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In this note I review the current status of electron-positron annihilation into the 7°7 7 final state from both experimental and

theoretical sides. The theoretical studies of the reaction are discussed in framework of three theoretical approaches: the Vector Meson
Dominance Model, the Resonance Chiral Theory with vector and axial-vector resonances and within the extended nonlocal version
of the Nambu-Jona-Lasinio model. In the case of the Vector Meson Dominance model the three vector p - mesons are included, i.e.

the main p(770) state and the excited p(1400) and p(1700) states. For the theoretical approach based on the Resonance Chiral
Theory lagrangian the theoretical prediction includes either the lightest p(770) state only or the superposition of the main state
p(770) with the p(1400), p(1700) states. Finally, the theoretical calculations in the framework of the Nambu-Jona-Lasinio model
include both the lightest p(770) state and its first excited state p(1400). To sum up the theoretical predictions of these three

approaches are compared with the recent experimental data from Novosibirsk groups (SND and CMD experiments) and from the
BaBar Collaboration. In addition, main points of studies on application of the Conservation Vector Current hypothesis to estimate the

cross channel decay width, 7= — 7[771'077\/t , are discussed. The last subject is an investigation of the OZI and G-parity violated
decaydp > 7771

KEYS WORDS: precise measurements in electron-positron annihilation, meson production, CVC study, low-energy hadronic
interaction

MOTOYHHU CTAH JOCJIIKEHD ITPOIECA e'e” — 7'z 7. EKCHHEPIMEHT TA TEOPIA

O.H. lllexoBuoBa
HHI] * Xapvrosckuil izuxo-mexnuynuii incmumym’
61108, syn. Akademiuna, 1, Xapxie, Yrpaina
VY wiil craTTi mpencTaBIeHO OIJIAA IMOTOYHOTO CTaHY EKCIEPUMEHTANbHHUX 1 TEOPEeTHYHHX JAOCTIKEHb pPEeakiii eIeKTPOHHO-

»

TMO3UTPOHHOT aHirinsuii B Kinuesuit cran 7”77 77 . TeopeTHdHi TOCTIIKEHHS peakilii 06roBOpIOIOTLCS B PAMKAX TPhOX TEOPETHUHHX

migxoniB: y mopneni Bekropuoi [lominantHocti, B Pe3onaHcHiii KupanbHoit Teopii 3 BEKTOPHUMH i aKCHaJIbHO-BEKTOPHHUMH
pe3oHaHCcaMH, a TAKOXK B PO3LIMPEHi HenoKanbHii Bepcii moaeni HamOy- Mona-Jlacunio. TeopeTuuHi po3paxyHKH y paMKax MOJENi
BekropHoi JIOMiHAHTHOCTI BKJIIOYAIOTH BKJIQAW Bil TPhOX NMPOMDKHUX BEKTOPHHX -ME30HOB, TOOTO BKIIFOUEHI OCHOBHHI CTaH
p(770) i 36ymxeni ctanu p(1400), p(1700) . TeopeTuyHi MPOrHO3M I'PYHTOBaHI Ha narpamkuane Pe3sonancHoi KipambHoi Teopil
BKIIIO4Ya€e B cebe abo Tinmbku ocHOBHHWE craH o(770), abo cynepmosuiiro ocHOBHOTO ctaHy p(770) 3i 30yI)KEHHMH CTaHAMHU
p,(1400), p(1700) . Hapermri, TeopeTHYHI po3paxyHKH y pamkax moxeni HamOy-Mona-Jlacuano Brimro4aroTh sk ocHOBHUN p(770)
CTaH, TaK i ¥oro mepumii 30ymkenuii cran p(1400) . Pestomyroun, TeopeTHYHI NPOTHO3H Y paMKaxX TPhOX TEOPETHYHUX ITiXOMIB
MEPEeTiYCHUX BUIE TOPIBHIOIOTHCA 3 OCTAHHIMHU EKCIICPUMEHTANbHUMHU NaHUMH HoBocubipcekux rpym (ekcrepumenta SND Tta
CMD) i komabopanii BaBar. Kpim Toro, 0o0roBoprolThCsI OCHOBHI MOMEHTH TEOPETUYHUX JOCTIIKEHb 110 BXKUBAHHIO TiMOTE3U

. - -0
30epeeHHs] BEKTOPHOIO CTPyMY JUIsl OLIHKM IMMPUHHM PO3Hajy B Kpoc-KaHalmi 7 —> 77 77 7jv,. OcTaHHA TeMa JaHOro OrIsdy -

JOCTiKEHHS PiIKiCHOTO TIpotecy posnaxy ¢ —> 777 77, skwmii BinbyBaeThes 3 mopyrmensam O3] i G-mapHocTi.

KJIIOUYOBI CJIOBA: TouHi BUMIpIOBaHHS B €JICKTPOH-TIO3UTPOHHOI aHITUIALIT, HApOKeHHs Me30HiB, nocnimkenas 3BC, anponna
B3a€MOJIiSI IPU HU3bKHUX €HEPTisix

TEKYIIUI CTATYC UCCJIEJOBAHUIM IPOLIECCA e'e” — 7°7 7. SKCHEPUMEHT U TEOPUS

O.H. lllexoBuoBa
HHI] “Xapvrosckuil pusuxo-mexnuueckuii uncmumym”
61108, Axademuueckas, 1, Xapvros, Yxpauna
B oT0ii craTthe paccMOTpeH TEKYLIMH CTaTyc SKCIEPUMEHTAJIbHBIX M TEOPETUUECKMX HCCIECJOBAaHUN pPEaKIUH 3JIEKTPOHHO-
MO3UTPOHHOM aHHUTWISAINY B KOHEYHOE COCTOSIHUE 77 77 7] . TeOpeTHIecKre HCCIIeOBaH s PEaklii 00CYKIAI0TCs B paAMKax Tpex
TEOPETUIECKUX MOAXOA0B: B Mojeny Bekroproii JlomunantHocTy, B PesonancHoi KupabHoli Teopun ¢ BEKTOPHBIMU M aKCHAIIBHO-
BEKTOPHBIMH PE30HAHCAMH, a TaKXKe B PACIIMPEHHOH HelnoKaisHOH Bepcumu Mmonenn HamOy- Howna-Jlacurmo. Teopermueckue
pacdeTsl B paMKax Mopenu BekropHoii JIOMHHAaHTHOCTH BKJIIOYAlOT BKJAABI OT TPEX NMPOMEXKYTOUHBIX BEKTOPHBIX -ME30HOB, T.C.
BKJIIOUEHBI OCHOBHOe cocTtosHue p(770) u Bo30OyxknaeHHble coctosHus p(1400), p(1700) . Teopernueckue MpeacKa3aHUsL
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OCHOBaHHBIC Ha Jarpamkuane Pe3oHaHcHON KupanpHOW Teopuu BKIOYaeT B ceds MO0 oaHO OCHOBHOE coctostHue p(770) , mubo
CYHEpIIO3UIHI0 OCHOBHOTO cocTtostHus p(770) ¢ Bo3OyxmeHHBIMH coctosHEAME p(1400), p(1700) . Hakoren, Teopermueckue
pacuets! B pamkax mMoxenn HamGy-Moma-Jlackuro BKIIOUAIOT Kak OCHOBHOE cocTosuue p(770) , TaK H €ro mepeoe BO3GYKICHHOE
cocrosiHne p(1400) . Pestomupys, TeopeTHUECKHE MPEACKa3aHUs B paMKaxX TPeX TEOPETHYECKUX MOIXOJOB MEPEUNCICHHBIX BBIIIE

CPaBHMBAIOTCSI C IIOCIEAHMMH OKCIEPHMEHTAJIbHBIMH JaHHBIMH HoBocubupckux rpymn (okcrepuMentsl SND u CMD) u
koutaboparun BaBar. Kpome Toro, o6cysxnatoTcsi OCHOBHBIE MOMEHTBI TEOPETHYECKHX UCCICAOBAHUN 110 IPHUMEHEHHIO THIIOTE3bI

- -0
COXPaHEHHs BEKTOPHOIO TOKA JUIsl OLIEHKH IIMPUHBI pacnajga B Kpocc-kaHane 7 —> 77 7 nv, . Ilocneanss tema gaHHOro o63opa -

+, - o
UcCleI0BaHMe PEKOTO Mpoliecca pactaga ¢ — 77 7 77 , KOTOpbIi IIpoMcXoaut ¢ HapyiuenueM npasuna O31 u G-uetHocTu.

KJIFOYEBBIE CJIOBA: To4HBIE H3MEPEHHS B SJIEKTPOHHO-TIO3UTPOHHON aHHUTHIISILIAY, POXKIECHHE Me30HOB, ncciaenosanne CBT,
aJIPOHHOE B3aMMOJICHCTBHE MIPH HU3KUX SHEPTHAX

The data on the e*e” - annihilation in the energy region below 2.-2.5 GeV is the main source of information about
properties of the light vector mesons and is of great interest for a better understanding of the light quark interactions.
For the process

e'+e o>+ +n (D

the main mechanism of production proceeds through one intermediate state 77p(770)' which makes the precise
measurements of the cross section of the reaction (1) of great importance for the determination of the p(1400) and

p(1700) parameters. In addition, the 77z 77 gives about 5% contribution to the total hadronic cross section in the
energy region about 1.5 GeV that, in its turn, through the dispersion relation contributes to the anomalous magnetic
moment of the muon. Also data on e'e” — 77 1 can be used to test the conservation of the vector current (CVC)
hypothesis.

The reaction (1) was first observed at the end of 70’s in the DM1 experiment [1] and since that time it has been
studied by Orsay [2], Novosibirsk [3,4,5,6] groups and by the BaBar collaboration [7,8]. From a theoretical point of

view the 7*z 7 production in the e'e” - annihilation and t-lepton decay was discussed in [4,9,10,11] using different
approaches.

The paper is organized as follows. In Section “Theoretical Models” the theoretical approaches to describe the
hadronic current for y* — 7" + 7~ +n are described. The experimental data are reviewed in Section “Experimental
data”. Section “Check of the CVC hypothesis” is devoted to the CVC study and comparison with the spectral function
ofthe 7~ — 7z~ z’nv_ decay. The subject of the last section is the rare decay ¢ — 77 77.

Therefore the main goal of this paper is to summarize and systemize the current experimental and theoretical
status of the e'e” — 7'z study as well as to show up the main problems of the experimental data analysis of the
reaction in the energy region of 2 GeV.

THEORETICAL MODELS
The description of hadronic interactions in the energy region populated by resonances is problematic. In fact,
perturbative QCD does not work in the region below 2 GeV. At very low energies (£ << M ), Chiral Perturbation
Theory (ChPT), based on the chiral symmetry of massless QCD, provides successful description of hadronic

interactions. At higher energy there is no a similar framework and we have to rely on some phenomenological models.
Three theoretical models have been applied to study the process (1) and they are shortly described below.

Fig. 1. The diagram of the e’e” — 7"z 17 process in the framework of the VMD model

'A production via e*e” —> a,(1320)7 can contribute to the cross section, however, this reaction is suppressed and has not been
observed. To my knowledge there is no theoretical prediction for this reaction as well.
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The Vector Meson Dominance (VMD) model with three intermediate p meson states is a generally accepted
scheme in the contemporary zzn data analysis. It is characterized by the Feynman diagram shown in Fig. 1, where the
intermediate resonance V' represents the mesons p(770), p(1400), p(1700). The corresponding cross section at the
total initial squared energy s can be written as [5]

(s=m,)? 2 25 p3 2
4’ 1 J&T,(@)P (5,4

| F(s) P dg’, ©)
3 sds g (@ -m )+ (NPT, (6

o(s) =

2
7

'q°]/4s and g is the 4-momentum of the 7'z~

where the kinematical function P’(s,q”)=[(s—m; —gq°)’ —4m

system. The transition form factor F(s) describes the subprocess y* — V — np and takes the form:

ip, 2
m
v
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3
where g, e” =g, ! &ys &,y and g, are the coupling constants for the transitions V — pn and V — 7",

respectively. Here the energy dependence of the p-meson widths is driven by two-pion loops
2

sz)=D%[p,r<q2)/p,,(m5>]3, p.(@) =g —4m .

Since the coupling constants are not expected to have sizable imaginary parts, the fit to the experimental data is
done assuming the phases ¢, ., and @, .., equal either to zero or 7 (if the reference p(770) phase is put equal to

zero). The SND Collaboration analysis [5] favours ¢, = ®,,700) = 7 - Notice that the fit with p(1700) is slightly
better than without it; however, the value obtained for g, deviates from zero by only 20 . Therefore any clear

conclusion about the presence of the p(1700) state cannot be drawn.

The description of the process (1) within the framework of the Resonance Chiral Theory (RChT) [12] is presented
in [9,10]. The RChT model is based on the ChPT approach with the explicit inclusion of the vector and axial-vector
resonances. Its main features can be summarized in two points: 1) the RChT Lagrangian explicitly contains the ChPT
one and hence the RChT amplitudes satisfy chiral symmetry and match the chiral amplitudes at low energies; 2) the
high-energy amplitudes of the hadronic form factors provided by RChT are suppressed, as enforced by QCD. Therefore,
both high and low energy limits are included correctly in the Resonance Chiral Theory. The zzn production in the
RChT framework is described by the diagrams in Fig. 2. Leaving only the diagram 2d), we obtain the VMD approach.
In Ref. [9], in addition to the photon propagation, only the lightest p(770) resonance was considered.

< L e e

Fig. 2. Hadronization of the vector current in e‘e” — 77 n within the RChT approach. Single lines represent pseudoscalar mesons

(7 , nn)and double lines are for the p resonances.

The diagram a) corresponds to the Wess-Zumino-Witten interaction Lagrangian, the diagrams b), ¢) and d) to the effective
Lagrangian describing interactions with resonances

A comparison with experimental data [1-4,7] demonstrates a fair agreement in the energy region from the 7p
threshold up to 1.4 GeV (Fig. 3, left panel), for details see [9]. An extended approach of RChT to study the reaction
e'e’ - ' n(x"), including the excited p(1400) and p(1700) mesons as well as tiny isospin symmetry breaking
effects, was proposed in [10]. In order to obtain the values of the model parameters, fits based on different sets of
e'e >rn'nn and e'e > 7'z n data were carried out. For details, see Section VII of [10]. Comparison between the
theoretical prediction for the cross section of process (1) and the experimental data is presented in Fig. 3, right panel.
Notice, in addition, that the fit favors an higher mass for the p(1400) resonance (M, =1.55 GeV instead of its PDG

value M, =1.465(25) GeV) and lower width (I", =0.238 GeV instead of its PDG value I', =0.400(60) GeV).
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Also the contribution of the p(1700) is one half that of the p(1400). As in the case of the VMD approximation

described above the fit favors to the destructive contributions of both excited p -states compared with p(770).
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Fig. 3. Comparison between the experimental data for the e'e” — 77 cross section and the theoretical prediction based on the
RChT approach

The left panel corresponds to the propagation via y + p(770) [9], the right one to the elaborated model used in Ref. [10]. The figures
are taken from [9, 10]

The reaction (1) within the extended nonlocal version of the Nambu-Jona-Lasinio (NJL) model studied in [11,13]
and the corresponding Feynman diagrams are shown in Fig. 4. The standard NJL model describes the physical
processes via intermediate states of a virtual photon and p and @ mesons in its ground state. The contribution of the

first radially excited meson states is included in the extended NJL model and provides a reasonable good description of
a wide range of physical processes for the energy region up to about 1.5 GeV [13].

Fig. 4. Electron-positron annihilation with 777 production within the NJL approach
The left diagram corresponds to the production via virtual photon, the right one is via intermediate p(770), p(1400) states. The
dashed circles are the sum of two subdiagrams from Fig. 5.

() n(n')

., d Y

Fig. 5. Vertex subdiagrams V7zz with a quark box loop (left) and with two quark-triangle loops (right).

Hadronization mechanism to produce zzn is presented in Fig. 5. The VMD approach could be directly obtained
from the NJL model by taking into account only the diagram with the triangle loops. Precise formulae for the cross
section can be found in Section III of [11]. Numerical values of the model parameters are fixed in Eq. (4) of [11]
whereas for the resonance masses and widths their PDG values are chosen. The comparison with the BaBar data [7] is
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presented in Fig. 6 and as one can see the theoretical spectrum qualitatively reproduces the experimental data.
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Fig. 6. Comparison of the extended NJL model with the BaBar data [7]. The figure is taken from [11]

EXPERIMENTAL DATA
As the 7 meson is a short lifetime particle it is observed decaying either in 7'z 7z° or via its yy decay.

Therefore the process (1) contributes to the experimentally measured reactions: e‘e” — 2(z'z )z and
ete >y,

The process (1) was first observed at the end of the 70’s in the DM1 experiment [1] * for the center-of-mass (CM)
energy region 1.4-2.8 GeV. The DMI1 experiment data analysis demonstrated that the p7 production only via the
intermediate p(770) resonance [16], predicts a cross section of about 0.5 nb, an order of magnitude below the
experimental data. To solve the problem, the production via the intermediate po(1600) was added. The ND
Collaboration [3] studied the process in the CM energy region 1.05-1.40 GeV. The data analysis showed the same
excess of production compared with the theoretical prediction [15] for energies above 1.35 GeV (Fig. 7), confirming the
hypothesis that the main contribution in this energy region comes from the intermediate p(1600) meson.

Further comparison of the 770 mass spectrum in diffractive photoproduction [16] and e’e” -annihilation has
brought to the idea of the existence of two excited states of the p -resonance with a mass of 1.47 GeV and 1.70 GeV,

see [17]. This parametrization (the VMD model) has been described at the beginning of Section “Theoretical Models”
and since the DM2 experiment it is the generally accepted pattern in the 7z data analysis.

Later the process was studied by Orsay (DM2 Collaboration) [2] and Novosibirsk groups (SND, CMD
experiments) [3,4]. The most recent measurements were performed at the VEPP-2000 collider by the SND group [5] for
the CM energy range from 1.22 to 2.00 GeV (the 77 meson is recontructed via the two-photon mode) and at B-factory

with the BaBar detector, using the initial state radiation technique [7] in the (1.025; 2.975) GeV CM energy region (the
1 meson is recontructed via three-pion mode). Systematic uncertainties of about 8% at BaBar [7] and below 8.3% by

the SND experiment [5] were reported. The preliminary results from BaBar using the 7 — yy channel [8] and from the
CMD-3 collaboration using both 7 — 7"z~ z° and 1 — yy decay modes have been presented recently [6].

The recent experimental results are presented in Figs. 3, 7 and as seen all measurements are consistent. The cross
section behaves in the following way: it shows a steep rise starting from the 70(770) threshold, peaking at about 1.5

GeV, and then decreases with increasing energy. The measured e'e” — 7"z 1 cross section was fitted using the VMD
model (Section “Theoretical Models”) with and without p(1700) contribution. Based on the fit results one cannot draw

a definite conclusion that at the current statistics the p(1700) contribution is needed for the description of the data.

’In fact the e'e” -annihilation into five pions was observed by the M3N collaboration [15], however, the intermediate mechanisms
producing the final state were not studied.
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Fig. 7. Experimental data for the e'e” — 7"z 5 cross section from the BaBar, CMD and SND Collaborations
The figures are taken from Refs. [5, 6]

CHECK OF THE CVC HYPOTHESIS
The data on electron-positron annihilation with 7zzn production can be used to estimate the branching fraction of

the 7~ — 7 z'nv, decay [18] and test of the CVC hypothesis.

The hypothesis of conserved vector current [19] and isospin symmetry is based on two assumptions: first, it
assumes that the isovector part of the electromagnetic current and the vector part of the hadronic weak current are only
different components of the same isospin current and, second, that the three components of this isospin current are
conserved. As a consequence, hadronic currents describing vector 7 decays and hadronic low energy (up to the 7
lepton mass) e“e” -annihilation are related and can be obtained one from the other. The CVC hypothesis study has a
long story for the two- and four-pion final states [20]. However, a systematical study of CVC relations requires to
include all available experimental information on various final states.

Applying the CVC hypothesis for the zz7 final state one can relate the experimentally measured cross section of

the e*e” — 77 i process and the branching fraction of the 7~ — 7~ z’n7v, decay [18]:

2
Br(z > a a'nv) 3|Vl Sw (= 24 q 24’ 2
= u d —_— 1—_ 1+_ O, _ N 4

Br(t” > v,ev,) 27’ Lmﬁ T m’ m: ) o< (1) @

T T T

where §,,, is an electroweak correction (S, =1.0194) and the V, is the ud element of the Cabibbo-Kobayashi-
Maskawa matrix. The theoretical estimation of Br(zr” — 7 z°nv_) is summarized in the Table. As one can see the

branching ratio derived from the e'e” CMD-2 and old data is in agreement with the world average experimental value
whereas the newer BaBar value is slightly above it. A possible source of this difference might be an yet unknown
isospin breaking corrections.

Table
Br(z~ — n znv,) value obtained on the base of the CVC hypothesis from the e*e” data and its average world
experimental value (PDG).

Experimental Old e'e” data BaBar 2007 Old e’e data BaBar 2016 BaBar CMD-2 PDG
group +BaBar 2007 2007+2016

Br, % 0.13+£0.015 0.165£0.015 0.153£0.018 0.16£0.009 0.162+0.008 0.156+0.004 0.139+0.007
Reference [18] [18] [18] [8] [8] [4] [21]

RARE DECAY e¢'¢” > o> nn'n”
Investigation of the energy dependence of the process (1) cross section for the center mass energy near the ¢

meson mass is necessary for the search of the rare ¢ — 77"z decay. This latter is both the Okubo-Zweig-lizuka rule
suppressed and G-parity violating process. Its branching ratio has been theoretically estimated within VMD:
Br(¢ = nzx"77)=0.35-10" [22] and its influence on the 77" 7~ cross section is shown in Fig. 8. A small peak near

the threshold is caused by the rare ¢ — nz"z~ decay. For illustrative purposes the low energy region is presented in
Fig. 8a. The upper limit was measured by the CMD-2 Collaboration and is Br(¢ —nz'7z ) <1.8-10° with 90%
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confidence level [23]. Therefore the current experimental upper limit is about 50 times above than its theoretical
prediction.

d10 - ¢00
o(ete-—yx*x-) nb

1700

200

-1180

1 [l 1

o 12 L4 ¥, Gev

Fig. 8. The VMD prediction for the e"e” — nz" 7~ cross section taking into account the rare ¢ — 777" 77~ decay
The figure is taken from Ref. [22]: b — the whole energy spectrum, a — corresponds to the low energy zoom in to show a small peak
due to the rare ¢ —> 777z° 7 decay.

CONCLUSION

Summarizing, during the last decade the process of e'e” — 77 71 has been studied both by theoreticians, using
the description based on the Resonance Chiral Lagrangian or the extended Nambu-Jona-Lasinio model, and by
experimental collaborations. The data sets at centre mass energies 1.-2. GeV have been collected in e*e” -annihilation
by the CMD and SND Collaborations (Novosibirsk, VEPP-2M collider) and using the radiative return technique at the
SLAC B-factory with the BaBar detector. The systematic uncertainty has been decreased substantially compared with
the old experiments and reached the level below 8% (the preliminary analysis by CMD-3 claims even a 5% level). The
data of the three experiments are in agreement. However, a more detailed study based on the cross section
approximation proposed in [18] might be applied for a better comparison between the data in whole energy region.

To fit the measured cross section, the VMD model with three isovector states p(700), p(1400) and p(1700) has
been used. However, the current statistics does not allow to conclude whether the p(1700) is necessary to reproduce
the data. New more precise measurements at energies above 1.4 GeV will be necessary to study the region in detail and
to draw a conclusion about the p(1700). This study will require an estimate of a background related with the
production via a,(1320) (e'e” — p(1400;1700) — a, 7™ — 7" 7”1 ), but to my knowledge the corresponding process
has not yet been calculated theoretically and will be a subject of my future study.

Also new measurements at low energies near the ¢ meson region are important to improve our knowledge about
the rare decay ¢ — 7’7~ (the upper experimental limit is 50 times higher than the theoretical prediction). This is
planned to be done at the KLOE-2 experiment.

Assuming the isospin invariance the e'e” — 7'z 717 cross section via the CVC relation predicts the branching

ratio 7~ — 7~ z°nv, . Therefore comparison between the predicted value and its measured value contributes to tests of

the CVC hypothesis. Currently the branching ratio derived from the CMD-2 and old e'e” data is in agreement with the
average experimental value whereas the predicted value based on the recent BaBar data is slightly above it. A possible
source of this difference might be due to not yet calculated isospin-breaking corrections.

Last but not least, the 77 7 contribution gives about 5% to the total hadronic cross section at energy Js=15

GeV and therefore gives a non-negligible contribution to the anomalous magnetic moment of muon, (g-2),,.

All that makes the reaction e'e” — 7" 7 1 an important process of future theoretical and experimental studies.
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