2 e e—onma movY
2.1 Event selection
( I ) Each event must have at least two tracks.

Furthermore, two and only two tracks must be central

and have zero total charge.
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1 = vacuum chamber, 2 — drift chamber, 3 = BGO endcap calorimeter, 4 = Z-chamber,

5 — superconducting solenoid, 6 — LXe calorimetersuperconducting solenoid, 7 — Csl barrel calorimeter,

8 —iron yoke, 9 —iron yoke, 10 — vacuum pumpdown, 11 — VEPP2000 superconducting magnetic lenses

Fig.3 CMD-3 detector

( II ) Presence of at least two photons is required.
( I ) Bhabha background

selection criterion for track momentum noncollinearity,

suppression.  The

restriction on the energy release of two good tracks in
calorimeters.

( IV ) Kinematic fit for each pair of photons.
Searching the pair of photons, which gives the minimal
X_ after a kinematic fit.

( V) Restriction on the y* after the kinematic fit;
X <60.

2.2 Simulation of the e e —nz" 7~ process and
detection efficiency

Simulation of the e” e” —mna " 7~ process has
been performed using the Monte Carlo method. For this
goal we need to know the dependence of the e"e™ —
nar’ 7~ invariant amplitude on momenta of the final
particles. This dependence has the form .
€l (PP P

n w*

et T p (P = P+ P,)

M (1)

where P - are momenta of final particles, J, is the

LI
lepton current and D(P,) is the inverse propagator of
the p-meson.

The detection efficiency has been found using
Monte Carlo simulation of e* e” —nm* 7~ . Taking
into account track loss and differences between the

simulated and experimental distributions the detection

efficiency correction has been performed. The

corrected detection efficiency is shown in Fig. 4.

0.50

E 2011

0.40F w8 eff=gs sse are,, P2012

;— oog IQD.. R

0.30F 500
s 3
020F
0.10E

02_ | 1

S RS N S NS N
1600 1800 2000
Js / MeV

IE NN N N
1200 1400

Fig.4 Detection efficiency for the process
e e—ommta noyy

2.3 Internal structure of the y7* 7~ final state

The two-pion invariant mass distribution shown in
Fig. 5 has a peak of the p (770) resonance. The
"~ invariant mass spectrum from simulation is in
good agreement with the same spectrum from
experiment. Simulation takes into account just the
np(770) internal state. Good agreement between the
7" o~ invariant mass spectra from simulation and
experiment means that the 7p (770 ) internal state
dominates in the e*e”™—nm "7~ process.

In Fig. 5, the 7" 77~ invariant mass spectrum in
the center-of-mass energy range 1475-1725 MeV with
hard selection criteria: N, =2, )(2 <30. N, is the

number of photons in an event. All other selection
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Fig.5 The 7" 7~ invariant mass spectrum

criteria are standard. The two 77-meson invariant mass
spectrum from the simulation is normalized to the
number of events in the experimental spectrum.

Fig. 6 shows the distribution of the 1-meson polar
angle. The distribution from simulation of the e*e™ —
nm " process is in good agreement with the same
distribution from experiment. The shape of the 7-

meson polar angle distributions seems to be very close

= simulation
-¢- experiment

to 1 +cos€f].
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Fig.6 Cosine of the polar angle of the 1»-meson

In Fig. 6, cosine of the polar angle of the 1-meson
in the center-of-mass energy range 1475-1725 MeV
with hard selection criteria: N7 =2, XZ <30. N7 is the
number of photons in an event. All other selection
criteria are standard. The distribution from simulation
is normalized to the number of events in the
experimental distribution.

2.4 Measurement of the nz" 7~ event yield

Spectra of the two-photon invariant mass from
simulation of e” e” —m7 " 7w~ have been fitted by a

linear combination of normal distributions normalized to

the free parameter, which gives the number of events

in each simulation spectrum. The example of the fitted
two-photon invariant mass spectrum for the point with
the center-of-mass energy of 1500 MeV in simulation is
shown in Fig. 7 (at the center-of-mass energy of 1500

MeV of in simulation).
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]
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A
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350 400 450 500 550 600 650 700
M, / (MeV-c?)

Fig.7 Fit of the two-photon invariant mass spectrum

The experimental two-photon invariant mass
spectra have been fitted by a sum of the second-order
polynomial and shifted fit function from simulation with
a resolution correction. All parameters in the fit
function from simulation besides the number of events
are fixed. The shift of the fit function from simulation
along the two-photon invariant mass axis is a free fit
parameter. The resolution correction dispersion and
parameters of the second-order polynomial are also
free. An example of the fitted two-photon invariant
mass in experiment at 1500 MeV is shown in Fig. 8 (at

1500 MeV in experiment).

140
120

[l

1 1 1 1
1200 1400 1600 1800 2000
Js / MeV

T

Fig.8 Fit of the two-photon invariant mass spectrum

2.5 Results and discussion
The visible cross section at the ith center-of-mass

energy point is determined as
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N(E;)
€<Ei>B(7’H77)L(Ei>

where E, is the ith center-of-mass energy, N is event

0'vis(Ei> =

(2)

yield, € is detection efficiency, B (1 — yy) is
branching fraction at the n — yy decay and L is

luminosity. Luminosity is measured using Bhabha

scattering[ 2
The relation between the visible and Born cross
sections is given by the following formula'"’.

| _Gngimy)?

. (5) =_L_ drvory (s(1 = 2))F(x,s) (3)

where o, and ¢ are the visible and the Born cross

sections, respectively, F (x,s) is the ISR radiator
function, m_ and m,_ are masses of 7-meson and 7-
meson, respectively. This relation is used to fit the
visible cross section and get VDM parameterization

parameters of the Born cross section. Then the Born

cross section experimental data can be represented as

O-\'is(Ei>
op(E:) = +8(E,) "
" (E,
1 +8(E,) = Z;.;;*((Ef))

where o ;. is the experimental visible cross section, E,
is the ith center-of-mass energy, & is a radiative

correction, o' and o are visible and Born cross
section fit functions, respectively. Energy dependence
of the e e” —nm " 7~ Born cross section is shown in
Fig. 9. The systematic uncertainty in the measured

Born cross section is 4. 3.

f BaBar
¢ CMD-3

2 F =« fit, model 1
1 3E — fit, model 2
YO
s 20
Lk
1 E
& F
0F
oo Lo b b b b b ba o b 1
1200 1400 1600 1800 2000
\/E/MeV

Fig.9 The Born cross section of the e " e ™ —yr* 7~

process measured in the n—1y channel

The function used for the parameterization of the

e'e” —mnm’ 7w Born cross section is based on the
VDM model with several isovectors ( the isoscalar part is
suppressed by G-parity conservation) contributions of
the states p(770) , p(1450) and p(1700) decaying to
np(770) 1

F=m)? (g
op(s) = J“ A

(s,¢*)dq’

do oy < LR
2 ’ - R
dq 355 (¢ ) + (/@ T, (¢))

- (S_mfl_qz)z_“_miqz

Py = 4s

r,(¢) =T,(m) ’?(%)3

p(d’) = q'/4 —m]
(5)
where ¢ is the momentum of the 277 system, and form

factor F(s) corresponds to transition y "~ —mnp .

m, 8y,
F s - _r 2]
s) Z gvws —ml +ils,(s) (6)
V =p(770), p(1450), p(1700)

The parameters g, and g, are the coupling

constants for the transitions V—p 1 and V—vy " and
should be redefined as g, /gy, = g,e®". The coupling
constants related to p(770)—p(770)n are calculated
using data on the partial widths for the decays p(770)
[3.15]

—e"e” and p(770) —>ny

2 _47T 2 mp

= — ~ 4,
gﬁ7 3a F(p—>e+e_)’gp7 96

= %mj %ﬁ)@ gy =~ 1.59 GV (7
8oon = BoyBpmy T 7.86 GeV™'
The best phase combination ¢,y = 0 and ¢, 1450y =
¢, (17000 = 7 was obtained and fixed in the following
approximation. The parameters of the p(770) resonane

are fixed at the nominal values. The " model 1"

contains free parameters g, 1450y » M,(1450) s 1 1450y » but

parameters g, 700,  Myi700) s 1700y are  fixed
(&m0 = 0). The " model 2" contains free
parameters g 150y Mycusoys L pciaso and  the

parameters of the p (1700) resonance are also free.
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The contribution of the p(1700) obtained in the fit in
"model 2" is not statisticaly significant. The value of
XQ/I/ for the fit in "model 1" is 53.27/46, where v is
of freedom. This
corresponds to the probability P (y*,») =21%. The
value of Xz/v for the fit in " model 2" is 50. 26/43,

the number of degrees value

which corresponds to the probability P(y*,v) =21%.

The e* e —mm " 71~ Born cross section can be
used to calculate the 7~ — mz~ 7'p, branching
fraction. To reach this goal we need to use the
following formula, which has been obtained under the

CVC hypothesis>'*".

B(r —qm w'v") _3’"3@'052‘9(: “
- 2

B(t —wv.e v,) 2ma
edax (1 =x)*(1 +2x) 0, ., ,W+ﬁ,(mix) (8)
Calculations performed for our e” e” —>nyr " 7~
Born cross section data using this formula give us the
following result for the 7~ — q7° 7Tp,
branching fraction
B(t > nnw” ) =
(0.147 £0.003 £0.006)% (9)
which is in agreement with the world average
experimental value (0. 139 £0.01)% """, the SND
CVC result (0.156 +0.004 +0.010)% ' and with
the CVC result (0. 153 £ 0. 018)% for the earlier
e*e”—mm  m data”. The first uncertainty in the
B(7~ —mm 7'v") branching fraction (Eq. (9) is
statistical, the second is systematic ). The statistical
uncertainty has been calculated in the following way.
All parameters in the VDM fit function of the e*e” —
nm" w~ Born cross section have been fixed. This
function has been multiplied by a free parameter,
which plays the role of a relative amplitude. The cross
section has been fitted by this function. The
uncertainty in the value of the free parameter in the fit
function is the same as a relative statistical uncertainty
in the B(7~ —xym 7°v") branching fraction. For the
calculation of a systematic uncertainty in the B(7~ —
branching fraction  the

pr mY ) systematic

. . - v - .
uncertainty in the e” e — w7 Born cross section

(4.3% ) has been used.
3 e'e onmr'an o>w'aw w'a w and

e'e bwr'm owtwr wtaTa
3.1 Event selection

( I ) Each event must have at least four tracks.
Furthermore , four and only four tracks must be central
with zero total charge.

( II ) Presence of at least two photons is required.

( II') Kinematic fit for each possible photon pair
combinations in e*e” —7 7 7 7 o hypothesis,
which requires energy-momentum conservation and
origination of all particles from one vertex. Searching
for a pair of photons, which gives the minimal chi
square y._ after a kinematic fit. Selection criterion:
Xan <50.

( IV ) Restriction on the two-photon invariant
mass: 90 <MW <200.

( V) Kinematic fit in e* ¢ >7 " 7 7" 7
hypothesis. Selection criterion y;. > 300 to suppress
background from e*e” —7 "7 7 7 process.

(V) Kinematic fit with M,, =M, requirement,
which is needed to improve resolution in the 77 * 77~ 7°
invariant mass spectra.

3.2 Simulation of the e"e” —>nm" 7~ and e’ e —
wr’m

The simulation of the e*e” 7" 7 7" 7~ 7
process has been performed in assumption that the
intermediate states corresponding to the first and the
second feynman diagrams from Fig.2 gives the dominant
contribution to the e "e " —7 "7 7"~ 7" process.

The detection efficiencies of the e* e™ —>nmr* 7~
and e" ¢ — wr’ 7w~ have been determined from
simulation. These detection efficiencies are shown in
Fig. 10 ( Detection efficiencies for the e* e —nm* 7~
and e*e” —wr w” inpor a7 and wow T T
channels) .

3.3 ya'm and w7 event yield
The 7" 7~ 7 invariant mass spectra from

simulation have been fitted using linear combination of
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Fig.10 Detection efficiencies

normal distributions. The fit functions from simulation
are normalized to the number of signal events.

The experimental fit function consists of fit
functions from simulations of e* e” —n7™ 7~ and
e'e —>wm’ m  and Gaussian background. The fit
function from simulation is shifted along mass axis and
has a resolution correction. Shifts and resolution
corrections in each center-of-mass energy point are free
parameters. All parameters in simulation besides the
number of events are fixed. The 7" 7~ 7" invariant
mass distribution with a fit at the point 1540 MeV is

shown in Fig. 11.
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Fig.11 7' 7 # invariant mass spectrum

In Fig. 11, 77" 77~ 7" invariant mass spectrum at
1540 MeV. y*/v =127/195, where y° is chi square of
the fit function and » is the number of degrees of
freedom.

3.4 Results and discussion

The Born cross sections for the e" e” —naw " 7~

and e* e” —wm” 7~ have been calculated in n—

+ -0 + - 0 .
7 7w m and w— 7 7w 7 channels, respectively,

using the same technique as in the calculation of
e*e —mm’ m~ Born cross section in the n—yy
channel. The results are presented in Figs. 12, 13.
The preliminary estimation of a systematic uncertainty
for the e"e™—nm "7~ and e e —wm "7~ Born cross

sections is about 10% .

6 i_ 0O BaBar
g 5 ;_ ré]_ + ® CMD-3, 2(r*m)r® channel
3 M |
13 t }
O '
Ry E | +
_2 g
e
ofetit
1200 1400 1600 1800 2000
Vs / Mev

Fig.12 The Born cross section for the e*e ™ —nm" 77~ process

3.0 * o Badr " +
‘g 25 ;_ @ CMD-3, 2(m*x ) channel .% $.$
S 20F 4
T1sE %%i. 4#,({} ¢ ++
FLof %j#? %&WH
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Fig.13 The Born cross section for the e * e~ —ewsm 7w~ process
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0 Introduction

The transitions into the VP final states, where V
and P denote vector and pseudoscalar mesons,
respectively, are dominant decay modes for excited
states of the vector p, w, and ¢ mesons. In the center-
of-mass( c. m. ) energy region /s =12 GeV, where
these vector resonances are located, the reactions
e"e”— VP constitute a significant part of the cross

section e e~ —hadrons. In this paper we study the

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

reactions of this type with VP =p7w, ww, pn, on in
the c. m. energy region 1.05-2.00 GeV with the SND
detector'" at the VEPP-2000 e* e collider'>’. The
measured cross sections are fitted with the vector meson

dominance (VMD) model.

1 Processes overview

1.1 e“e —pm
The cross section of the process e* e” —pm with

the decay p— 77 has been measured in the energy
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range 1. 05< /s <2. 00 GeV"'. The following criteria
are applied to selected 77" 77~ 7" events . z é fiiB)iR' '
( I )Exactly 2 charged tracks originating from the 7¢ ‘ % i . s :gpg%%
P . . 6F 4l
e e Interaction region. 2 5_;% + . t;LI:%l
( ') Exactly 2 photons with energies E, > A e . S|
30 MeV s f VIR
. 25 RN N ,
(1) The total energy deposition in the detector 1;§ L Mg E
) E IR T
.. [y S L T B L
calorimeter 0.3 <E,/Js <0.8. 1000 1200 1400 1600 1800 2000

Selected events are fitted to a common vertex. The
quality of the vertex fit is characterized by the
parameter yy, which is required to be less than 40.
Then the kinematic fit to the hypothesis e™ e™ —
7"~ yy is performed with requirements of the energy
and momentum balance, and events are further
selected with the following conditions

(1) )(é < 30, where Xé is the Xz of the
kinematic fit.

(I )z coordinate of the vertex |z, | <10 cm.

(I ) The polar angles of the charged tracks 30° <
0, <150°.

(IV) the difference of charged track azimuthal
angles |Ad, .| >10°.

(V) The energy deposition in the calorimeter
associated with the charged pions (E_, +E__)/[s <
0.6.

( VI) The total energy deposition in the calorimeter
not associated with two charged particles and two
photons E\" <70 MeV.

The number of signal events is determined from
the fit to the two-photon mass spectrum with a sum of
signal ( 7 resolution function ) and background
distributions, whose shapes are obtained using signal
and background (e"e” > 7" 7 w7, ef e —
7 @y, elc. ) simulation. The measured e” e” —
a a7 cross section is shown in Fig. 1. Our results
is in agreement with SND at VEPP-2M and BABAR
measurements, but has better accuracy. The curve in
Fig. 1 represents the result of the VMD fit with
w(782), ¢ (1020), w (1450), and w ( 1680 )
resonances.

In Fig. 1, The cross section for the process

e"e” —pm measured in this work [ SND (2011 )]

Vs/Mev
Fig.1 The cross section for the process ¢ e —pm

together with previous measurements in the DM2'*)
SND at VEPP-2M ([ SND(2003) ]"*!, and BABAR'®’
experiments. The curve is the result of the VMD fit
described in the text.
1.2 e'e —owrm

The process e e —war is studied in the decay
mode w—7"y in the same energy range. Five-photon
events are selected using the following conditions.

( T )At least 5 photons.

( I )No charged particles.

(II) Less than 6 hits in the detector drift
chamber.

( IV ) The total energy deposition in the calorimeter
E,/ls>0.5.

tot

For selected events the kinematic fits to the
hypotheses e* e — 5y and e” e” — 7’7’y are
performed, whose qualities are characterized by the
parameters ng and )(f,oﬂo7 , respectively.  Further
selection is based on the following criteria.

( T)xs, <30.

(I ))(f,oﬂoy —X; <10.

(1) At least one of the two 7y invariant masses
Im_o, — M, <200 MeV.

The invariant masses in the latter condition is
calculated using photon parameters obtained in the
e*e — '’y fit. The number of signal events is
obtained from the fit to the m o, spectrum with a sum of
signal and background distributions. The measured
cross section is shown in Fig. 2. It should be noted that

the CLEO cross section is calculated under the CVC

hypothesis from the wm spectral function in the 7—
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wmy, decay. In Fig.2, we present the result based on
SND data collected in 20102012 runs. Our previous
measurement based on 20102011 data was published
in Ref. [7]. From the measured cross section the
v*— wm transition form factor shown in Fig. 3 is
extracted. The curves in Figs. 2 and 3 are the results of
the SND data VMD fit with the p(770) , p(1450) and
p(1700) resonances. The dashed curve in Fig. 3 is the
fit result with the p (770) only. Tt is seen that the
VMD model cannot describe simultaneously our data on
the transition form factor and data obtained in the
NA60 from the w — 7r'u” u~ decay also shown in
Fig. 3.

L e I s e s s s s s By

1.8

1.6 e SND 2015
Ao SND 2000

1.4 o CLEO

1.2
1.0
0.8
0.6
0.4
0.2

T T T T T T T

Cross section / nb

TTTTT

1)

sl b b b b b b b |

ol b b by I
1.0 1.2 1.4 1.6 1.8 2.0
E / GeV

Fig.2 The cross section for the process e * e ™ —wir

107 | =
; —— Fitto SND data |
2 W p(770) ]
= 10: y | 2
8 E 3
N F ]
: e
1 -
S [ -sND2015 1
<10-'_ - SND 2000 . ]
& N
3 = NA60 A ]
= Preliminary
107 (i
T T T T S R P B P
02 04 06 08 1.0 12 14 16 1.8 20
E /GeV
Fig.3 The y" —wrr transition
In Fig. 2, the cross section for the process

e’ e —wm measured in this work ( SND 2015) in
comparison with previous measurements in the SND at
VEPP-2M ( SND 2000)"* and CLEO"’ experiments.
The curve is the result of the VMD fit described in the
text. In Fig. 3, the y" — wm transition form factor

measured in this work (SND 2015) in comparison with

previous measurements in the SND at VEPP-2M ( SND
2000)*" and NA60'"’ experiments. The curves are
the result of the fit described in the text.
1.3 e'e —py

The process e” e~ —pn—a" 7~ m has been
studied in the decay mode n—yy in the energy range
1.22-2.00 GeV'"'.

. -
select =" 77~ 7 events.

The following criteria are used to

( I )Exactly 2 charged tracks originated from the
interaction region.

( II') Exactly 2 photons with polar angles 36° <
6 <144°.

( Il ) The total energy deposition in the calorimeter
0.4<E,/Is <0.9.

tot

(IV) The energy deposition of charged particles
E,../Is <0.65.

wrack

The vertex fit and kinematic fit to the " e” —
7"~ yy hypothesis are performed for selected events.
The final selection uses the following conditions.

( T )x% <200 and y <60.

( I ) The yy invariant mass 400 MeV <m_, <700
MeV.

The number of signal events is obtained from the
fit to the m,, spectrum with a sum of signal and
background distributions. The measured cross section
is shown in Fig. 4. Our result agrees with BABAR
data, but has better accuracy. The solid curve in
Fig. 4 is the result of the VMD fit with p (770) and
p(1450) while the dashed
represents the fit with the p ( 1700 ) contribution

resonances , curve
added. It is seen that the p (1700) contribution is

small. It is usually assumed that the dominant
mechanism of the e e —a " 7~ m reaction is transition
via p’(770) 7 intermediate state. We however observe
a contribution of other mechanism, presumably p°
(1450 ) o',
using the CVC hypothesis the branching ratio By (7~

—qm 7'v.) = (0. 156 £0. 011)% is calculated,

From our cross section measurement,

which is in agreement with the measured value B, (7~
-y 7'v,) =(0.139 £0.010) %.
In Fig. 4, The cross section for the process

e’ e —pn measured in this work (SND@ VEPP2000 )
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Fig.4 The cross section for the process e e~ —pn

in comparison with previous measurements in the SND
at VEPP2M (SND @ VEPP2M ) '™’ and BABAR'"™
experiments. The curves are the results of the VMD fits
described in the text.
1.4 e'e —wy

The process e e” —wn is studied in the decay
mode w— 7" 7~ 7 and n—yy in the energy range
1.34-2. 00 GeV. Events are selected using the
following criteria.

( T ) At least 2 charged tracks originated from the
interaction region.

( 11 ) At least 4 photons.

( I ) The total energy deposition in the calorimeter

E . >300 MeV.

tot

The vertex fit and kinematic fits to the e” e —
7 7w 7'yy hypothesis with the additional condition
that the two photon invariant mass must be in the range
400 < m, < 700 MeV and to the e" e —
w77’ () hypothesis are performed. The quality
of the

t 2 d ¥ Th el —
parameters x, .. -0, and x; .. - o0, ee e

kinematic fits are characterized by the
a " a’ar’ process is the main source of background
for the process under study. The following conditions
are applied on the parameters obtained in the fits.

( I )Xfr*r’royy <30 and/\/i'*ﬂ"ﬂ'oﬂ'o(y) >200

(Il ) The mass recoiling against yy, 0. 65 <
m.y, <0.9 GeV for the e’ e”—a " 7~ m'yy fit.

The wn signal is extracted from the fit to the m,,
and m,, " distributions. The measured cross section is
shown in Fig. 5 in comparison with the previous
BABAR measurement. It is fitted with a sum of the
w(1420) and w (1650 ) contributions. Destructive

interference between these two contributions is

responsible for a very low level of the cross section

observed above 1.8 GeV.

o /nb
(3]
—
——
—_—
——i
e
|

Te
L II L L L | L L | L L |T |
1.4 1.6 1.8 2.0

Fig.5 The cross section for the process e e~ —wn

In Fig. 5, the cross section for the process
e'e”— wn measured in this work ( SND) in

comparison with previous measurements in the

BABAR'* experiment. The curve is the result of the
VMD fit described in the text.

2 Conclusion

The cross sections for the processes e e” —p7r,
wm, pn, on have been measured in the SND
experiment at the VEPP-2000 ¢” ¢~ collider. All of

these measurements have the best accuracies to date.
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0 Introduction

Decays of pseudoscalar mesons to the pair of
leptons P—I"[" are rare. In the standard model (SM)
these decays proceed through the two-photon
intermediate state as shown in Fig. 1 and therefore are
suppressed as o relative to the P—yy decays, where

An additional

suppression of (m,/m,)” arises from the approximate

a is the fine structure constant.

helicity conservation, where m, and m, are the lepton
and meson masses, respectively. So, due to the low
sensitive  to

probabilitysuch  decays are possible

contributions to new physics beyond the SM''?'.

. I
Y Y——
P
|
7* T S ——

2

Fig.1 Leading order QED contribution

driving P—1"1~ decays

The ranges of predictions for the P — [* [~
branching fractions obtained in different form-factors
models**' are listed in Tab. 1. For comparison, the
last column of Tabl. 1 contains the current experimental
values of the branching fractions. The value of B( 7°—
e*e”) differs from the theoretical prediction by about

This can have different
5]

three standard deviations.
explanations connected with theoretical uncertainty'
or/and with new physics contributions''?’.

Tab.1 The theoretical predictions and experimental

values for the P—I* 1~ branching fractions

parameter prediction experoment
B(m’—e*e™) x10° 6.23-6.38  7.49 £0.38.°!
B(np—ete ) x10° 4.60-5.24 <2300
B(nou*u™) x107 4.645.12  5.8+0.8%
B(n'—e*e™) x10" 1.15-1.86 <56[9-10]
B(y'—u* =) x107 1.14-1.36

This paper is devoted to the recent search for the
n'—e’e” decay'®’ with the SND detector'""*' at the
VEPP-2000 ¢* e” collider' "’

, in which the inverse

reaction e” e~ —n' is used. Also we consider the

recent study of SND sensitivity in search for the p—e”

e~ decay with the use of the same technique' ™.

1 SND detector

A detailed description of the SND detector can be
found in Refs. [11-12]. It is a nonmagnetic detector,
the main part of which is a three-layer spherical
electromagnetic calorimeter based on Nal(Tl) crystals.
The solid angle covered by the calorimeter is 90% of
44r. lis energy resolution for photons is o /K =4.2% /
(E GeV)'"*, and the angular resolution is about 1. 5°.
The directions of charged particles are measured by a
tracking system, which consists of a 9-layer drift
chamber and a proportional chamber with readout from
cathode strips. The tracking system covers a solid
angle of 94% of 47r. The calorimeter is surrounded by
a muon system, which is used, in particular, for

cosmic-background suppression.

2 Search for n'—e*e” decay

For search for the decay n'—e*e” data with an
integrated luminosity of about 2.9 pb ™" are used. They
were accumulated in 2013 at the c¢. m. energy close to
mn,c2 =957.78 +0.06 MeV'® . During the data taking
period the beam energy was monitored with an absolute
accuracy of about 60 keV by the back-scattering-laser-
light system'”'. As the collider energy spread
(FWHM =0.590 MeV) is significantly larger than the
n’ width I, = (0. 198 £0.009) MeV'* | the resulting
cross section is proportional to the electronic width.

o (nb) =(6.38+0.23)I", ,.,-(eV) (1)

It should be noted that the radiative corrections
and the energy spread lead to a reduction of the cross
section compared to the Born one by a factor of four.

The search for the process e e ™ —n' is performed
in five decay chains: n'—n7 7~ with the  decays to
yy and 37°, and 5’ —>nr’aw’ with the 5 decays to
ata a’, yy and 37°.

Detailed description of selection criteria for all
decay chains can be found in Ref. [9]. Only main
selection parameters will be discussed in this paper.
2.1 Decay chain y'—>7* 7 59, n—yy

For events passing a preliminary selection the
kinematic fit to the e® e” — 7" 7~ n hypothesis is

performed. The input parameters for kinematic fit are
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the polar and azimuthal angles of charged tracks and
the angles and energies of photons measured in the
calorimeter. The quality of the fit is characterized by
the parameter )(f]. Another important parameter used for
the final selection is the sum of energy depositions of
charged particles in the second and third layers of the
calorimeter E, ; ... Since pions in the process under
study are soft, they stop predominantly in the first
calorimeter layer. The two-dimensional distributions of

the parameters Xi, and F,,, for data events and

,char
simulated events of the process under study are shown
in Fig. 2. The rectangle in the bottom left corner
corresponds to the selection criteria applied. No data

events are selected.
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Fig.2 The two-dimensional distribution of the parameters

In Fig. 2, the two-dimensional distribution of )(127
versus K, 5 ;.. for data events (top) and simulated
events of the e*e” —n'—a" 7~ 1, n—yy process
(bottom ). The rectangle in the bottom left corner of
the plot corresponds to the selection criteria used.

The dominant sources of background for this decay
mode are the processes e e” —ny, p—a 7 7" and
e"e” —a" o m'w. Additional fake photons can

appear as a result of the splitting of electromagnetic

showers, nuclear interaction of pions in the
calorimeter,  or  superimposing  beam-generated
background. The number of background events

estimated using MC simulation is 0. 7 = 0. 1 and
0.10 = 0. 05 for the first and second processes,
respectively.

There is also the nonresonant reaction e’ e —

7 7 m, that proceeds through the pn intermediate
state. It is suppressed due to the small phase space of
the final particles. The contribution of the nonresonant
process is estimated to be 0.2 events.
2.2 Decay chain y' >z 7 9, n—37

For preliminary selected events the kinematic fit is
performed to the hypothesis e*e” —7* 7~ 37°. The
two-dimensional distributions of y* of the kinematic fit
(X;To) versus the three 7 invariant mass (M;) for
,

data events and simulated events of e e” —n' —

+ - 0 : :
7 " n, p—31 processes are shown in Fig. 3.
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Fig.3 The two-dimensional distribution of the parameters

In Fig. 3, the two-dimensional distribution of the
parameters y; o and M, , for data events (top) and
simulated ' —7 "7~ 1, n—37" events(bottom). The
rectangle corresponds to the selection criteria used:
Xam0 <50 and 500 < M,_, <600 MeV/c’.

The dominant background source for the 7% 7~
w7’ final state is the process e "e” —a 7 w7’
The number of background events obtained using MC
simulation is 2. 7 £ 0. 5. The contribution of the
nonresonant background from the e” e” > 7" 77 1y
process discussed above is about 0.1 events.

2.3 Decay chain ' —='w'n, n—yy

For events passing initial selection the kinematic
fit to the e* e” —n' — n7’m" — 6y hypothesis is
performed. The quality of the fit is characterized by the
parameter Xfwoﬂo. The distributions of this parameter for
data events, simulated signal events, and simulated
background events from the process e*e” —ny, n—
37 are shown in Fig. 4. The condition Xymogo < 15 1s

applied. No data events satisfying the selection criteria



% 6 2

Search for the decays n'—e*e™ and n—e* e at the VEPP-2000 e " e~ collider 531

have been found.

0 20 40 60 8 100

Fig.4 The ..o distribution

In Fig. 4, the anron(’ distribution for data events

(solid histogram ), simulated signal e* e” —n' —
27" n— 6y events ( dashed histogram ), simulated
background events from the process e” e” —ny, n—
37" (dotted histogram ).

The main background sources for this decay mode
are the processes e* e —mny —37'y and e* e  —
' a’y. The number of background events from these
sources is calculated to be 1.3 +0.3 and 0.4 +0. 1,
respectively.

2.4 Decay chain ' —7'w'n, n—3"

For this decay mode with ten photons in the final
state there is no background from e” e” annihilation.
The main source of background is cosmic-ray showers.
We select events containing nine or more photons and
no tracks in the drift chamber. The total energy
deposition £, and the event momentum P, calculated
using energy depositions in the calorimeter crystals
must satisfy the following conditions

0.7<E_<E, <1.2,cP, ,<E,_,

E . E., —cP /E, >0.7 }

cal cm cal
No data events are selected after applying these

(2)

criteria.
2.5 Upper limit

Since the number of selected data events is equal
to zero, we set the upper limit on the cross section.

The technique of Cousins and Highland"'®’

]

following
the implementation of Barlow ' is used to calculate
the limit with all uncertainties included:

o} <12.7 pb at 90% CL (3)

The limit on the cross section is translated using

Eq. (1) to the upper limit on the i’ electronic width
r - <0.0020(eV) at 90% CL (4)
The obtained limit is slightly better than the limit

n'—ete

set recently in the CMD-3 experiment vy, ., <
0.0024 eV,

Using the Eq. (1) we combine the SND and
CMD-3 data and obtain the combined upper limits on
the electronic width

r, .. <0.0011(eV) at90% CL (5)

and the branching fraction [y, = (0. 198 +0. 009)
MeV ' 1.

B(n' —e"e) <56x107at90% CL (6)

The obtained upper limit is most stringent but still

[12

30-50 times larger than theoretical predictions''?' made

in the framework of the standard model.

3 Search for n—e e~ decay

For this study, VEPP-2000 parameters at c. m.
energy close to mnc2 =548.862 +0.018 MeV'® such
as luminosity, accuracy of the energy setting, energy
spread, are important. In 2013 SND did not record
data exactly at this energy. Therefore, we analyze data
from four energy points near mnc2 , with c. m. energies
of 520, 540, 560, and 580 MeV. The integrated
luminosity collected at these energy points measured
using the reaction e e —>yy is 108.1 +2.0 nb~".

In the proposed experiment the collider energy
must be set and monitored with an accuracy better than
the collider c. m. energy spread of about 150 keV.
This is provided by the beam-energy-measurement
system described above.

The most suitable 1 decay mode for the search for
the e “ e~ — reaction at SND is n—7 7’ —6y, for
which physical background is small. The main source
of background is cosmic-ray events. For the search for
e*e” —m, events with six or more detected photons
and with the energy deposition in the calorimeter larger
than 0. 6F are selected. Background from events with
charged particles is rejected by the selection condition
that the number of fired wires in the drift chamber is
less than four. Cosmic-ray background is suppressed
by the veto from the muon detector.

For events passing the preliminary selection, a
kinematic fit to the e*e ™ —7'7 7 —67 hypothesis is

performed. The quality of the kinematic fit is
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characterized by the parameter y°. The condition y* <
100 is used to select iy candidates. No events satisfying
the selection criteria are found. So, we set the upper
limit on the e e~ —m cross section
0., < 170 pb at 90% CL (7)
corresponding to N, = 0 and integrated luminosity 108
nb~'. Using the same technique as in section 2.5, we
can estimate sensitivity to the search for the decay n—
ete” to be
B(p—ee) <2.9x10°at90% CL (8)
This result is close to the upper limit B(p—e e ) <
2.3 x 10 7° set recently in the HADES experiment'’’.
With a VEPP-2000 luminosity of 0. 34 x 10*cm *s ™'
the current upper limit can be reached in a week of
data taking. In two weeks a sensitivity at the level of

10 ~¢ can be reached.
4 Conclution

A search for the rare decay n'—e” e” has been
performed with the SND detector at the VEPP-2000
e’e” collider. The inverse reaction e e”—n' and five
decay chains of " have been used for this search. The
following upper limit has been set on the decay width;
r - <0.002 eV at the 90% confidence level.

Also a sensitivity of SND in a search for decay n—

n'—e*e

e’ e  has been studied. For this perpose we have
analyzed a data sample with an integrated luminosity of
108 nb ™' collected with the SND detector in the center-
of-mass energy range 520-580 MeV. There are no
background events for the reaction e” e” — n with
decay n—7’7 7" have been found. In the absence of
background, a sensitivity to B(np—e e~ ) of 10 ° can

be reached duringtwo weeks of VEPP-2000 operation.
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