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Study of the e+e− to hadrons via ISR at BaBar *
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Abstract Experimental data from the PEP-II B-factory at 10.6 GeV center-of-mass (c.m.) energy, obtained

via initial-state radiation (ISR) with the BaBar detector, are presented. The cross sections for many hadronic

processes have been measured from the production threshold to 4–5 GeV of the e+e− c.m. energy. The obtained

data allow to study a number of intermediate states and determine the parameters of known resonances and

their branching fractions. The exclusive cross section for some number of hadronic sub-processes are presented.
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1 Introduction

The study of the e+e− → hadrons reaction at low

c.m. energies using ISR technique became a power-

ful tool, thanks to the very high luminosity DAFNE,

KEK-B and PEP-II colliders. Radiation of the high-

energy photon from the initial particles allows a pro-

duction of the hadronic system at energies much be-

low the nominal machine energy [1, 2].

The BaBar [3] Collaboration has an intensive pro-

gram to study the e+e− cross section at low c.m.

energy using ISR, when the PEP-II operates at the

Υ(4S) resonance. A number of multi-hadron pro-

cesses were studied and published. The measured

cross sections made a major contribution to R calcu-

lation during the last few years. Low energy hadron

spectroscopy is another application of BaBar ISR

study. It is shown, that spectroscopy data not only

are absolutely necessary for the R calculations (the

total cross sections normally are the compositions of

different states with different BF to certain modes),

but give a lot of information about hadron dynam-

ics in 1–2 GeV energy range. Multi-hadron events

show many, sometimes unexpected structures which

are not easy to separate - full partial wave analysis

(PWA) is needed.

In this paper we present evidence of hadronic

states in the 1.0–2.5 GeV region, some of them are

not listed in the PDG, as well as the already discov-

ered Y(2175) in the φ(1020)f0(980) decay mode, con-

firmed by BES and Belle. The analysis is in progress,

some new results should come out soon.

2 Overview of the cross section mea-

surements

During the last few years the BaBar Collaboration

published number of papers [4–13] on measurements

of the total cross section for the reactions e+e− → 2π,

3π, 4π, 5π, 6π, 2Kπ, 2K2π, 4K, pp̄, ΛΛ̄, DD̄, . . .

The overview of the measured cross sections is shown

in Fig. 1. With the recent published data for the

e+e− → 2π process (see talk by Wen Feng) the BaBar

data play dominant role in the muon g− 2/2 calcu-

lation (see talk by M. Davier). The only channels

are missing in this line are e+e− → π+π−2π0, for

which only preliminary results were presented and

e+e− →K+K− reaction, which is still under study.

Studies of the exclusive channels of e+e− annihila-

tion allow to determine such fundamental parameters

as mass, width and leptonic width of various vector

mesons. In addition to the low-lying resonances, such

as the ρ, ω and φ, where ISR studies can indepen-

dently provide meaningful and still competitive in-

formation, they are indispensable for a much more

precise than before investigation of the excited vector

states. Moreover, detailed analysis of the dynamics

shows that in many cases a multiparticle final state
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Fig. 1. Overview of the e+e− cross sections measured with the BaBar detector.

can be reached via different intermediate mecha-

nisms.

For example, four pions can be produced via ωπ0,

a1(1260)±π∓, ρ0f0, . . . and provide information on

mesons with quantum numbers differing from those

of vectors.

In the following sections we show a complexity of

the internal substructures observed in some channels,

which are used (where possible) to extract resonance

parameters.

3 Resonance physics

3.1 The e+e−
→ π

+
π

− reaction

Fig. 2. The e+e− → π+π− cross sections mea-

sured with the BaBar detector.

This reaction is dominated by production of the

ρ(770) resonance and the pion cross section behav-

ior was relatively well studied up to about 1.4 GeV.

The high statistic measurement [4] of the cross sec-

tion up to 3.0 GeV of c.m. energy is presented by

BaBar for the first time. This energy range, shown

in Fig. 2 demonstrates some statistically significant

structures, not yet explained theoretically.

3.2 The e+e−
→ π

+
π

−

π
0 reaction

The three pion reaction study in the ISR pro-

cess was published by BaBar in Ref. [5] and mea-

sured e+e− → π+π−π0 cross section is dominated by

the well known φ(1020), ω(780) and J/ψ resonances.

Large statistics allow the observation of two struc-

tures in the 1.0–2.0 GeV region in agreement with

SND measurement [14] below 1.4 GeV and in dis-

agreement with old DM2 results [15] at higher ener-

gies.
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Fig. 3. The m(π+π−π0) distribution for the

e+e− → π+π−π0 reaction measured with the

BaBar detector. Two-resonance fit is shown.

We fit this region (see Fig. 3) assuming the pres-

ence of two excited ω(1420) and ω(1650) [21] states

and determine their parameters. Note, that the pa-

rameters of these states are still not well determined
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and in our case they strongly depend on relative

phases with ω(780) and φ(1020) resonances having

much larger decay rate to this mode.

3.3 The e+e−
→ π

+
π

−

π
+

π
−, π

+
π

−2π
0 reac-

tions

These reactions have the largest cross sections in

the studied energy region after e+e− → π+π−. They

were studied with the Babar detector [6, 7] in much

wider energy range than any previous experiment.

The intermediate resonance production of ωπ0 in

the π+π−2π0 final state and a1π dominance in both

reactions were previously reported. The cross sec-

tion shape for both reactions shows a wide structure

peaked at 1.5 GeV which cannot be described as a

single resonance and a “shoulder” just below 2 GeV

which also has no explanation.

Fig. 4. Scatter plots m(π−π0) vs. m(π−π0)

(left) and m(π+π−) vs. m(π0π0) (right) for

the e+e− → π+π−π0π0 reaction measured

with the BaBar detector.

The large number of events collected in the BaBar

experiment allows to demonstrate an evidence of

some number of other intermediate states such as

ρ(770)f0(980), ρ(770)f0(1270) and surprisingly large

ρ+ρ− (see Fig. 4). Simultaneous study of charged

and neutral modes gives an unique possibility for the

partial wave analysis (PWA), not done yet for these

reactions.

3.4 The e+e−
→ K+K−

π
0, KSKπ, K+K−

η re-

actions

The BaBar Collaboration performs a combined

PWA of these reactions [10] which allows to sepa-

rate iso-scalar and iso-vector components of the cross

sections for the quasi-two-body dominant K∗(892)K

and K∗(1430)K intermediate states. The iso-scalar

component is dominated by the e+e− → φ(1680)

resonance production. Again, large statistic allows

to extract relatively small cross sections of e+e− →

φ(1020)η and e+e− → φ(1020)π0 reactions (see

Fig. 5) which were not previously studied. These re-

actions are very good to search for the exotic states

and BaBar demonstrates a hint of a possible state

at about 1.5 GeV in the OZI suppressed φ(1020)π0

channel.
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Fig. 5. The e+e− →φη,φπ0 cross sections mea-

sured with the BaBar detector.

3.5 The e+e−
→K+K−

π
+

π
−(π0

π
0) reactions

The only measurement available refer to the

study on the fully charged mode, performed by

DM2 with about 100 times less data. The e+e− →

K+K−π0π0 reaction never was studied before. It is

shown by BaBar that these reactions are dominated

by K∗(892)0K±π∓ and K∗(892)∓K±π0 intermediate

states [11] (see Fig. 6), but K∗(892)K̄∗(892) decay

mode is not seen.
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Fig. 6. Scatter plots m(K−π+) vs. m(K+π−)

(a) and projection m(K±π∓) plot (b, two en-

tries per event) for the e+e− → K+K−π+π−

reaction.

For the charged mode the contributions from

K∗
2(1430)Kπ and from K1(1230)±K∓, K1(1400)±K∓

decaying to K±ρ(770) are seen. The full PWA is

needed to disintegrate the measured inclusive cross

section to observed modes.

The BaBar data allow to study relatively small

contribution of φ(1020)π+π−(π0π0) intermediate

states. Fig. 7(left) shows m(π+π−) distribution for

these events, which can be fitted with a superpo-

sition of two scalar f0(980) and f0(600) resonances.

By selecting events associated with f0(980) peak, the

cross section for the e+e− →φf0 reaction is obtained
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(Fig. 7(right)) with a structure at about 2.175 GeV.

It is interpreted as a resonance with about 80 MeV

width, later confirmed by BES and Belle experiments.

The nature of this relatively narrow Y(2175) [22] state

is not clear.
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Fig. 7. Left: The m(π+π−) distribution for the

e+e− → φ(1020)π+π− reaction. Right: The

e+e− →φf0 cross sections measured with the

BaBar detector.

3.6 The e+e−
→5 hadrons reactions

The BaBar detector studied 2(π+π−)π0,

2(π+π−)η, K+K−π+π−π0 and K+K−π+π−η reac-

tions produced via ISR [8].
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Fig. 8. Left: The m(π+π−π0) distribution for

the 2(π+π−)π0 events. Right: The m(π+π−)

distribution for all ωπ+π− events.

The e+e− → 2(π+π−)π0 reaction has the largest

cross section and has very distinctive ωπ+π− and

ηπ+π− intermediate states seen in m(π+π−π0) dis-

tribution of Fig. 8(left). They were studied before,

but BaBar experiment [8] performed the most accu-

rate measurement of the cross sections for these two

channels. The two pions from the ηπ+π− reaction

predominantly form ρ(770) while for the ωπ+π− re-

action the f0(980) signal is seen in two-pion invariant

mass (see Fig. 8(right)) and, for the first time, the

contribution of ωf0(980) was extracted and the cross

section was measured (shown in Fig. 9(left)). The

fit of the ωπ+π− cross section after subtraction of

the ωf0(980) contribution can be used for more ac-

curate information about ω(1400) and ω(1650) (see

Fig. 10). The obtained parameters are in good agree-

ment with those obtained from the π+π−π0 chan-

nel and confirm an ω(1650) width more narrow than

what is listed in the previous edition of the PDG ta-

bles.
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Fig. 9. Left: The e+e− → ωf0(980) cross sec-

tion. Right: The two Breit-Wigner fit of

ωπ+π− cross section with ωf0(980) contribu-

tion subtracted.
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Fig. 10. Left: The e+e− → 2(π+π−)π0 cross

section and contribution from ωπ+π−

(squares) and ηπ+π− (triangles) reactions.

Right: The m(π+π−)(points) and m(π±π0)

(histogram) distributions for 2(π+π−)π0

events with ωπ+π− and ηπ+π− contributions

excluded.
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Fig. 11. Left: The m(ηπ+π−) distribution for

the 2(π+π−)η events. Right: The e+e− →

η(958)π+π− cross section and Breit-Wigner

fit.

The ωπ+π− and ηπ+π− do not explain the to-

tal e+e− → 2(π+π−)π− cross section as shown in

Fig. 10(left). Whenωπ+π− and ηπ+π− contributions

are excluded, the m(π+π−) and m(π±π0) distribu-

tions (see Fig. 10(right)) demonstrate equal number
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of charged and neutral ρ(770) per event with the re-

maining three-pion mass around 1240 MeV/c2 and

about 400 MeV width. It is shown, that e+e− → ρ3π

cross section is dominated by ρ(770)X(1240) produc-

tion with X(1240) → ρ(770)π decay. The best can-

didates for X(1240) are π(1300) and a1(1260) [21].

The detailed PWA is needed for more definite

statement. The e+e− → 2(π+π−)η was stud-

ied with the BaBar detector for the first time.

Fig. 11(left) shows m(ηπ+π−) distribution for these

events, demonstrating contribution from η(958)π+π−

reaction. Narrow η(958) signal allows to extract

e+e− → η(958)π+π− cross section (Fig. 11(right))

(dominated by η(958)ρ(770)). The cross section

has a resonance structure and can be interpreted as

ρ(2150) production. Another definite structure seen

in Fig. 11(left) and shown in Fig. 12(left) was inter-

preted as production of f1(1285)π+π− intermediate

state. After non-resonant background subtraction,

the calculated e+e− → f1(1285)π+π− cross section is

shown in Fig. 12(right). A resonance structure also

can be interpreted as ρ(2150) production.
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Fig. 12. The m(ηπ+π−) distribution (a) for the

2(π+π−)η events. The e+e− → f1(1285)π
+π−

cross section (b) and Breit-Wigner fit.
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Fig. 13. The m(π+π−π0) (left) and m(K+K−)

(right) distributions for the K+K−π+π−π0

events.

The cross sections for the e+e− → K+K−π+π−π0

reaction was measured by BaBar for the first time.

The three-pion and two-kaon invariant masses are

shown in Fig. 13. The signals from η and ω are

well seen (small signal from φ) in three-pion mass

distribution with strong φ signal in m(K+K−) distri-

bution. Fig. 14 shows the calculated cross sections for

the e+e− →φη(left) and e+e− →ωK+K−(right) sub-

processes. The first one is in good agreement with

obtained in the η→γγ mode [10]. It is first measure-

ment for the second process with possible structures,

but the only significant one is J/ψ→ωK+K− signal.

The cross sections for the e+e− → K+K−π+π−η

reaction was also measured by BaBar for the first

time. The cross section is small and the only sig-

nificant signal observed was e+e− → φη(958) in the

studied K+K−π+π−η final state.
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Fig. 14. The e+e− → φη (left) and e+e− →

ωK+K− (right) cross sections for the

K+K−π+π−π0 events.

3.7 The e+e−
→ 3(π+

π
−), 2(π+

π
−

π
0) reac-

tions

These reactions were studied before by several ex-

periments but with almost 100 times smaller statistic

and very large systematic uncertainties. The BaBar

detector performed measurement of the six-pion e+e−

production [9] from the threshold to about 5 GeV us-

ing ISR events. The systematical uncertainty was

dramatically reduced. One of the interesting obser-

vation in the 3(π+π−) was a presence of only one

ρ(770)0 per event in many possible π+π− combina-

tions. No other intermediate resonance signals were

observed. For the 2(π+π−π0) final state we also ob-

serve only one ρ(770)0 or ρ(770)± per event with ex-

pected 1/2 ratio.
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Fig. 15. The e+e− → ωη cross section (left)

and contribution of e+e− → ωπ+π−π0 and

e+e− → ωη cross sections to all e+e− →

2(π+π−π0) events (right).



6 Chinese Physics C (HEP & NP) Vol. 34

In the 2(π+π−π0) final state we observe the η and

ω signals in the π+π−π0 mass distribution. Also a

small fraction of events corresponds to a correlated

production of η and ω. The e+e− →ωη cross section

was measured for the first time (Fig. 15(left)) and

the resonance structure fitted with the Breit-Wigner

function is assumed to be from ω(1650) →ω(782)η

reaction. The e+e− → 2(π+π−π0) and e+e− →

3(π+π−) cross sections have very similar energy be-

havior (see Fig. 16) and the ratio of these two cross

section is close to uniform with 3.98±0.06±0.41 value.

We also observe a dip structure just blow 2 GeV

in total six-pion cross sections which was first ob-

served by FENICE [23] experiment and confirmed by

FOCUS [24].
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Fig. 16. The e+e− → 2(π+π−π0) cross section

(left) and the e+e− → 3(π+π−) cross section

(right) with fit to (anti-)resonance function. A

resonance responsible for the “dip” is shown

shaded.

We fit this structure with the Breit-Wigner func-

tion fully coherent with smooth non-resonant back-

ground shown in Fig. 16. The structre has a mass

of about 1.88 GeV/c2 and a width of about 0.1 GeV

(wider than that from FOCUS) and could be inter-

preted as a proton-anti-proton ground state.

4 Summary

The BaBar detector has an intensive program

for study low energy e+e− cross sections using ISR

events. Numerous e+e− → hadrons cross sections

have been measured with accuracy better than all

previous direct e+e− experiments. The large inte-

grated luminosity provided by PEP-II collider and the

excellent BaBar detector performance allow to study

many multi-hadron final states and extract inter-

mediate resonance structures which includes mesons

(π,K,D) and barions (p,Λ,Σ). The parameters

of many known states (ω(1400),ω(1650),φ(1680)...)

and new resonance candidates (ρ(2150),X(1880)...)

were measured with accuracy better than current ta-

ble values. New resonances have been discovered via

ISR: Y(4260),Y(4320),Y(2175). But in many cases

the internal structures are very complicated and so-

phisticated PWA is needed to extract coupling con-

stants and parameters of seen resonances. It is a chal-

lenge for future studies.
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