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Hadronic contribution to aµ
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Dominated by the Hadronic Vacuum Polarization LO.  
Can be calculated by using dispersion relations

K(s)/s ~ 1/s2

R(s) =  σ
0  [e+e− → hadrons (γ )]

σ pt

 

σhad => experimental input to aµhad 

calculation

݁ା݁ି ՜ ߨିߨାߨ

aPhad,LO-VP aPhad,LO-VP error squared

The process ݁ା݁ି ՜ ߨିߨାߨ gives the second largest contribution 
into aPhad,LO-VP and its error.

9 Previous BABAR measurement  (Phys. Rev. D 70 
(2004) 072004)  was based on 1/5 of the existing 
data set. The ݁ା݁ି ՜ ߨିߨାߨ cross section 
was measured in the range 1.05-3 GeV. 

9 In the new analysis we measure the cross 
section also below 1.05 GeV, in the region of the 
U, Z, and I resonances.

9 Currently  the ݁ା݁ି ՜ ߨିߨାߨ contribution to
aPhad,LO-VP is known with about 3% accuracy. We 
improve the accuracy to about 1.5%. 
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The process  gives the 
second largest contribution to  
and its uncertainty 

e+e− → π+π−π0

ahad,LO−VP
μ



The Initial State Radiation method

3

γISR

hadrons

BABAR display of a 
typical  ISR event

s

E
x

*
γ2

=

m2
f = s′ = s(1 − x)

• The hadronic cross section e+e− → f  can be extracted 
from the ISR cross section e+e− → γ f .  

• The radiator function W(s,x) is calculated in QED with 
accuracy better than 1% level

 Common ISR analysis strategy 
• Tagged analysis (Eγ

*>3 GeV) 
• Back-to-back topology btw ISR γ and the rest of the event 
• π/Κ/p discrimination based on dE/dx e Cherenkov angle 
• Kinematic fit for 4-momentum conservation 
• Fitted χ2 used for signal selection and background subtraction 
• Detector acceptances and selection efficiencies estimated with 

MC simulation

Initial State Radiation at B-factories 
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ISR studies at the ϒ(4S) yield the same 
observables as low energy e+e� experiments! 

Ø  Quantum numbers at production vertex   JPC=1��
Ø  Continuous ISR spectrum:  

Ø Access a large energy range from threshold up to √s ~ 8 GeV  
Ø  αem suppression compensated by the huge luminosity 
Ø  Comparable or better sensitivity than previous measurements based 
on energy scan 

€ 

m
f

2 = " s = s(1− x)

s

E
x

*
γ2

=
dσ

e+e−→ fγ
(s,mf )

dmf dcosθγ
∗

=
2mf

s
W (s, x,θγ

∗) ⋅σ
e+e−→ f

mf( )

•  The hadronic cross section e+e� → f  can be 
extracted from the ISR cross section e+e� → γ f .  

•  The radiator function W(s,x) is calculated in QED 
with accuracy better than 1% level 
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BABAR low-energy hadron cross sections
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BABAR performs intensive study of e+e-

annihilation at low energies using the ISR 
technique. 

ǡݏሺߪ݀ ሻݔ
݀�ݔ݀ ሺ��� ሻߠ ൌ ܹሺݏǡ ǡݔ ሻߠ ڄ ���ሺͳݏሺߪ െ ሻሻǡݔ ݔ ൌ

ఊܧʹ
ݏ

The mass spectrum of the hadronic system  in the reaction e+e- o f J is related to the 
cross section of the reaction e+e- o f.

0.5-2%	syst.errors 4-15%	syst.errors

The BABAR ISR program for light hadrons 
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• 30 publications for more than 
40 final states studied 

• Almost any channel from 2 to 
7 light hadrons in the final 
state 

• Many first measurements and 
significant precision 
improvement in most cases 

• Discoveries (e.g. (2170) in  
e+e− →  ) 

• Most precise measurement of 

ϕ
ϕ(1020)f0(980)

e+e− → π+π−

BABAR summary

Today’s presentation: 
 updated with the full data sample of 460 fb-1 [Phys.Rev.D104, 112003 (2021)] 

Preliminary results on ,  , 
e+e− → π+π−π0

e+e− → K+K−π0π0π0 e+e− → K0
S K±π∓π0π0 e+e− → K0

S K±π∓π+π−

Fabio Anulli  -  Measurement of       —  ICHEP 2022e+e− → π+π−π0



Fit to the 3π mass spectrum
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Fit to the 3S mass spectrum (models 1-3)

Ȧ I

Ȧ�������Ȧ�������

9,Q�WKH�Ȧ�DQG�I regions and all three models give the same result.
9Above 1.1 GeV the models with B(Uĺ�S)=0 describe data worse.

27
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9Above 1.1 GeV the models with B(Uĺ�S)=0 describe data worse.
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Fit to the 3S mass spectrum (models 1-3)

Data between Ȧ and I cannot be 
described by the models with 
B(Uĺ�S)=0 

28

0.82 < m3π < 0.98 GeV/c2
m3π > 1.1 GeV/c2

• Parameters fitted for  and  in good agreement 
with world average

ω ϕ • The ρ → 3π decay needed to describe the data 
• The significance of ρ → 3π is greater than 6σ 
• In agreement with SND PRD68, 052006 (2003)

BF(ρ→3π)x 104 φ

BABAR 0.88 ± 0.23 ±0.30
SND −(135+17

−13 ± 9)o1.01+0.54
−0.36 ± 0.34

−(99 ± 9 ± 15)oPDG:  keV 
           keV

Γω × ℬ = 0.557 ± 0.011
Γϕ × ℬ = 0.1925 ± 0.0043

The fit to the measured mass spectrum is based on the VMD model with 
  

• The true spectrum is smeared to account for data-MC difference in the mass resolution, 
and then multiplied by the transfer matrix obtained from simulation for the unfolding 

ω(782) + ω(1420) + ω(1680) + ϕ(1020) + ρ(770)

Γω→e+e−ℬω→π+π0π0 = (0.5698 ± 0.0031 ± 0.0082) keV
Γϕ→e+e−ℬϕ→π+π0π0 = (0.1841 ± 0.0021 ± 0.0080) keV
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 cross section for m3π<1.1 GeV/c2e+e− → π+π−π0
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20

TABLE I: E�ciency corrections (in %) for di↵erent e↵ects in three M3⇡ regions.

E↵ect M3⇡ < 1.1 GeV/c2 1.1 < M3⇡ < 2 GeV/c2 M3⇡ > 2 GeV/c2

Photon e�ciency �1.0± 0.2 �1.2± 0.2 �1.4± 0.2
⇡0 loss �3.4± 0.5 �3.4± 0.5 �3.4± 0.5
�2
3⇡� distribution �0.4± 0.4 �1± 1 �1± 1

Rad. Bhabha suppression 0.0± 0.1 0.0± 0.1 0.0± 0.1
Background suppression 0.4± 0.2 0.6± 0.5 0.6± 0.8
Track loss 0.0± 0.5 0.0± 0.5 0.0± 0.5
Trigger and background filters �1.4± 0.7 �1± 1 �1± 1
Total �5.8± 1.1 �6.0± 1.7 �6.2± 1.8
�2
3⇡� < 20 0.1± 0.1 at ! 0.5–1.1 1.1–1.8

0.4± 0.4 at �
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FIG. 19: Left panel: The distributions of the true (solid histogram) and reconstructed (dashed histogram) 3⇡ mass for simulated
signal events. Right panel: The distribution of the di↵erence between the reconstructed and true mass for simulated signal
events with 20 < �2

3⇡� < 40 from the ! peak. The curve is the result of the fit described in the text. The dashed histogram
represents the fitted Lorentzian contribution.

The true mass spectrum in the fit is described by the
following function:

dN

dm
= �3⇡(m)

dL
dm

R ", (9)

where �3⇡(m) is the Born cross section for e+e� ! 3⇡,
dL/dm is the so-called ISR di↵erential luminosity, " is
the detection e�ciency as a function of mass, and R is a
radiative correction factor accounting for the Born mass
spectrum distortion due to emission of several photons
by the initial electron and positron. The ISR luminos-
ity is calculated using the total integrated luminosity L
and the probability density function for ISR photon emis-
sion (Eq. (2)):

dL
dm

=
↵

⇡x

✓
(2� 2x+ x2) log

1 + C

1� C
� x2C

◆
2m

s
L.

(10)

Here, x = 1 � m2/s,
p
s is the e+e� c.m. energy, C =

cos ✓0, and ✓0 determines the range of polar angles in the
c.m. frame: ✓0 < ✓� < 180� � ✓0 for the ISR photon.
In our case ✓0 is equal to 20�, since we determine the
detector e�ciency using the simulation with 20� < ✓� <
160�. The total integrated luminosity (L = 468.6 fb�1)
is measured with an accuracy of 0.43% [36].

The Born cross section for e+e� ! 3⇡ can be written
as the sum of the contributions of five resonances ⇢ ⌘
⇢(770), ! ⌘ !(782), � ⌘ �(1020), !0 ⌘ !(1420), and
!00 ⌘ !(1650):

20
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FIG. 19: Left panel: The distributions of the true (solid histogram) and reconstructed (dashed histogram) 3⇡ mass for simulated
signal events. Right panel: The distribution of the di↵erence between the reconstructed and true mass for simulated signal
events with 20 < �2

3⇡� < 40 from the ! peak. The curve is the result of the fit described in the text. The dashed histogram
represents the fitted Lorentzian contribution.

The true mass spectrum in the fit is described by the
following function:

dN

dm
= �3⇡(m)

dL
dm

R ", (9)

where �3⇡(m) is the Born cross section for e+e� ! 3⇡,
dL/dm is the so-called ISR di↵erential luminosity, " is
the detection e�ciency as a function of mass, and R is a
radiative correction factor accounting for the Born mass
spectrum distortion due to emission of several photons
by the initial electron and positron. The ISR luminos-
ity is calculated using the total integrated luminosity L
and the probability density function for ISR photon emis-
sion (Eq. (2)):

dL
dm

=
↵

⇡x

✓
(2� 2x+ x2) log

1 + C

1� C
� x2C

◆
2m

s
L.

(10)

Here, x = 1 � m2/s,
p
s is the e+e� c.m. energy, C =

cos ✓0, and ✓0 determines the range of polar angles in the
c.m. frame: ✓0 < ✓� < 180� � ✓0 for the ISR photon.
In our case ✓0 is equal to 20�, since we determine the
detector e�ciency using the simulation with 20� < ✓� <
160�. The total integrated luminosity (L = 468.6 fb�1)
is measured with an accuracy of 0.43% [36].

The Born cross section for e+e� ! 3⇡ can be written
as the sum of the contributions of five resonances ⇢ ⌘
⇢(770), ! ⌘ !(782), � ⌘ �(1020), !0 ⌘ !(1420), and
!00 ⌘ !(1650):

• The mass spectrum has sharp structures 
and unfolding is required to obtain the 
true spectrum. 

• Unfolding performed with the IDS 
(iterative, dynamically stabilized) 
method B. Malaescu, arXiv:0907.3791

݁ା݁ି ՜ ߨିߨାߨ cross section below 1.1 GeV

37

The covariance matrix is 
obtained from 
pseudo experiments (toys), 
where both the spectrum  and 
the transfer matrix are 
statistically fluctuated.  

ߨିߨାߨ mass spectrum below 1.1 GeV
MC simulation

true
measured
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¾Below 1.1 GeV, the mass spectrum has 
sharp structure; unfolding is required to 
obtain the true spectrum.

¾The result depends strongly on the 
assumed mass resolution.

¾The Z and I widths are well known: use 
the data to correct the simulated 
resolution function.

¾The tails of the resolution depend on F2

of  the kinematic fit used for event 
selection: try more than one cut value.

• Bin-width in the peaks regions: 2.5 MeV 
• Systematic uncertainties at resonance peaks 

amount to about 1.3 % (most precise results)

[PRD104, 112003 (2021)]
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Comparison with existing measurements
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ω region φ region
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FIG. 22: The relative di↵erence between SND [2, 3] and CMD-2 [4, 5] data on the e+e� ! ⇡+⇡�⇡0 cross section and the cross
section calculated using Eq. (11) with parameters obtained from the fit to the 3⇡ mass spectrum. The uncertainties shown
for the SND and CMD2-2 data are statistical. The systematic uncertainty is 3.4% for the SND data at the ! [3], 1.3% for
the CMD-2 data at the ! [4], 5% for the SND data at the � [3], and 2.5% for the CMD-2 data at the � [5]. The systematic
uncertainty in the BABAR cross section is about 1.5%.
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FIG. 22: The relative di↵erence between SND [2, 3] and CMD-2 [4, 5] data on the e+e� ! ⇡+⇡�⇡0 cross section and the cross
section calculated using Eq. (11) with parameters obtained from the fit to the 3⇡ mass spectrum. The uncertainties shown
for the SND and CMD2-2 data are statistical. The systematic uncertainty is 3.4% for the SND data at the ! [3], 1.3% for
the CMD-2 data at the ! [4], 5% for the SND data at the � [3], and 2.5% for the CMD-2 data at the � [5]. The systematic
uncertainty in the BABAR cross section is about 1.5%.
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FIG. 22: The relative di↵erence between SND [2, 3] and CMD-2 [4, 5] data on the e+e� ! ⇡+⇡�⇡0 cross section and the cross
section calculated using Eq. (11) with parameters obtained from the fit to the 3⇡ mass spectrum. The uncertainties shown
for the SND and CMD2-2 data are statistical. The systematic uncertainty is 3.4% for the SND data at the ! [3], 1.3% for
the CMD-2 data at the ! [4], 5% for the SND data at the � [3], and 2.5% for the CMD-2 data at the � [5]. The systematic
uncertainty in the BABAR cross section is about 1.5%.
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FIG. 22: The relative di↵erence between SND [2, 3] and CMD-2 [4, 5] data on the e+e� ! ⇡+⇡�⇡0 cross section and the cross
section calculated using Eq. (11) with parameters obtained from the fit to the 3⇡ mass spectrum. The uncertainties shown
for the SND and CMD2-2 data are statistical. The systematic uncertainty is 3.4% for the SND data at the ! [3], 1.3% for
the CMD-2 data at the ! [4], 5% for the SND data at the � [3], and 2.5% for the CMD-2 data at the � [5]. The systematic
uncertainty in the BABAR cross section is about 1.5%.• Only statistical errors included in the plots 

• In the ω region there is good consistency between BABAR and SND, while CMD-2 data 
lie about 7% below BABAR, with a difference of order 2.5σ 

• At the φ  CMD-2 data (2.5% syst. uncert.) are about 3% above BABAR, while SND data 
(5% syst. uncert.) are about 11% higher

SND:  
• PRD 63, 072002 (2001) 
• PRD 68, 052006 (2003)

CMD-2:  
• PLB 578, 285 (2004) 
• PLB 642, 203 (2006)

[PRD104, 112003 (2021)]
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 cross section above 1.1 GeV/c2e+e− → π+π−π0
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݁ା݁ି ՜ ߨିߨାߨ cross section above 1.1 GeV

39

Above 1.1 GeV the resolution effects distort 

the 3ʋ�mass spectrum insignificantly. The 

toy MC study shows that the difference 

ďĞƚǁĞĞŶ�ƚŚĞ�ƚƌƵĞ�ĂŶĚ�͞ŵĞĂƐƵƌĞĚ͟�ƐƉĞĐƚƌĂ�
does not exceed 1%.

The systematic error includes uncertainties in 

the integrated luminosity (0.4%) and 

radiative correction (0.5%), the statistical 

(0.3ʹ2.4%), systematic (1.7ʹ1.8%), and 

model (1.5%) uncertainties in the detection 

efficiency, and the uncertainty associated 

with background subtraction (3ʹ15%).

The sizable difference between the SND and BABAR measurements is observed near 1.25 GeV

and 1.5 GeV.

• No narrow structures 
• Bin size 25 MeV       

(100 MeV for  
GeV) 

=> no need for unfolding 

m3π > 2.7

• Systematic uncertainties 
(4-15%) dominated by 
background subtraction 

• SND 2020: Eur. Phys. J. C80, 993 (2020) 
• Sizable difference between SND and BABAR data near 1.25 and 1.5 GeV. 
• General agreement elsewhere. 
• SND systematic uncertainties are 4.4% 

▼SND 2020 
⚫  BABAR

BABAR syst. uncert.

[PRD104, 112003 (2021)]
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Calculation of the contribution to aµ 
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݁ା݁ି ՜ ߨିߨାߨ contribution to aȝ

41

A strong s-dependence of the vacuum polarization 
factor leads to an additional systematic uncertainty in 
ܽఓଷగ. The main contribution comes from the mass-
scale uncertainty.  The difference in the energy scales 
between SND+CMD2 and BABAR of 0.2 MeV leads to 
0.2% error in ܽఓଷగ

Result consistent with calculations using previous data 
Uncertainty on aµ3π improved by a factor of about 2

BABAR  
PRD 104, 112003 (2021) 

33

TABLE VI: Values of a3⇡
µ for di↵erent mass intervals. The

first three rows represent the BABAR result, while the
last three are the calculations [1, 50–52] based on previous
e+e� ! ⇡+⇡�⇡0 measurements.

M3⇡ GeV/c2 a3⇡
µ ⇥ 1010

0.62–1.10 42.91± 0.14± 0.55± 0.09
1.10–2.00 2.95± 0.03± 0.16
< 2.00 45.86± 0.14± 0.58
< 1.8[1] 46.21± 0.40± 1.40
< 1.97[50] 46.74± 0.94
< 2[51] 44.32± 1.48
< 1.8[52] 46.2± 0.6± 0.6

TABLE VII: Contributions to the systematic uncertainty in
a3⇡
µ (0.62 < M3⇡ < 1.1 GeV/c2) from di↵erent e↵ects.

E↵ect Uncertainty (%)
Luminosity 0.4
Radiative correction 0.5
Detection e�ciency 1.1
MC statistics 0.15
Background subtraction 0.073
Gaussian smearing 0.0007
Lorentzian smearing 0.003
Unfolding procedure 0.045
Total 1.3

In the a3⇡µ (1.1 < M3⇡ < 2.0 GeV/c2) calculation, the sys-
tematic uncertainties listed in Table V are conservatively
taken to be 100% correlated.

For a3⇡µ (M3⇡ < 2 GeV/c2) we also add the contribu-
tion from the region below 0.62 GeV/c2, which is esti-
mated to be 5.7 ⇥ 10�13 using the theoretical cross sec-
tion [Eq. (11)] with parameters [Eq. (14)].

In Table VI our result is compared with the calcula-
tions of a3⇡µ [1, 50–52] based on previous e+e� ! ⇡+⇡�⇡0

measurements. Since the calculations are performed in
di↵erent 3⇡ mass regions, we also give our result for the
mass interval 1.8-2.0 GeV/c2: (0.116 ± 0.005 ± 0.013) ⇥
10�10. Our a3⇡µ value is in reasonable agreement with the
previous calculations [1, 50–52] but has better accuracy.

XI. MEASUREMENT OF THE J/ ! ⇡+⇡�⇡0

DECAY

The 3⇡ mass spectrum in the J/ mass region for
data events selected with the standard criteria is shown
in Fig. 28. The small width of the J/ resonance
leads to negligible peaking background. In particular,
e+e� ! J/ � ! K+K�⇡0� events reconstructed un-
der the 3⇡� hypothesis have the 3⇡ invariant mass in
the range 2.8 to 3.0 GeV/c2. To determine the num-
ber of J/ events, the spectrum is fitted with a sum of a
resonance distribution and a linear background. The res-
onance line shape is a Breit-Wigner function convolved
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FIG. 28: The 3⇡ mass spectrum for selected events in the
J/ mass region. The curve is the result of the fit described
in the text.

with a triple-Gaussian function describing detector res-
olution. The Breit-Wigner width is fixed at its PDG
value [40]. The parameters of the resolution function
are determined from simulation. To account for possible
di↵erences in detector response between data and simu-
lation, the simulated resolution function is modified by
adding a smearing variance �2

s to each of the three vari-
ances of the triple-Gaussian function. The free parame-
ters in the fit are the number of resonance events (NJ/ ),
the number of nonresonant background events, the slope
of the background, �s, and the resonance mass.
The result of the fit is shown in Fig. 28. The fitted

resonance parameters are the following: NJ/ = 4921 ±
74, �2

s = 1.8±2.6 MeV2/c4, and MJ/ = 3.0962±0.0002
GeV/c2. The latter di↵ers from the nominal J/ mass
(3096.900±0.006 MeV/c2) by �(0.7±0.2) MeV/c2, while
the �s value is consistent with zero.

The di↵erential cross section for ISR production of a
narrow resonance, such as J/ , can be calculated us-
ing [12]

d�(s, ✓�)

d cos ✓�
=

12⇡2PJ/ 

mJ/ s
W (s, xJ/ , ✓�), (21)

where PJ/ ⌘ �(J/ ! e+e�)B(J/ ! 3⇡), mJ/ and
�(J/ ! e+e�) are the J/ mass and electronic width,
W (s, xJ/ , ✓�) is the radiator function from Eq. (2),
xJ/ = 1 � m2

J/ /s, and B(J/ ! 3⇡) is the branch-

ing fraction of the decay J/ ! ⇡+⇡�⇡0. Therefore, the
measurement of the number of J/ ! ⇡+⇡�⇡0 decays
in the e+e� ! ⇡+⇡�⇡0� reaction determines the prod-
uct of the electronic width and the branching fraction

DHNZ
KNT
Jegerlehner
HHK 
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e+e− → 2K3π
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• Previously 2K3π  final state studied:    [PRD76, 092005 (2007)]  
• Main motivations: 

• systematic deviation seen between sum-of-exclusive cross section near 2 GeV and pQCD predictions 
• direct measurement of the final states reduces the need of isospin relations for  calculation  
• study of intermediate states, look for new states or new decay modes of recently discovered states 

• Analysis method similar to that for , but tuned for multi-hadron final states 

e+e− → K+K−π+π−π0

aμ

e+e− → π+π−π0

ISR_2K3pi_BaBar, E.Solodov
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Measured cross sections: 
• systematic uncertainties  ~10%  
• smaller than  but 

sizeable  

• observation of correlated production 
of ,  in the top channels, 
and  in the  final state 

• possible “bumps” around 2.4 and 
2.17 GeV present in all plots?

K+K−π+π−π0

K*K̄* K*ρ
ϕη K+K−3π0
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FIG. 6: For the e+e� ! K+K�⇡0⇡0⇡0
reaction: (a) The m(3⇡0

) invariant mass distribution for the �2
signal (dots) and control

(histogram) regions. The curve shows a fit to the ⌘ ! ⇡0⇡0⇡0
signal. The dashed line shows the combinatorial background.

(b) The m(K+K�
) invariant mass distribution for events with m(3⇡0

) < 0.7 from (a). (c) The m(K±⇡0
) invariant mass

distribution (six entries/event). The curve shows a fit to the K⇤
(892) signal.
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FIG. 7: The measured e+e� ! K+K�⌘ (a), e+e� ! �⌘ (b), and e+e� ! K⇤+K⇤�⇡0
(c) cross sections. The uncertainties

are statistical only.

TABLE I: Summary of correction factors

and systematic uncertainties in the e+e� !
K+K�⇡0⇡0⇡0

(K0
SK

±⇡⌥⇡0⇡0,K0
SK

±⇡⌥⇡+⇡�
) cross section

measurements. The total uncertainly is computed assuming

no correlations.

Source Correction Uncertainty

Luminosity – 1%

MC-data di↵erence in:

ISR photon e�ciency +1.5% 1%

Track losses, PID +2(3, 5)% 2(3, 3)%
⇡0

losses +9(6, 0)% 4(2, 0)%
�2

cut uncertainty – 3%

Fit and background subtraction – 7(7, 0)%
Radiative corrections accuracy – 1%

E�ciency from MC

(model-fit-dependent) – 5%

Total +12.5(10.5, 6.5)% 10(10, 8)%

from the fitting and background subtraction procedures449

of the ⇡0 signal. This is estimated by varying the back-450

ground levels and the parameters of the functions used.451

VII. INTERMEDIATE STRUCTURES IN THE452

K+K�⇡0⇡0⇡0 FINAL STATE453

As we assumed from the beginning, the e+e� !454

K+K�⇡0⇡0⇡0 reaction has a significant contribution455

from the �(1020)⌘ intermediate state. Indeed, Fig. 6(a) 456

demonstrates a signal of ⌘ in the three pion invariant 457

mass m(3⇡0). The histogram shows a background con- 458

tribution from the �2 control region. The fit, with a 459

two-Gaussian function for the signal and a polynomial 460

function for the background, yields 353 ± 28 events for 461

the K+K�⌘ intermediate state. The cross section for the 462

e+e� ! K+K�⌘ reaction is shown in Fig. 7(a) and listed 463

in Table VI, accounting for the ⌘ ! ⇡0⇡0⇡0 branching 464

ratio. If we restrict the three pion mass by the require- 465

ment m(3⇡0) < 0.7 GeV/c2, the m(K+K�) invariant 466

mass exhibits the �(1020) resonance, shown in Fig. 6(b). 467

With the m(K+K�) < 1.05 GeV/c2 selection we deter- 468

mine the cross section for the e+e� ! �⌘ process, shown 469

in Fig. 7(b) by dots in comparison with other measure- 470

ments by BABAR [12] (open squares), BABAR [13] (open 471

circles), and CMD-3 [36] (triangles). The decay rates 472

� ! K+K� and ⌘ ! ⇡0⇡0⇡0 are taken into account. 473

The result is listed in Table VII. 474

Figure 6(c) shows (dots) the m(K±⇡0) invariant mass 475

(six entries/event) with clear signal from K⇤(892)±. We 476

fit this distribution with the Breit-Wigner (BW) func- 477

tion and combinatorial background, yielding 1506 ± 84 478

signal events. We conclude that the K⇤± signals are 479

corresponding to the e+e� ! K⇤+K⇤�⇡0 reaction, and 480

Fig. 7(c) shows the calculated cross section for it, which 481

is listed in Table VIII. The cross section accounts for the 482

50% branching ratio of K⇤± ! K±⇡0. The final state 483

with only one K⇤ does not exceed 10%, which is within 484
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FIG. 6: For the e+e� ! K+K�⇡0⇡0⇡0
reaction: (a) The m(3⇡0

) invariant mass distribution for the �2
signal (dots) and control

(histogram) regions. The curve shows a fit to the ⌘ ! ⇡0⇡0⇡0
signal. The dashed line shows the combinatorial background.

(b) The m(K+K�
) invariant mass distribution for events with m(3⇡0

) < 0.7 from (a). (c) The m(K±⇡0
) invariant mass

distribution (six entries/event). The curve shows a fit to the K⇤
(892) signal.
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FIG. 7: The measured e+e� ! K+K�⌘ (a), e+e� ! �⌘ (b), and e+e� ! K⇤+K⇤�⇡0
(c) cross sections. The uncertainties

are statistical only.

TABLE I: Summary of correction factors

and systematic uncertainties in the e+e� !
K+K�⇡0⇡0⇡0

(K0
SK

±⇡⌥⇡0⇡0,K0
SK

±⇡⌥⇡+⇡�
) cross section

measurements. The total uncertainly is computed assuming

no correlations.

Source Correction Uncertainty

Luminosity – 1%

MC-data di↵erence in:

ISR photon e�ciency +1.5% 1%

Track losses, PID +2(3, 5)% 2(3, 3)%
⇡0

losses +9(6, 0)% 4(2, 0)%
�2

cut uncertainty – 3%

Fit and background subtraction – 7(7, 0)%
Radiative corrections accuracy – 1%

E�ciency from MC

(model-fit-dependent) – 5%

Total +12.5(10.5, 6.5)% 10(10, 8)%

from the fitting and background subtraction procedures449

of the ⇡0 signal. This is estimated by varying the back-450

ground levels and the parameters of the functions used.451

VII. INTERMEDIATE STRUCTURES IN THE452

K+K�⇡0⇡0⇡0 FINAL STATE453

As we assumed from the beginning, the e+e� !454

K+K�⇡0⇡0⇡0 reaction has a significant contribution455

from the �(1020)⌘ intermediate state. Indeed, Fig. 6(a) 456

demonstrates a signal of ⌘ in the three pion invariant 457

mass m(3⇡0). The histogram shows a background con- 458

tribution from the �2 control region. The fit, with a 459

two-Gaussian function for the signal and a polynomial 460

function for the background, yields 353 ± 28 events for 461

the K+K�⌘ intermediate state. The cross section for the 462

e+e� ! K+K�⌘ reaction is shown in Fig. 7(a) and listed 463

in Table VI, accounting for the ⌘ ! ⇡0⇡0⇡0 branching 464

ratio. If we restrict the three pion mass by the require- 465

ment m(3⇡0) < 0.7 GeV/c2, the m(K+K�) invariant 466

mass exhibits the �(1020) resonance, shown in Fig. 6(b). 467

With the m(K+K�) < 1.05 GeV/c2 selection we deter- 468

mine the cross section for the e+e� ! �⌘ process, shown 469

in Fig. 7(b) by dots in comparison with other measure- 470

ments by BABAR [12] (open squares), BABAR [13] (open 471

circles), and CMD-3 [36] (triangles). The decay rates 472

� ! K+K� and ⌘ ! ⇡0⇡0⇡0 are taken into account. 473

The result is listed in Table VII. 474

Figure 6(c) shows (dots) the m(K±⇡0) invariant mass 475

(six entries/event) with clear signal from K⇤(892)±. We 476

fit this distribution with the Breit-Wigner (BW) func- 477

tion and combinatorial background, yielding 1506 ± 84 478

signal events. We conclude that the K⇤± signals are 479

corresponding to the e+e� ! K⇤+K⇤�⇡0 reaction, and 480

Fig. 7(c) shows the calculated cross section for it, which 481

is listed in Table VIII. The cross section accounts for the 482

50% branching ratio of K⇤± ! K±⇡0. The final state 483

with only one K⇤ does not exceed 10%, which is within 484
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FIG. 6: For the e+e� ! K+K�⇡0⇡0⇡0
reaction: (a) The m(3⇡0

) invariant mass distribution for the �2
signal (dots) and control

(histogram) regions. The curve shows a fit to the ⌘ ! ⇡0⇡0⇡0
signal. The dashed line shows the combinatorial background.

(b) The m(K+K�
) invariant mass distribution for events with m(3⇡0

) < 0.7 from (a). (c) The m(K±⇡0
) invariant mass

distribution (six entries/event). The curve shows a fit to the K⇤
(892) signal.
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(c) cross sections. The uncertainties

are statistical only.

TABLE I: Summary of correction factors

and systematic uncertainties in the e+e� !
K+K�⇡0⇡0⇡0

(K0
SK

±⇡⌥⇡0⇡0,K0
SK

±⇡⌥⇡+⇡�
) cross section

measurements. The total uncertainly is computed assuming

no correlations.

Source Correction Uncertainty

Luminosity – 1%

MC-data di↵erence in:

ISR photon e�ciency +1.5% 1%

Track losses, PID +2(3, 5)% 2(3, 3)%
⇡0

losses +9(6, 0)% 4(2, 0)%
�2

cut uncertainty – 3%

Fit and background subtraction – 7(7, 0)%
Radiative corrections accuracy – 1%

E�ciency from MC

(model-fit-dependent) – 5%

Total +12.5(10.5, 6.5)% 10(10, 8)%

from the fitting and background subtraction procedures449

of the ⇡0 signal. This is estimated by varying the back-450

ground levels and the parameters of the functions used.451
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As we assumed from the beginning, the e+e� !454

K+K�⇡0⇡0⇡0 reaction has a significant contribution455

from the �(1020)⌘ intermediate state. Indeed, Fig. 6(a) 456

demonstrates a signal of ⌘ in the three pion invariant 457

mass m(3⇡0). The histogram shows a background con- 458

tribution from the �2 control region. The fit, with a 459

two-Gaussian function for the signal and a polynomial 460

function for the background, yields 353 ± 28 events for 461

the K+K�⌘ intermediate state. The cross section for the 462

e+e� ! K+K�⌘ reaction is shown in Fig. 7(a) and listed 463

in Table VI, accounting for the ⌘ ! ⇡0⇡0⇡0 branching 464

ratio. If we restrict the three pion mass by the require- 465

ment m(3⇡0) < 0.7 GeV/c2, the m(K+K�) invariant 466

mass exhibits the �(1020) resonance, shown in Fig. 6(b). 467

With the m(K+K�) < 1.05 GeV/c2 selection we deter- 468

mine the cross section for the e+e� ! �⌘ process, shown 469

in Fig. 7(b) by dots in comparison with other measure- 470

ments by BABAR [12] (open squares), BABAR [13] (open 471

circles), and CMD-3 [36] (triangles). The decay rates 472

� ! K+K� and ⌘ ! ⇡0⇡0⇡0 are taken into account. 473

The result is listed in Table VII. 474

Figure 6(c) shows (dots) the m(K±⇡0) invariant mass 475

(six entries/event) with clear signal from K⇤(892)±. We 476

fit this distribution with the Breit-Wigner (BW) func- 477

tion and combinatorial background, yielding 1506 ± 84 478

signal events. We conclude that the K⇤± signals are 479

corresponding to the e+e� ! K⇤+K⇤�⇡0 reaction, and 480

Fig. 7(c) shows the calculated cross section for it, which 481

is listed in Table VIII. The cross section accounts for the 482

50% branching ratio of K⇤± ! K±⇡0. The final state 483

with only one K⇤ does not exceed 10%, which is within 484
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m3π0 < 0.7 GeV

select events 
in the  peakϕ

σ(e+e− → ϕη)

η → γ γ
η → π+π−π0

BABAR 
preliminary

• The cross section is dominated by the 
channel  

• To extract the cross section: 
• select events with  GeV 
• divide the  mass spectrum in 

50 MeV wide bins 
• fit the  mass distribution to get 

the events in the η peak  
• account for  and 

 branching fractions

e+e− → ϕη

mKK < 1.05
2K3π0

3π0

ϕ → K+K−

η → 3π0
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in 0.1 GeV/c2 bins of the K0
SK⇡⇡+⇡� invariant mass556

and calculate the energy dependent cross section for the557

e+e� ! f1(1285)⇡+⇡� reaction shown in Fig. 13 by dots558

and listed in Table XII. The number of events are cor-559

rected by a factor of three for the missing kaonic channels560

and for the decay rate of f1(1285) ! KK̄⇡, 0.09, taken561

from Ref. [30]. Using our results and data and BW func-562

tion suggested in Ref. [12] we perform a combined fit,563

and obtain the following parameters for the resonance:564

�0 = 0.85± 0.12 nb,565

m = 2.09± 0.03 GeV/c2,566

� = 0.50± 0.06 GeV,567

consistent with that in Ref [12] with better statistical ac-568

curacy. This structure is included in the PDG [30] as the569

⇢(2150) resonance.570
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FIG. 14: (a) The m(K0
SK3⇡) invariant mass distribution.

The solid curve shows the fit to the X(2400) signal with

a combinatorial background, shown by the dashed curve.

(b) The sum of events from e+e� ! K0
SK

±⇡⌥⇡+⇡�
,

from the e+e� ! K+K�⇡+⇡�⇡0
, and from the e+e� !

⇡+⇡�⇡+⇡�⇡0⇡0⇡0
reactions. The fit is the same as for (a).

C. Structures at 2.4 GeV571

In the cross section for the e+e� ! K0
SK

±⇡⌥⇡+⇡�
572

reaction in Fig. 5(c) some structures are seen above573

2 GeV. We plot the number of signal events of Fig. 4(c)574

in 0.02 GeV/c2 bin of the hadronic invariant mass and575

show them in Fig. 14(a). An indication of a bump is576

seen around 2.4 GeV/c2. We fit this region with a BW577

function and a polynomial function for a non-resonant578

background and obtain the following parameters:579

N = 108± 50 events,580

m = 2.41± 0.01 GeV/c2,581

� = 0.051± 0.027 GeV.582

The significance of the signal is 2.9 standard devia-583

tions. Similar behavior with less statistical significance584

is seen in the e+e� ! K0
SK

±⇡⌥⇡0⇡0 and e+e� !585

K+K�⇡0⇡0⇡0 reactions of Fig. 5(a,b). We examine our586

other measurements of the cross sections and similar in-587

dications are seen in the e+e� ! K+K�⇡+⇡�⇡0 reac-588

tion [12], and in the e+e� ! ⇡+⇡�⇡+⇡�⇡0⇡0⇡0 reac-589

tion [22]. We combine events from these two reactions590

with that from Fig. 14(a) in 0.05 MeV bins and per-591

form a similar fit, shown in Fig. 14(b). The signal has592

3.5 standard deviation significance with the following pa- 593

rameters: 594

N = 487± 251 events, 595

m = 2.44± 0.02 GeV/c2, 596

� = 0.107± 0.049 GeV. 597

This resonance structure was also seen and discussed 598

by BABAR [15] in the e+e� ! K+K�f0(980) (and not 599

well seen in the e+e� ! �f0(980)) reaction, and was 600

studied by the Belle [37] experiment. Later, Shen and 601

Yuan [38] performed a fit to the structure called X(2400) 602

using the combined data of the Belle and BABAR ex- 603

periments. The mass and the width were determined to 604

be 2436 ± 26 MeV/c2 and 121 ± 35 MeV, respectively. 605

However, its statistical significance was less than 3�, and 606

the structure can be explained as a threshold behaviour 607

of the e+e� ! �f0(1370) reaction. 608
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FIG. 15: (a) The m(K0
SK3⇡) invariant mass distribution

around 2.17 GeV/c2. The curves are fits to the �(2170) sig-

nal with a combinatorial background. (b) Same as (a) with

additional requirement m(⇡+⇡�
) < 0.7 GeV/c2. The solid

curve is a fit to the �(2170) signal, with the combinatorial

background shown by the dashed curve.
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with an additional requirement m(⇡+⇡�) < 0.7 GeV/c2 618

that decreases the contribution from ⇢(770) in this re- 619

gion. The signal is more prominent and the fit gives: 620
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the contribution from K⇤0 or (and) K⇤± do not increase 625
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and calculate the energy dependent cross section for the557
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rected by a factor of three for the missing kaonic channels560

and for the decay rate of f1(1285) ! KK̄⇡, 0.09, taken561

from Ref. [30]. Using our results and data and BW func-562
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and obtain the following parameters for the resonance:564
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curacy. This structure is included in the PDG [30] as the569

⇢(2150) resonance.570

2.2 2.4 2.6 2.8
2), GeV/cπK3

S
m(K

20

30

40

50

60

70

80

90

1002
Ev

en
ts

/0
.0

2 
G

eV
/c

(a)

2 2.2 2.4 2.6 2.8 3
, GeVc.m.E

200

300

400

500

6002
Ev

en
ts

/0
.0

5 
G

eV
/c

(b)

FIG. 14: (a) The m(K0
SK3⇡) invariant mass distribution.

The solid curve shows the fit to the X(2400) signal with

a combinatorial background, shown by the dashed curve.

(b) The sum of events from e+e� ! K0
SK

±⇡⌥⇡+⇡�
,

from the e+e� ! K+K�⇡+⇡�⇡0
, and from the e+e� !

⇡+⇡�⇡+⇡�⇡0⇡0⇡0
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additional requirement m(⇡+⇡�
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background shown by the dashed curve.
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with 0.01 GeV/c2 bin width for the m(K0
SK3⇡) invariant 613

mass. A signal peak is seen, and a fit with a BW and 614

a polynomial function gives the result with about 2.5� 615
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crease possible signal. Figure 15(b) shows similar plot 617

with an additional requirement m(⇡+⇡�) < 0.7 GeV/c2 618

that decreases the contribution from ⇢(770) in this re- 619
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m = 2.164± 0.006 GeV/c2, 622
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with 3.9� significance. Additional selections that enlarge 624

the contribution from K⇤0 or (and) K⇤± do not increase 625

the signal. The observed signal in the K0
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resonance. 628

 [PDG 2022] 
 

ϕ(2170)
m = 2.162 ± 0.007 GeV/c2

Γ = 0.100+0.031
−0.023 GeV

BABAR 
preliminary

BABAR preliminary

Fabio Anulli  -  Measurement of       —  ICHEP 2022e+e− → π+π−π0



Summary
●BABAR pioneered the use of the ISR method to precisely measure low-energy 

exclusive hadronic cross sections  
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●Preliminary results on final states with 2Κ and 3π have been presented 
● the very rich dynamic of the process has been explored  
● most channels are measured for the first time 
● evidence for a new decay mode of the , and hints for a confirmation of the X(2400) 
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in 0.1 GeV/c2 bins of the K0
SK⇡⇡+⇡� invariant mass556

and calculate the energy dependent cross section for the557

e+e� ! f1(1285)⇡+⇡� reaction shown in Fig. 13 by dots558

and listed in Table XII. The number of events are cor-559

rected by a factor of three for the missing kaonic channels560

and for the decay rate of f1(1285) ! KK̄⇡, 0.09, taken561

from Ref. [30]. Using our results and data and BW func-562

tion suggested in Ref. [12] we perform a combined fit,563

and obtain the following parameters for the resonance:564

�0 = 0.85± 0.12 nb,565

m = 2.09± 0.03 GeV/c2,566

� = 0.50± 0.06 GeV,567

consistent with that in Ref [12] with better statistical ac-568

curacy. This structure is included in the PDG [30] as the569
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FIG. 14: (a) The m(K0
SK3⇡) invariant mass distribution.

The solid curve shows the fit to the X(2400) signal with

a combinatorial background, shown by the dashed curve.

(b) The sum of events from e+e� ! K0
SK

±⇡⌥⇡+⇡�
,

from the e+e� ! K+K�⇡+⇡�⇡0
, and from the e+e� !

⇡+⇡�⇡+⇡�⇡0⇡0⇡0
reactions. The fit is the same as for (a).
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In the cross section for the e+e� ! K0
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reaction in Fig. 5(c) some structures are seen above573

2 GeV. We plot the number of signal events of Fig. 4(c)574

in 0.02 GeV/c2 bin of the hadronic invariant mass and575

show them in Fig. 14(a). An indication of a bump is576

seen around 2.4 GeV/c2. We fit this region with a BW577

function and a polynomial function for a non-resonant578

background and obtain the following parameters:579

N = 108± 50 events,580

m = 2.41± 0.01 GeV/c2,581

� = 0.051± 0.027 GeV.582

The significance of the signal is 2.9 standard devia-583

tions. Similar behavior with less statistical significance584

is seen in the e+e� ! K0
SK

±⇡⌥⇡0⇡0 and e+e� !585

K+K�⇡0⇡0⇡0 reactions of Fig. 5(a,b). We examine our586

other measurements of the cross sections and similar in-587

dications are seen in the e+e� ! K+K�⇡+⇡�⇡0 reac-588

tion [12], and in the e+e� ! ⇡+⇡�⇡+⇡�⇡0⇡0⇡0 reac-589

tion [22]. We combine events from these two reactions590

with that from Fig. 14(a) in 0.05 MeV bins and per-591

form a similar fit, shown in Fig. 14(b). The signal has592

3.5 standard deviation significance with the following pa- 593

rameters: 594

N = 487± 251 events, 595

m = 2.44± 0.02 GeV/c2, 596

� = 0.107± 0.049 GeV. 597

This resonance structure was also seen and discussed 598

by BABAR [15] in the e+e� ! K+K�f0(980) (and not 599

well seen in the e+e� ! �f0(980)) reaction, and was 600

studied by the Belle [37] experiment. Later, Shen and 601

Yuan [38] performed a fit to the structure called X(2400) 602

using the combined data of the Belle and BABAR ex- 603

periments. The mass and the width were determined to 604

be 2436 ± 26 MeV/c2 and 121 ± 35 MeV, respectively. 605

However, its statistical significance was less than 3�, and 606

the structure can be explained as a threshold behaviour 607

of the e+e� ! �f0(1370) reaction. 608
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additional requirement m(⇡+⇡�
) < 0.7 GeV/c2. The solid

curve is a fit to the �(2170) signal, with the combinatorial

background shown by the dashed curve.
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be 2436 ± 26 MeV/c2 and 121 ± 35 MeV, respectively. 605

However, its statistical significance was less than 3�, and 606

the structure can be explained as a threshold behaviour 607
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FIG. 15: (a) The m(K0
SK3⇡) invariant mass distribution

around 2.17 GeV/c2. The curves are fits to the �(2170) sig-

nal with a combinatorial background. (b) Same as (a) with

additional requirement m(⇡+⇡�
) < 0.7 GeV/c2. The solid

curve is a fit to the �(2170) signal, with the combinatorial

background shown by the dashed curve.

D. Structure at 2.17 GeV 609

Figure 14(a) also shows a few points deviation at the 610

region of the �(2170) [30] resonance. We investigate 611

it more carefully. Figure 15(a) shows the same plot 612

with 0.01 GeV/c2 bin width for the m(K0
SK3⇡) invariant 613

mass. A signal peak is seen, and a fit with a BW and 614

a polynomial function gives the result with about 2.5� 615

significance. We apply additional selections trying to in- 616

crease possible signal. Figure 15(b) shows similar plot 617

with an additional requirement m(⇡+⇡�) < 0.7 GeV/c2 618

that decreases the contribution from ⇢(770) in this re- 619

gion. The signal is more prominent and the fit gives: 620

N = 86± 34 events, 621

m = 2.164± 0.006 GeV/c2, 622

� = 0.041± 0.020 GeV, 623

with 3.9� significance. Additional selections that enlarge 624

the contribution from K⇤0 or (and) K⇤± do not increase 625

the signal. The observed signal in the K0
SK

±⇡⌥⇡+⇡� fi- 626

nal state could be one more decay channel for the �(2170) 627

resonance. 628
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in 0.1 GeV/c2 bins of the K0
SK⇡⇡+⇡� invariant mass556

and calculate the energy dependent cross section for the557

e+e� ! f1(1285)⇡+⇡� reaction shown in Fig. 13 by dots558

and listed in Table XII. The number of events are cor-559

rected by a factor of three for the missing kaonic channels560

and for the decay rate of f1(1285) ! KK̄⇡, 0.09, taken561

from Ref. [30]. Using our results and data and BW func-562

tion suggested in Ref. [12] we perform a combined fit,563

and obtain the following parameters for the resonance:564

�0 = 0.85± 0.12 nb,565

m = 2.09± 0.03 GeV/c2,566

� = 0.50± 0.06 GeV,567

consistent with that in Ref [12] with better statistical ac-568

curacy. This structure is included in the PDG [30] as the569

⇢(2150) resonance.570
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FIG. 14: (a) The m(K0
SK3⇡) invariant mass distribution.

The solid curve shows the fit to the X(2400) signal with

a combinatorial background, shown by the dashed curve.

(b) The sum of events from e+e� ! K0
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reactions. The fit is the same as for (a).
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� = 0.051± 0.027 GeV.582
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This resonance structure was also seen and discussed 598
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using the combined data of the Belle and BABAR ex- 603

periments. The mass and the width were determined to 604

be 2436 ± 26 MeV/c2 and 121 ± 35 MeV, respectively. 605

However, its statistical significance was less than 3�, and 606
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additional requirement m(⇡+⇡�
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curve is a fit to the �(2170) signal, with the combinatorial

background shown by the dashed curve.
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The solid curve shows the fit to the X(2400) signal with

a combinatorial background, shown by the dashed curve.
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nal with a combinatorial background. (b) Same as (a) with

additional requirement m(⇡+⇡�
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curve is a fit to the �(2170) signal, with the combinatorial

background shown by the dashed curve.
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region of the �(2170) [30] resonance. We investigate 611

it more carefully. Figure 15(a) shows the same plot 612

with 0.01 GeV/c2 bin width for the m(K0
SK3⇡) invariant 613

mass. A signal peak is seen, and a fit with a BW and 614

a polynomial function gives the result with about 2.5� 615
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with an additional requirement m(⇡+⇡�) < 0.7 GeV/c2 618

that decreases the contribution from ⇢(770) in this re- 619

gion. The signal is more prominent and the fit gives: 620

N = 86± 34 events, 621

m = 2.164± 0.006 GeV/c2, 622
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with 3.9� significance. Additional selections that enlarge 624

the contribution from K⇤0 or (and) K⇤± do not increase 625

the signal. The observed signal in the K0
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• An accumulation at ~2400 MeV seen 
particularly visible in  

• Visible with less statistical significance also in the 
other channels

e+e− → K0
S K±π∓π+π−

Fit with a BW and a polynomial 

Statistical significance: 2.9σ

• Adding the events from previously measured 
 and 

 and make a similar fit:
e+e− → K+K−π+π−π0

e+e− → 2(π+π−)3π0

Statistical significance: 3.5σ

• Shen and Yuan [Chin.Phys.C34, 1045 (2010)] performed a fit to 
a structure called X(2400) using all available data from BABAR 
and Belle 

•  GeV/c2,    GeV 
• Significance <3σ, could be also interpreted as threshold effect

mX = 2.436 ± 0.026 ΓX = 0.121 ± 0.035

BABAR 
preliminary

BABAR 
preliminary

BABAR preliminary

BABAR preliminary
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The J/ψ region
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Ȁ߰ܬ ՜ ߨିߨାߨ decay
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Breakdown of systematic uncertainties on σ(e+e− → π+π−π0)

20

Systematic uncertainty

38

¾ Between 0.7 and 1.03 GeV the systematic uncertainty is dominated by the uncertainties in the 
luminosity, radiative correction and detection efficiency (1.3%) and is independent of mass. 

¾ Below 0.65 GeV the largest contribution comes from the unfolding procedure, while above 
1.03 GeV from the FSR background.
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¾ Between 0.7 and 1.03 GeV the systematic uncertainty is dominated by the uncertainties in the 
luminosity, radiative correction and detection efficiency (1.3%) and is independent of mass. 

¾ Below 0.65 GeV the largest contribution comes from the unfolding procedure, while above 
1.03 GeV from the FSR background.
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Unfolding the 3π cross section below 1.1 GeV

21

݁ା݁ି ՜ ߨିߨାߨ cross section below 1.1 GeV

34

dŽ�ŽďƚĂŝŶ�͞ƚƌƵĞ͟�ŵĂƐƐ�spectrum, unfolding is applied to the measured M3S spectrum. 
Similar to the previous K+K- ĂŶĚ�ʋ+ʋ- BABAR analyses, we use the IDS (iterative, 
dynamically stabilized) method developed by Bogdan Malaesku.

We reweight the signal MC simulation using the results of the fit to the measured 
mass spectrum and obtain the folding matrix Pij. The matrix is then corrected  to take into 
account the data-MC difference in mass resolution

The unfolding procedure uses the transfer 
matrix  ൌ כࡼ ࢀ where ,ࢀ is the true 
spectrum obtained in the fit.
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Unfolding the 3π cross section below 1.1 GeV
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Unfolding: comparison with fit result

36

The unfolded 
spectrum is after 
the first iteration 
step. Further 
iterations do not 
improve the 
result.

Good agreement between the fit result and unfolding  is seen, which 
confirms correctness of the model used in the fit.
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BABAR detector and collected data sample 

Salamanca,	26/09/2017	 F.	Anulli	-	Hadronic	cross	sec<ons	and	muon	g-2	 8	

Detector details and performances in: 
- NIM A479,1 (2002),  
- NIM A729, 615 (2013) 

480M ϒ(4S)→ BB  
630M e+e�→ cc  
460M e+e�→ τ + τ � 

ϒ(4S): 432 fb-1 

ϒ(3S): 30.2 fb�1 è 120M 

ϒ(2S): 14.5 fb�1 è 100M   

BABAR recorded luminosity and     
data set: 

e+  : 3.1 GeV 

e�  : 9.0 GeV 

Intrumented Flux Return 
RPC/LST.  Muons + neutral hadrons 

Drift Chamber 
40 layers 

ElectroMagnetic Calorimeter 
6580 CsI(Tl) crystals 

DIRC 
144 quartz bars.   
11000 PMTs 

1.5 T  Supercondcting Solenoid  

Silicon Vertex Tracker 
5 layers, double-sided strips 

Ten years of operation from 1999 to 2008  
• Integrated luminosity: ~530 fb-1 
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ISR method in a nutshell
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ISR method in a nutshell 

Salamanca,	26/09/2017	 F.	Anulli	-	Hadronic	cross	sec<ons	and	muon	g-2	 27	

 Born approximation   
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Radiator function (at lowest order): 
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Eγ

Eb
m2=s′=s(1-x)	 θγ�: ISR photon polar 

angle in the e+e� c.m.	

  obtained from integration of the radiator function over θγ�  
  20o < θγ� < 160ο   ==>   acceptance for ISR photon  ~15% in BABAR 
   known at  <1%  level   
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