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1.   Mo;va;on	  
2.   Outline	  of	  a	  cross	  sec;on	  measurement.	  
3.   Example	  cross	  sec;on	  measurements.	  
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The	  interna;onal	  Belle	  experiment	  operated	  at	  a	  B-‐Factory,	  and	  
uses	  a	  general	  purpose	  detector.	  
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Figure 6: World average for aµ from BNL compared to SM predic-
tions from several groups.

While the discrepancy has been consolidated and has
withstood all scrutiny, the case for new physics is still
not conclusive. Supersymmetric extensions of the SM
could well explain the discrepancy and at the same time
be compatible with all EW precision data, see [26], but
the direct searches from the Tevatron and the LHC are
rapidly closing the parameter space of the most simple
models.

2. ∆α(M2
Z
) and the Higgs mass

The running (scale dependence) of the electromag-
netic coupling, caused by leptonic and hadronic VP con-
tributions, α(q2) = α/(1 − ∆αlep(q2) − ∆αhad(q2)), is a
well known effect. However, the precise prediction of
∆αhad(q2) suffers from hadronic uncertainties, similar to
those in g−2.6 They make α(M2

Z) the least well known
of the fundamental parameters {Gµ,MZ ,α(M2

Z)} which
determine the electro-weak (EW) theory at the scale of
the Z boson. Improving its prediction is therefore most
important for the so-called EW precision fits of the SM
and the indirect determination of the Higgs mass. Using
a dispersion relation similar to the one for g−2 and the
same data compilation for the undressed hadronic cross
section, we obtain ∆α(5)

had(M
2
Z) = 0.027626 ± 0.000138,

where the superscript indicates the five flavour contribu-
tion. This corresponds to α(M2

Z)−1 = 128.944 ± 0.019.
When this value is used in the global fit of the EW data,

were not available yet, we obtained a 4σ discrepancy.
6The VP is actually required for the undressing of the data used

for g−2 and for ∆α(q2) itself. The calculations are therefore done in
an iterative way. A simple to use Fortran routine for α(q2) for space-
and time-like q2 is available from the authors upon request.

Figure 7: Indirect determination of the SM Higgs mass via the EW
precision fit as done by the LEP Electro-Weak Working Group [27].

Figure 8: Diagrams showing the contribution of different energy
ranges to the value and (squared) error of ahad,LOVP

µ and ∆α(5)
had(M

2
Z ).

the preferred Higgs mass is mH = 91+30
−23 GeV, which is

more accurate than when using older, less accurate pre-
dictions of ∆α(5)

had(M
2
Z). This is shown in the ‘blue band

plot’ of Fig. 7, which gives the fit’s ∆χ2 parabola, us-
ing our value (solid red curve) compared to the default
blue-band (shaded blue band with dotted line) [27]. The
light (yellow) shaded areas are the mH regions excluded
by direct searches from LEP-2 and the Tevatron. These
indirect determinations, together with the most recent
direct searches from the LHC, give strong indications
for the existence of a light Higgs boson.

3. Outlook

There has been significant progress in the determina-
tion of both g−2 and α(M2

Z). Currently, the VP con-
tributions are still the limiting factor in the prediction
of aSM

µ . Figure 8 gives the contributions of the differ-
ent energy regions to the value and the error squared

T. Teubner et al. / Nuclear Physics B (Proc. Suppl.) 225–227 (2012) 282–287286

[1]	  	  A.   Calcula(on	  of	  LO	  Hadronic	  Vacuum	  Polariza(on	  
a.   Muon	  anomalous	  magne;c	  moment.	  
b.   Running	  of	  alpha.	  
c.   Compare	  isovector	  e+e-‐	  cross	  sec;ons	  to	  

corresponding	  τ–spectral	  func;ons	  
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In order to obtain the resonance parameters of the φ(1680) and Y (2175), a least squares
fit is applied to the φπ+π− cross section distribution. Since the φ(1680) decays into φπ+π−

while the Y (2175) decays dominantly into φf0(980), we use two incoherent BW functions
in the fit, one for the φ(1680) and the other for the Y (2175). The fit result is shown
in Fig. 6(a), with a goodness-of-the-fit of χ2/ndf = 68/55, corresponding to a C.L. of
12%. The statistical significance of each resonance is greater than 10σ. From the fit we
obtain the following resonance parameters of the φ(1680): m = (1689 ± 7) MeV/c2, Γ =
(211 ± 14) MeV/c2 and B(φπ+π−) × Be+e− = (1.24 ± 0.09) × 10−7, while those of the
Y (2175) are m = (2079 ± 13) MeV/c2, Γ = (192 ± 23) MeV/c2 and B(φπ+π−) × Be+e− =
(1.10 ± 0.10) × 10−7, where the errors are statistical only. We also perform a fit with an
additional incoherent BW function centered near 2.4 GeV/c2. The fitted parameters of this
structure are m = (2406±32) MeV/c2 and Γ = (57±58) MeV/c2 with a goodness-of-the-fit
of χ2/ndf = 62/52, corresponding to a C.L. of 15%, where the errors are statistical only.
The statistical significance of the structure at 2.4 GeV/c2 is 1.5σ as determined from the
change in the χ2 value. A fit with an additional non-resonant component does not improve
the fit quality, and the contribution of the non-resonant term is negligibly small.

We fit the φf0(980) cross section distribution with a single BW function that interferes
with a non-resonant component which is partly from non-φf0(980) contribution, and partly
from the possible φ(1680) → φf0(980) at the high mass tail of the φ(1680), as in BaBar’s
analysis [4]. There are two solutions with very similar resonance parameters. The interfer-
ence is constructive for one solution and destructive for the other. Figure 6(b) shows the
result. The fit yields m = (2163±32) MeV/c2 and Γ = (125±40) MeV/c2, with a goodness-
of-the-fit of χ2/ndf = 49/36, corresponding to a C.L. of 8.0%. Here we quote simple averages
of the two solutions, and enlarge the errors to cover the full uncertainties. We also perform
a fit with an additional coherent BW function near 2.4 GeV/c2. The fitted mass and width
of the Y (2175) are consistent with the results listed above, and the statistical significance
of the structure at 2.4 GeV/c2 is estimated to be 2.3σ.
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FIG. 6: Fit to (a) e+e− → φπ+π− cross section with two incoherent BW functions, one for the
φ(1680) and the other for the Y (2175) and (b) e+e− → φf0(980) cross section with a single BW
function that interferes with a non-resonant component. The curves show the projections from the

best fit and the contribution from each component. In (b), the dashed curves are for the destructive
interference solution and the dot-dashed curves for the constructive interference solution

.

Since the differences in the Y (2175) resonance parameters from fits to φπ+π− and
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Figure 6: World average for aµ from BNL compared to SM predic-
tions from several groups.

While the discrepancy has been consolidated and has
withstood all scrutiny, the case for new physics is still
not conclusive. Supersymmetric extensions of the SM
could well explain the discrepancy and at the same time
be compatible with all EW precision data, see [26], but
the direct searches from the Tevatron and the LHC are
rapidly closing the parameter space of the most simple
models.

2. ∆α(M2
Z
) and the Higgs mass

The running (scale dependence) of the electromag-
netic coupling, caused by leptonic and hadronic VP con-
tributions, α(q2) = α/(1 − ∆αlep(q2) − ∆αhad(q2)), is a
well known effect. However, the precise prediction of
∆αhad(q2) suffers from hadronic uncertainties, similar to
those in g−2.6 They make α(M2

Z) the least well known
of the fundamental parameters {Gµ,MZ ,α(M2

Z)} which
determine the electro-weak (EW) theory at the scale of
the Z boson. Improving its prediction is therefore most
important for the so-called EW precision fits of the SM
and the indirect determination of the Higgs mass. Using
a dispersion relation similar to the one for g−2 and the
same data compilation for the undressed hadronic cross
section, we obtain ∆α(5)

had(M
2
Z) = 0.027626 ± 0.000138,

where the superscript indicates the five flavour contribu-
tion. This corresponds to α(M2

Z)−1 = 128.944 ± 0.019.
When this value is used in the global fit of the EW data,

were not available yet, we obtained a 4σ discrepancy.
6The VP is actually required for the undressing of the data used

for g−2 and for ∆α(q2) itself. The calculations are therefore done in
an iterative way. A simple to use Fortran routine for α(q2) for space-
and time-like q2 is available from the authors upon request.

Figure 7: Indirect determination of the SM Higgs mass via the EW
precision fit as done by the LEP Electro-Weak Working Group [27].

Figure 8: Diagrams showing the contribution of different energy
ranges to the value and (squared) error of ahad,LOVP
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had(M

2
Z ).

the preferred Higgs mass is mH = 91+30
−23 GeV, which is

more accurate than when using older, less accurate pre-
dictions of ∆α(5)

had(M
2
Z). This is shown in the ‘blue band

plot’ of Fig. 7, which gives the fit’s ∆χ2 parabola, us-
ing our value (solid red curve) compared to the default
blue-band (shaded blue band with dotted line) [27]. The
light (yellow) shaded areas are the mH regions excluded
by direct searches from LEP-2 and the Tevatron. These
indirect determinations, together with the most recent
direct searches from the LHC, give strong indications
for the existence of a light Higgs boson.

3. Outlook

There has been significant progress in the determina-
tion of both g−2 and α(M2

Z). Currently, the VP con-
tributions are still the limiting factor in the prediction
of aSM

µ . Figure 8 gives the contributions of the differ-
ent energy regions to the value and the error squared

T. Teubner et al. / Nuclear Physics B (Proc. Suppl.) 225–227 (2012) 282–287286

[1]	  	  

[2]	  	  

A.   Calcula(on	  of	  LO	  Hadronic	  Vacuum	  Polariza(on	  
a.   Muon	  anomalous	  magne;c	  moment.	  
b.   Running	  of	  alpha.	  
c.   Compare	  isovector	  e+e-‐	  cross	  sec;ons	  to	  

corresponding	  τ–spectral	  func;ons	  
B.   Hadron	  spectroscopy	  

a.   New	  resonances	  (X,	  Y,	  Z,	  …)	  
b.   Measure	  intermediate	  states	  
c.   Measure	  resonance	  parameters	  
d.   Check	  QCD	  models	  
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•  Muon	  (g-‐2)	  hints	  at	  new	  physics	  beyond	  the	  	  	  
Standard	  Model	  	  	  

•  New	  experiment	  aims	  at	  4-‐fold	  increased	  
precision	  

•  Improved	  cross	  sec;ons	  required	  
•  αQED	  at	  Z	  mass	  important	  in	  global	  EW	  fits	  	  

•  Requires	  improved	  cross	  sec;ons	  as	  well	  

[1]	  

Mul;-‐hadron	  cross	  sec;ons	  determine	  Hadronic	  Vacuum	  
Polariza;on	  contribu;ons	  for	  muon	  (g-‐2)	  and	  running	  of	  αQED	  

5 

Measurements	  with	  increased	  precision	  
is	  not	  enough;	  Cross	  checks	  between	  
experiments	  is	  needed	  as	  well.	  

New	  Exp.	  Goal	  

[1]	  J.	  Beringer	  et	  al.	  (ParLcle	  Data	  Group),	  Phys.	  Rev.	  D86,	  010001	  (2012).	  	  

σ(e+e-‐→π+π-‐π0)	  



Low	  energy	  Hadronic	  Vacuum	  Polariza;on	  contribu;on	  is	  from	  the	  
measured	  cross	  sec;ons	  

6 

aµ
LOHVP =

1
4π 3 c( )2

dsσ bare e+e− → hadrons( )K s( )
4mπ

2

∞

∫

6 



Low	  energy	  Hadronic	  Vacuum	  Polariza;on	  contribu;on	  is	  from	  the	  
measured	  cross	  sec;ons	  
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aµ
LOHVP =

1
4π 3 c( )2

dsσ bare e+e− → hadrons( )K s( )
4mπ

2

∞

∫

σ bare(e+e− → hadrons) =σ bare(e+e− → π +π − )+σ bare(e+e− → π +π −π 0 )+σ bare(e+e− → K +K − )+
Bare	  σ’s	  include	  FSR	  and	  exclude	  VP	  &	  ISR:	  
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1:	  Measure	  Exclusive	  Cross	  Sec;ons.	  



Low	  energy	  Hadronic	  Vacuum	  Polariza;on	  contribu;on	  is	  from	  the	  
measured	  cross	  sec;ons	  
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aµ
LOHVP =

1
4π 3 c( )2

dsσ bare e+e− → hadrons( )K s( )
4mπ

2

∞

∫

σ bare(e+e− → hadrons) =σ bare(e+e− → π +π − )+σ bare(e+e− → π +π −π 0 )+σ bare(e+e− → K +K − )+
Bare	  σ’s	  include	  FSR	  and	  exclude	  VP	  &	  ISR:	  

For	  s	  >	  mμ
2	  &	  0≤	  x	  ≤	  1:	  
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Low	  energy	  cross	  secLons	  
are	  weighted	  the	  most.	  

8 

K s( ) = x
2

2
2− x2( )+

1+ x2( ) 1+ x( )2

x2
ln 1+ x( )− x + x

2

2
"

#
$

%

&
'+

1+ x( )
1− x( )

x2 ln x( )

1:	  Measure	  Exclusive	  Cross	  Sec;ons.	  

2:	  Integrate	  Cross	  Sec;ons	  Over	  Known	  Kernel	  Func;on.	  



Rela;ve	  importance	  of	  exclusive	  cross	  sec;ons,	  ordered	  by	  impact	  
on	  muon	  (g-‐2)	  …	  (αQED	  slightly	  different)	  

[1]	  M.	  Davier,	  A.	  Hoecker,	  B.	  Malaescu,	  Z.	  Zhang,	  Eur.	  Phys.	  J.	  C	  (2011)	  71:	  1515	  [DOI	  10.1140/epjc/s10052-‐010-‐1515-‐z].	  

[1]	  

9 

Final	  State	   Contribu;on	  to	  aμhad,	  LO	  [x10-‐10]	  
val	  ±	  sta.	  ±	  process	  sys.	  ±	  common	  sys.	  

Rela;ve	  Val	  
Contribu;on	  [%]	  

Rela;ve	  Err2	  
Contribu;on	  [%]	  

π+π-‐	   507.80	  ±	  1.22	  ±	  2.50	  ±	  0.56	   73.35	   46.12	  

π+π-‐π0	   46.00	  ±	  0.42	  ±	  1.03	  ±	  0.98	   6.64	   12.59	  

K+K-‐	   21.63	  ±	  0.27	  ±	  0.58	  ±	  0.36	   3.12	   3.09	  

π+π-‐π0π0	   18.01	  ±	  0.14	  ±	  0.17	  ±	  0.40	   2.60	   1.19	  

π+π-‐π+π-‐	   13.35	  ±	  0.10	  ±	  0.43	  ±	  0.29	   1.93	   1.60	  

KS0KL0	   12.96	  ±	  0.18	  ±	  0.25	  ±	  0.24	   1.87	   0.87	  

π0γ	   4.42	  ±	  0.08	  ±	  0.13	  ±	  0.12	   0.64	   0.22	  

KKπ	  (partly	  from	  isospin)	   2.39	  ±	  0.07	  ±	  0.12	  ±	  0.08	   0.35	   0.15	  

KKππ	  (partly	  from	  isospin)	   1.35	  ±	  0.09	  ±	  0.38	  ±	  0.03	   0.20	   0.88	  

π+π-‐η	   1.15	  ±	  0.06	  ±	  0.08	  ±	  0.03	   0.17	   0.06	  

Total	  aμhad,	  LO	   692.3	  ±	  1.4	  ±	  3.1	  ±	  2.4	  ±	  0.2ψ	  ±	  0.3QCD	   -‐	   -‐	  

10	  Largest	  Exclusive	  Hadronic	  Final-‐State	  Contribu;ons	  to	  aμHVP,	  LO	  

Err2	  is	  used	  as	  errors	  are	  
added	  in	  quadrature.	  



IniLal	  State	  RadiaLon:	  
γ leaves	  e	  virtual.	  

γ lowers	  e+e-‐	  invariant	  mass.	  

[1] G. Rodrigo, Acta Phys. Polon. B 32, 3833 (2001) [arXiv:hep-ph/0111151]. 
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IniLal	  State	  RadiaLon:	  
γ leaves	  e	  virtual.	  

γ lowers	  e+e-‐	  invariant	  mass.	  

[1] G. Rodrigo, Acta Phys. Polon. B 32, 3833 (2001) [arXiv:hep-ph/0111151]. 

[1] 

Fixed-‐energy	  experiments	  can	  measure	  a	  full	  range	  of	  center-‐of-‐
mass	  energies	  

11 

Final	  State	  RadiaLon:	  
NOT	  a	  problem	  at	  B-‐factories:	  
Suppressed	  by	  kinemaLc	  cuts	  to	  <	  1%.	  



Fixed-‐energy	  colliders	  can	  measure	  a	  wide	  range	  of	  center-‐of-‐mass	  
energies	  via	  ISR.	  

e-‐	  

8.0	  GeV	  

e+	  

3.5	  GeV	  

Example:	  e+e-‐	  à	  γISRMhad	  

Mhad	  

γISR	  

IP	  
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Fixed-‐energy	  colliders	  can	  measure	  a	  wide	  range	  of	  center-‐of-‐mass	  
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Fixed-‐energy	  colliders	  can	  measure	  a	  wide	  range	  of	  center-‐of-‐mass	  
energies	  via	  ISR.	  
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Realis;c	  backgrounds	  
on	  all	  events	  
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Four	  types	  of	  exclusive	  cross	  sec;on	  measurements	  at	  Belle:	  

Direct	  Measurement	  
	  	  1.	  	  	  Machine	  Opera;ng	  Energy	  
	  	  2.	  	  	  Scan	  Over	  Small	  Energy	  Range	  

Measured	  at	  a	  single	  energy.	  

Measured	  over	  an	  energy	  range.	  
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Four	  types	  of	  exclusive	  cross	  sec;on	  measurements	  at	  Belle:	  

Direct	  Measurement	  
	  	  1.	  	  	  Machine	  Opera;ng	  Energy	  
	  	  2.	  	  	  Scan	  Over	  Small	  Energy	  Range	  
ISR	  Measurement	  	  
	  	  3.	  No	  Tag	  ISR	  (missing	  mass	  method)	  
	  	  4.	  Tag	  ISR	  (measure	  γISR)	  	  	  

(ISR) [deg]eLAB 
0 20 40 60 80 100 120 140 160 180

Ev
en

ts

210

310

410

510

Belle	  Fiducial	  Volume	  

No	  Tag	  ISR	  =>	  Increased	  Yield	  
Tag	  ISR	  =>	  Suppress	  Background	  

17°	   150°	  

ISR	  Polar	  Angle	  From	  NLO	  ISR	  Event	  Generator	  

Measured	  at	  a	  single	  energy.	  

Measured	  over	  an	  energy	  range.	  



Goal:	  Determine	  absolute	  cross	  sec;ons	  

●  σi	  =	  visible	  cross	  secLon	  for	  ith	  	  bin	  

●  B	  =	  product	  of	  any	  branching	  raLos	  (PDG)	  

●  Ni
corr	  =	  corrected	  signal	  yield	  (background	  subtracLons	  and	  

mass	  unfolding) 
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Goal:	  Determine	  absolute	  cross	  sec;ons	  

●  σi	  =	  visible	  cross	  secLon	  for	  ith	  	  bin	  

●  B	  =	  product	  of	  any	  branching	  raLos	  (PDG)	  

●  Ni
corr	  =	  corrected	  signal	  yield	  (background	  subtracLons	  and	  

mass	  unfolding)	  

●  Li	  =	  integrated	  luminosity	  (includes	  radiator	  funcLon	  for	  ISR	  
analyses) 
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Goal:	  Determine	  absolute	  cross	  sec;ons	  

●  σi	  =	  visible	  cross	  secLon	  for	  ith	  	  bin	  

●  B	  =	  product	  of	  any	  branching	  raLos	  (PDG)	  

●  Ni
corr	  =	  corrected	  signal	  yield	  (background	  subtracLons	  and	  

mass	  unfolding)	  

●  Li	  =	  integrated	  luminosity	  (includes	  radiator	  funcLon	  for	  ISR	  
analyses)	  

●  εicorr	  =	  corrected	  detector	  efficiency	  (realisLc	  event	  
generator:	  PHOKHARA	  for	  ISR;	  MC	  correcLons	  using	  Data) 
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Goal:	  Determine	  absolute	  cross	  sec;ons	  

●  σi	  =	  visible	  cross	  secLon	  for	  ith	  	  bin	  

●  B	  =	  product	  of	  any	  branching	  raLos	  (PDG)	  

●  Ni
corr	  =	  corrected	  signal	  yield	  (background	  subtracLons	  and	  

mass	  unfolding)	  

●  Li	  =	  integrated	  luminosity	  (includes	  radiator	  funcLon	  for	  ISR	  
analyses)	  

●  εicorr	  =	  corrected	  detector	  efficiency	  (realisLc	  event	  
generator:	  PHOKHARA	  for	  ISR;	  MC	  correcLons	  using	  Data)	  

●  δirad	  =	  Next-‐to-‐leading	  order	  ISR	  radiaLve	  correcLons	  are	  
~5.5%	  (realisLc	  event	  generators)	  
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Belle	  has	  directly	  measured	  a	  number	  of	  e+e-‐	  hadron	  produc;on	  
cross	  sec;ons	  at	  the	  machine	  opera;ng	  energy	  

22 

Final	  State	   Year	   Int.	  Lum.	  [�-‐1]	  	   σ	  [nb]	   E	  Value	  [GeV]	   Reff.	  (Slide	  36)	  

Υ(1S)π0π0	   2013	   121.4	   (1.16	  ±	  0.06	  ±	  0.10)	  ×	  10-‐3	   10.86	   [S]	  

Υ(2S)π0π0	   2013	   121.4	   (1.87	  ±	  0.11	  ±	  0.23)	  ×	  10-‐3	   10.86	   [S]	  

Υ(3S)π0π0	   2013	   121.4	   (0.98	  ±	  0.24	  ±	  0.15)	  ×	  10-‐3	   10.86	   [S]	  

φη	   2009	   516	   (1.4	  ±	  0.4	  ±	  0.1)	  ×	  10-‐6	   10.58	   [F]	  

φη'	   2009	   516	   (5.3	  ±	  1.1	  ±	  0.4)	  ×	  10-‐6	   10.58	   [F]	  

ρη	   2009	   516	   (3.1	  ±	  0.5	  ±	  0.1)	  ×	  10-‐6	   10.58	   [F]	  

ρη'	   2009	   516	   (3.3	  ±	  0.6	  ±	  0.2)	  ×	  10-‐6	   10.58	   [F]	  

Υ(1S)π+π-‐	   2009	   21.7	   (1.61	  ±	  0.10	  ±	  0.12)	  ×	  10-‐3	   ≈10.87	   [T]	  

Υ(2S)π+π-‐	   2009	   21.7	   (2.35	  ±	  0.19	  ±	  0.32)	  ×	  10-‐3	   ≈10.87	   [T]	  

Υ(3S)π+π-‐	   2009	   21.7	   (1.44-‐0.45	  ±	  0.19	  )	  ×	  10-‐3	   ≈10.87	   [T]	  

Υ(1S)K+K-‐	   2009	   21.7	   (0.185-‐0.041	  ±	  0.028)	  ×	  10-‐3	   ≈10.87	   [T]	  

DT
*+DT

*-‐	   2004	   88.9	   <	  0.02	  ×	  10-‐3	  @	  90%	  CL	   10.58	   [P]	  

DT
*+DL

*-‐	   2004	   88.9	   (0.55	  ±	  0.03	  ±	  0.05)	  ×	  10-‐3	   10.58	   [P]	  

DL
*+DL

*-‐	   2004	   88.9	   <	  0.02	  ×	  10-‐3	  @	  90%	  CL	   10.58	   [P]	  

D+DL
*-‐	   2004	   88.9	   <	  0.006	  ×	  10-‐3	  @	  90%	  CL	   10.58	   [P]	  

D+DT
*-‐	   2004	   88.9	   (0.62	  ±	  0.03	  ±	  0.06)	  ×	  10-‐3	   10.58	   [P]	  

D+D-‐	   2004	  	   88.9	   <	  0.04	  ×	  10-‐3	  @	  90%	  CL	   10.58	   [P]	  

Polariza;on:	  
T	  =	  Transverse	  
L	  =	  Longitudinal	  

+0.55	  

+0048	  



Belle	  has	  also	  directly	  measured	  e+e-‐	  hadron	  produc;on	  cross	  
sec;ons	  via	  energy	  scan	  
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Final	  State	   Year	   Int.	  Lum.	  [�-‐1]	  	   σmax	  [nb]	   E	  range	  [GeV]	   Reff.	  (Slide	  36)	  

ωπ0	   2013	   913	   6.01	  ×	  10-‐6	   10.52	  to	  10.876	   [U]	  

K*(892)0K0	   2013	   913	   10.77	  ×	  10-‐6	   10.52	  to	  10.876	   [U]	  

K*(892)-‐K+	   2013	   913	   1.14	  ×	  10-‐6	   10.52	  to	  10.876	   [U]	  

K2*(1430)0K0	   2013	   913	   1.65	  ×	  10-‐6	   10.52	  to	  10.876	   [U]	  

K2*(1430)-‐K+	   2013	   913	   8.36	  ×	  10-‐6	   10.52	  to	  10.876	   [U]	  

Υ(1S)π+π-‐	   2010	   8.1	   2.14	  ×	  10-‐3	   10.83	  to	  11.02	  	   [D]	  

Υ(2S)π+π-‐	   2010	   8.1	   5.31	  ×	  10-‐3	   10.83	  to	  11.02	  	   [D]	  

Υ(3S)π+π-‐	   2010	   8.1	   1.47	  ×	  10-‐3	   10.83	  to	  11.02	  	   [D]	  
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Final	  State	   Year	   Int.	  Lum.	  [�-‐1]	  	   E	  range	  [GeV]	   σmax	  [nb]	   Reff.	  (Slide	  36)	  

π+π-‐J/ψ	   2013	   967	   3.8	  to	  5.5	   72	  ×	  10-‐3	   [A]	  

ηJ/ψ	   2012	   980	   3.8	  to	  5.3	   80	  ×	  10-‐3	   [B]	  

Ds
+Ds

-‐	   2011	   967	   3.8	  to	  5	   0.45	   [C]	  

Ds
+Ds

*-‐	   2011	   967	   4	  to	  5	   0.9	   [C]	  

Ds
*+Ds

*-‐	   2011	   967	   4.2	  to	  5	   0.5	   [C]	  

D0D*-‐π+	   2009	   695	   4	  to	  5.2	   0.65	   [E]	  

Λc
+Λc

-‐	   2008	   695	   4.56	  to	  5.4	   0.55	   [I]	  

D0D-‐π+	   2008	   673	   4	  to	  5	   0.6	   [J]	  

DD	   2008	   673	   3.7	  to	  5	   9	   [K]	  

D+D-‐	   2008	   673	   3.7	  to	  5	   4	   [K]	  

D0D0	   2008	   673	   3.7	  to	  5	   5.5	   [K]	  

K+K-‐J/ψ	   2007	   673	   4.1	  to	  6	   10	  ×	  10-‐3	   [L]	  

π+π-‐ψ(2S)	   2007	   673	   4.1	  to	  5.5	   80	  ×	  10-‐3	   [M]	  

π+π-‐J/ψ	   2007	   548	   3.8	  to	  5.5	   70	  ×	  10-‐3	   [N]	  

D*+D*-‐	   2007	   547.8	   4	  to	  5	   3.4	   [O]	  

D+D*-‐	   2007	   547.8	   3.88	  to	  5	   4.6	   [O]	  

Belle	  has	  measured	  a	  number	  of	  high	  energy	  (>	  3	  GeV)	  e+e-‐	  hadron	  
produc;on	  cross	  sec;ons	  via	  ISR	  
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Final	  State	   Year	   Int.	  Lum.	  [�-‐1]	  	   E	  range	  [GeV]	   σmax	  [nb]	   Reff.	  (Slide	  36)	  

π+π-‐η	   In	  prog.	   562	   0.9	  to	  3.5	   ≈4.3	   -‐	  

π+π-‐π0	   In	  prog.	   562	   0.73	  to	  3.5	   ≈1.5	  ×	  103	   -‐	  

φπ+π-‐	   2009	   673	   1.5	  to	  3	   0.7	   [G]	  
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(PRELIMINARY)

Example	  BaBar	  low	  energy	  cross	  sec;on	  measurements	  via	  ISR	  

[1]	  A.	  Hafner	  [BaBar	  CollaboraLon],	  Nucl.	  Phys.	  Proc.	  Suppl.	  207-‐208,	  133	  (2010).	  

[1]	  

Belle	  s;ll	  has	  the	  opportunity	  to	  measure	  a	  number	  of	  low	  energy	  	  
(<	  3	  GeV)	  e+e-‐	  hadron	  produc;on	  cross	  sec;ons	  via	  ISR	  



σ(
e+
e-‐
	  →

	  π
+ π

-‐	   π
0 )
	  [n

b]
	  

Systematic errors, background leakage, and small radiative correction checks to be completed in near future	  
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Preliminary	  cross	  sec;on.	  
Shown	  at	  TAU2012	  

Belle	  

4	  orders	  of	  
Magnitude	  

Belle	  systema;c	  error	  goal	  is	  5%.	  

6.3	  x	  BaBar	  Int.	  Lum.	  

Low	  energy	  (>	  3	  GeV)	  cross	  sec;on	  measurements	  are	  focused	  
precision	  measurements.	  



σ(
e+
e-‐
	  →

	  π
+ π

-‐	   π
0 )
	  [n

b]
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Narrow	  resonance	  vector	  meson	  ISR	  cross	  sec;ons	  can	  provide	  a	  
cross	  check	  on	  the	  preliminary	  Belle	  e+e-‐	  à	  π-‐π+π0	  cross	  sec;on.	  

φ	  ω	  

J/ψ	  



σ(
e+
e-‐
	  →

	  π
+ π

-‐	   π
0 )
	  [n

b]
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Narrow	  resonance	  vector	  meson	  ISR	  cross	  sec;ons	  can	  provide	  a	  
cross	  check	  on	  the	  preliminary	  Belle	  e+e-‐	  à	  π-‐π+π0	  cross	  sec;on.	  

φ	  ω	  

J/ψ	  

NOT	  the	  same	  
cross	  sec;ons	  

1st	  Step:	  
Integrate	  differen;al	  cross	  sec;on	  over	  ISR	  fiducial	  volume	  

dσ ISR s,θ ISR( )
d cosθ ISR

=
12π 2Γ V→ e+e−( )Β V→ f( )

mvs
W s, xv,θ ISR( )



σ(
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29 

Narrow	  resonance	  vector	  meson	  ISR	  cross	  sec;ons	  can	  provide	  a	  
cross	  check	  on	  the	  preliminary	  Belle	  e+e-‐	  à	  π-‐π+π0	  cross	  sec;on.	  

φ	  ω	  

J/ψ	  

NOT	  the	  same	  
cross	  sec;ons	  

2nd	  Step:	  
Integrate	  cross	  sec;on	  over	  √s	  resonance-‐range;	  
solve	  for	  Γ(V	  àe+e-‐)Β(V	  à	  f)	  	  
	  
σ ISR θ ISR

min <θ ISR <θ ISR
max( ) = Nsignal

εRLΒ

1st	  Step:	  
Integrate	  differen;al	  cross	  sec;on	  over	  ISR	  fiducial	  volume	  

dσ ISR s,θ ISR( )
d cosθ ISR

=
12π 2Γ V→ e+e−( )Β V→ f( )

mvs
W s, xv,θ ISR( )



σ(
e+
e-‐
	  →

	  π
+ π

-‐	   π
0 )
	  [n

b]
	  

30 

Narrow	  resonance	  vector	  meson	  ISR	  cross	  sec;ons	  can	  provide	  a	  
cross	  check	  on	  the	  preliminary	  Belle	  e+e-‐	  à	  π-‐π+π0	  cross	  sec;on.	  

Results:	  
Source	   Γ(ω	  à	  e+e-‐)Β(ω	  à	  π+π-‐π0)	  

[eV]	  
Γ(φ	  à	  e+e-‐)Β(φ	  à	  π+π-‐π0)	  

[eV]	  
Γ(J/ψà	  e+e-‐)Β(J/ψ	  à	  π+π-‐π0)	  

[eV]	  

Prelim.	  Belle	   563.0	  ±	  3.2	  ±	  Sys.	  Err.	   217.1	  ±	  2.1	  ±	  Sys.	  Err.	   117.3	  ±	  3.8	  ±	  Sys.	  Err.	  

PDG	   551	  ±	  13	   192.8	  ±	  4.8	   116.4	  ±	  5.4	  [1]	  

Belle:	  Sta.	  Err.	  only.	  
(5%	  Sys.	  Err.	  goal)	  

PDG:	  φ	  à	  ρπ	  +	  π+π-‐π0	  

[1]	  J.	  Beringer	  et	  al.	  (ParLcle	  Data	  Group),	  Phys.	  Rev.	  D86,	  010001	  (2012)	  and	  2013	  parLal	  update	  for	  the	  2014	  ediLon.	  	  

φ	  ω	  

J/ψ	  

NOT	  the	  same	  
cross	  sec;ons	  

2nd	  Step:	  
Integrate	  cross	  sec;on	  over	  √s	  resonance-‐range;	  
solve	  for	  Γ(V	  àe+e-‐)Β(V	  à	  f)	  	  
	  
σ ISR θ ISR

min <θ ISR <θ ISR
max( ) = Nsignal

εRLΒ

1st	  Step:	  
Integrate	  differen;al	  cross	  sec;on	  over	  ISR	  fiducial	  volume	  

dσ ISR s,θ ISR( )
d cosθ ISR

=
12π 2Γ V→ e+e−( )Β V→ f( )

mvs
W s, xv,θ ISR( )
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Narrow	  resonance	  vector	  meson	  ISR	  cross	  sec;ons	  can	  provide	  a	  
cross	  check	  on	  the	  preliminary	  Belle	  e+e-‐	  à	  π-‐π+π0	  cross	  sec;on.	  

φ	  ω	  

J/ψ	  

•  This	  analysis	  may	  lock	  on	  to	  the	  well	  measured	  ω	  and	  φ	  resonances.	  
•  Locking	  on	  will	  provide	  a	  more	  precise	  σ(1.05	  ≤	  √s	  ≤	  3	  GeV).	  

Primary	  region	  of	  interest	  



3π:	  φ-‐region	  

m(π+π0)	  [GeV/c2]	   m(π+π0)	  [GeV/c2]	  

m(π+π0)	  [GeV/c2]	   m(π+π0)	  [GeV/c2]	  
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3π:	  J/ψ-‐region	  

3π:	  ω‘-‐ω’’-‐region	  

Belle	  m(π+π0)	  distribu;ons	  for	  e+e-‐	  à	  π+π-‐π0γISR.	  

Default	  model	  used	  by	  
event	  generator	  does	  not	  
match	  data.	  

Belle	  cross	  sec;on	  measurements	  are	  also	  interested	  in	  looking	  at	  
intermediate	  states.	  

3π:	  ω-‐region	  



BaBar	  and	  BESIII	  obtain	  similar	  2π	  Dalitz	  plots.	  

[1]	  S.	  L.	  Olsen	  [BESIII	  CollaboraLon],	  ``News	  from	  BESIII,''	  arXiv:1203.4297	  [nucl-‐ex].	  h4p://docbes3.ihep.ac.cn/~talks/images/5/53/BORMIO2012-‐seteve.pdf	  
[2]	  B.	  Aubert	  et	  al.	  	  [BABAR	  CollaboraLon],	  Phys.	  Rev.	  	  D	  70,	  072004	  (2004)	  [arXiv:hep-‐ex/0408078].	  

[2]	  

[1]	  

BaBar	  J/ψ→π+π-‐π0	  

→π+π-‐π0	  

MC	  Data	  
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Fig. 7. Invariant mass distributions of (a) π−π0 and (b) π−π0η for τ− → π−π0ηντ

decay, (c) K−η for τ− → K−ηντ and (d) π−K0
Sη for τ− → K∗−ηντ , K∗− → K0

Sπ−.
The points with error bars are the data. The normal and filled histograms indi-
cate the signal and ττ BG MC distributions, respectively. The qq BG is strongly
suppressed and negligible in our sample.
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τ-‐	  à	  π-‐π0ηντ	  

•  Points	  =	  Data	  
•  Open	  Histogram	  =	  Signal	  MC	  
•  Filled	  Histogram	  =	  τ+τ-‐	  Bkg.	  MC	  
•  qq	  Bkg.	  Strongly	  Suppressed	  &	  Negligible	  
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2.4	  x	  BaBar	  Int.	  Lum.	  

•  Cross	  sec;on	  being	  
calculated.	  

•  Uncorrected	  final-‐state	  
mass	  distribu;on.	  

m(π+π-‐η)	  [GeV/c2]	  

e+e-‐	  à	  π+π-‐ηγISR	  

[1]	  	  

Table 3
Comparison with previous results.

Branching fraction B (×10−4)

Mode This work Previous exp. Reference

τ− → K−ηντ 1.58 ± 0.05 ± 0.09 2.6 ± 0.5 ± 0.5 CLEO [7]

2.9 ± 1.3 ± 0.7 ALEPH [9]

τ− → π−π0ηντ 13.5 ± 0.3 ± 0.7 17 ± 2 ± 2 CLEO [6]

18 ± 4 ± 2 ALEPH [9]

τ− → K−π0ηντ 0.46 ± 0.11 ± 0.04 1.77 ± 0.56 ± 0.71 CLEO [8]

τ− → π−K0
Sηντ 0.44 ± 0.07 ± 0.02 1.10 ± 0.35 ± 0.11 CLEO [8]

τ− → K∗−ηντ 1.34 ± 0.12 ± 0.09 2.90 ± 0.80 ± 0.42 CLEO [8]

is

B(τ− → K∗(892)−ηντ )K∗−→π−K0
S

= (1.46 ± 0.16 ± 0.09) × 10−4. (13)

Two measurements using K∗(892)− → K−π0 and K0
Sπ− decays are in agree-

ment, in accordance with isospin symmetry. Therefore we combine the two
results and obtain

B(τ− → K∗(892)−ηντ )

= (1.34 ± 0.12 ± 0.09) × 10−4. (14)

5 Result

Using a high statistics 450 million τ -pair data sample from Belle, we have
obtained the following branching fractions for five different decay modes:

B(τ− → K−ηντ ) = (1.58 ± 0.05 ± 0.09) × 10−4,

B(τ− → π−π0ηντ ) = (1.35 ± 0.03 ± 0.07) × 10−3,

B(τ− → K−π0ηντ ) = (4.6 ± 1.1 ± 0.4) × 10−5,

B(τ− → π−K0
Sηντ ) = (4.4 ± 0.7 ± 0.3) × 10−5,

B(τ− → K∗(892)−ηντ ) = (1.34 ± 0.12 ± 0.09) × 10−4,

where the first and second errors are statistical and systematic, respectively.
We also set the upper limits on the following decay modes at the 90% CL:

B(τ− → K−K0
Sηντ ) < 4.5 × 10−6,

20

The	  e+e-‐	  à	  π+π-‐η	  isovector	  final-‐state	  cross	  sec;on	  can	  be	  
compared	  to	  the	  τ±	  à	  π±π0ηντ	  spectral	  func;on.	  
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•  A	  number	  of	  high	  energy	  (>	  3	  GeV)	  cross	  sec;ons	  have	  been	  measured	  using	  Belle	  data	  
•  At	  machine	  opera;ng	  energy	  
•  Energy	  scan	  
•  Via	  ISR	  

•  Few	  low	  energy	  cross	  sec;ons	  have	  been	  measured	  via	  ISR	  using	  Belle	  data	  
•  Belle	  data	  can	  s(ll	  contribute	  a	  lot	  to	  high	  precession	  low	  energy	  cross	  sec(on	  

measurements	  
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e+e−→μ+μ−

Final	  State	   Year	   Int.	  Lum.	  [�-‐1]	  	   E	  range	  [GeV]	   σmax	  [nb]	   Reff.	  (Slide	  36)	  

π+π-‐η	   In	  prog.	   562	   0.9	  to	  3.5	   ≈4.3	   -‐	  

π+π-‐π0	   In	  prog.	   562	   0.73	  to	  3.5	   ≈1.5	  ×	  103	   -‐	  

φπ+π-‐	   2009	   673	   1.5	  to	  3	   0.7	   [G]	  

Produced	  with	  
PHOKHARA	  



36 

List	  of	  Belle	  e+e-‐	  hadron	  produc;on	  cross	  sec;on	  references:	  
[A]	  Z.	  Q.	  Liu	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  110,	  252002	  (2013)	  [arXiv:1304.0121	  [hep-‐ex]].	  
[B]	  X.	  L.	  Wang	  et	  al.	  [	  Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  87,	  051101	  (2013)	  [arXiv:1210.7550	  [hep-‐ex]].	  
[C]	  G.	  Pakhlova	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  83,	  011101	  (2011)	  [arXiv:1011.4397	  [hep-‐ex]].	  
[D]	  K.	  –F.	  Chen	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  82,	  091106	  (2010)	  [arXiv:0810.3829	  [hep-‐ex]].	  
[E]	  G.	  Pakhlova	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  80,	  091101	  (2009)	  [arXiv:0908.0231	  [hep-‐ex]].	  
[F]	  K.	  Belous	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Le4.	  B	  681,	  400	  (2009)	  [arXiv:0906.4214	  [hep-‐ex]].	  
[G]	  C.	  P.	  Shen	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  80,	  031101	  (2009)	  [arXiv:0808.0006	  [hep-‐ex]].	  
[H]	  P.	  Pakhlov	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  79,	  071101	  (2009)	  [arXiv:0901.2775	  [hep-‐ex]].	  
[I]	  G.	  Pakhlova	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  101,	  172001	  (2008)	  [arXiv:0807.4458	  [hep-‐ex]].	  
[J]	  G.	  Pakhlova	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  100,	  062001	  (2008)	  [arXiv:0708.3313	  [hep-‐ex]].	  
[K]	  G.	  Pakhlova	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  77,	  011103	  (2008)	  [arXiv:0708.0082	  [hep-‐ex]].	  
[L]	  C.	  Z.	  Yuan	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  D	  77,	  011105	  (2008)	  [arXiv:0709.2565	  [hep-‐ex]].	  
[M]	  X.	  L.	  Wang	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  99,	  142002	  (2007)	  [arXiv:0707.3699	  [hep-‐ex]].	  
[N]	  C.	  Z.	  Yuan	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  99,	  182004	  (2007)	  [arXiv:0707.2541	  [hep-‐ex]].	  
[O]	  K.	  Abe	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  98,	  092001	  (2007)	  [hep-‐ex/0608018].	  
[P]	  T.	  Uglov	  et	  al.	  [BELLE	  CollaboraLon],	  Phys.	  Rev.	  D	  70,	  071101	  (2004)	  [hep-‐ex/0401038].	  
[Q]	  K.	  Abe	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  89,	  142001	  (2002)	  [hep-‐ex/0205104].	  
[R]	  K.	  Abe	  et	  al.	  [BELLE	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  88,	  052001	  (2002)	  [hep-‐ex/0110012].	  
[S]	  P.	  Krokovny	  et	  al.	  [Belle	  CollaboraLon],	  arXiv:1308.2646	  [hep-‐ex].	  
[T]	  K.	  F.	  Chen	  et	  al.	  [Belle	  CollaboraLon],	  Phys.	  Rev.	  Le4.	  100,	  112001	  (2008)	  [arXiv:0710.2577	  [hep-‐ex]].	  
[U]	  C.	  P.	  Shen	  et	  al.	  [Belle	  CollaboraLon],	  arXiv:1309.0575	  [hep-‐ex].	  



H0,	  H1,	  H2,	  ….	  

γ*	  

γISR	  e+	  

e-‐	  

h0	  

h+	  

h-‐	  

q

q

Backup Slides	  

37 



Hadronic	  final	  states	  can	  be	  divided	  into	  isoscalar	  and	  isovector	  
processes	  

38 

 

π

π

e

e

+

-

ω ρ
π

π

π

+

−

γ V

(a) e
+
e
− → ωπ

+
π
−

γ
 

η

ρ

π

π

π

π

π

0

+ 

−

+

−

0

e

e

+

-

V

(b) e
+
e
− → ηπ

+
π
−

Figure 2: Feynman diagram for the processes under study.

e+e− → π+π−π+π−π0 assuming a constant matrix element. Next a fit of the experimental
distribution of mπ+π−π0 was performed assuming all four contributions discussed above.
Results of this fit in terms of the upper limits on the possible contribution to the cross
section of π+π−π+π−π0 production at 95% confidence level are shown in the last column
of Table 1. One can see that these limits are typically much smaller than the ωπ+π−

cross section indicating the smallness of other intermediate mechanisms of π+π−π+π−π0

production.
Results of the fit are shown in Figs. 3(a), 3(b) and presented in Table 2. The χ2/n.d.f.

value is equal to 15.1/19 and 37/31 for ωπ+π− and ηπ+π− respectively. Hatched areas
show separate contributions for each resonance. One can see that the contributions of
ω(1420) for ωπ+π− and ρ(1700) for ηπ+π− are negligible compared to the ω(1600) and
ρ(1450) respectively and are not statistically significant. The fit with one resonance only
was additionally performed which results in χ2/n.d.f = 23/23 and χ2/n.d.f = 43/35 for
ωπ+π− and ηπ + π− respectively.

To estimate the possible variation of parameters we performed the fit of the ωπ+π−

cross section under the assumption that the total width is completely determined by the
decay ω1,2 → ρπ → π+π−π0. In accordance with [ 15], the branching ratio of the ω(1420)
is dominated by the ρπ decay while for the ω(1600) it is about ∼ 50 %, so that this
assumption does not look completely unreasonable. In this case Γ1,2(s) = Γ0

1,2 ·
Wρπ(s)

Wρπ(m1,2) ,
where Wρπ is the squared matrix element of the ρπ decay integrated over the phase space.
Γ0

1,2 as well as m1,2, φ and σ1,2 are parameters of the fit. Be+e− Bfin presented in Tables 2

and 3 were calculated in accordance with the relation Be+e− Bfin = σ(m2)
12 π

m2.
The fit results of which are presented in Table 3 has χ2/n.d.f = 13/19 indicating a good

fit to this hypothesis. As one can conclude from comparison of Table 2 and Table 3, the
parameters of the ω(1420) are more or less stable while for the ω(1600) the level of their
variation is of the order of two standard deviations. More precise experimental information
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Isoscalar	  (I	  =	  0)	  process	   Isovector	  (I	  =	  1)	  process	  

e+e-‐	  cross	  secLons	  with	  I	  =	  1	  final	  states	  can	  be	  
related	  to	  τ-‐spectral	  funcLons	  via	  CVC	  &	  
unitarily.	  
	  
For	  Example:	  
e+e-‐	  à	  π+π-‐η	  ó	  τ±	  à	  W±ντ	  à	  π±π0ηντ	  
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three times as wide as the signal region.
Figure 1(a) shows the π+π−"+"− invariant mass [14] distributions after all of these selection

requirements are applied. Also shown in this figure are the background estimates evaluated using
the normalized J/ψ-mass sidebands. Two enhancements — the Y (4008) and the Y (4260) —
above 3.8 GeV/c2 are observed, consistent with the results of Ref. [8] but in disagreement with
those of Ref. [9]. Other possible background sources not included in the sidebands are found to
be small from MC simulation [7]; these include (1) π+π−J/ψ with J/ψ decays into final states
other than lepton pairs and (2)XJ/ψ, withX not being a π+π− pair, such as K+K− or π+π−π0.
Non-ISR production of e+e− → π+π−J/ψ final states, such as e+e− → γγ∗γ∗ → γρ0J/ψ, is also
estimated to be small [15]. Figure 1(b) shows the measured cross sections for e+e− → π+π−J/ψ,
where the error bars are statistical only.
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FIG. 1: (a) Invariant mass distributions of π+π−"+"−. Points with error bars are data, and the shaded
histograms are the normalized J/ψ mass sidebands. The solid curves show the total best fit with two
coherent resonances and contribution from background. The dashed curves are for solution I, while the dot-
dashed curves are for solution II. The inset shows the distributions on a logarithmic vertical scale. The large
peak around 3.686 GeV/c2 is the ψ(2S) → π+π−J/ψ signal. (b) Cross section of e+e− → π+π−J/ψ
after background subtraction. The errors are statistical only.

Systematic uncertainties of the cross section measurement are found to be 7.9% and 7.3% for
the e+e− and µ+µ− modes, respectively. The particle identification (PID) uncertainties, measured
from pure ψ(2S) events in the same data sample, are 4.7% and 3.6% for the e+e− and µ+µ−

modes, respectively. Tracking efficiency uncertainties are estimated to be 3.3% for both e+e− and
µ+µ− modes in the momentum and angular regions of interest for signal events. The uncertainties
associated with the choice of the J/ψ mass window and |M2

rec| requirements are also estimated
using pure ψ(2S) events. It is found that MC efficiencies are higher than data by (4.5 ± 0.4)% in
the e+e− mode and (4.1± 0.2)% in the µ+µ− mode. The differences in efficiencies are corrected
and the uncertainties in the correction factors are incorporated into the systematic errors. Overall,
together with the |M2

rec| requirements, these uncertainties contribute 0.6% for the e+e− mode and
0.3% for the µ+µ−mode within the J/ψmass window. Belle measures luminosity with a precision
of 1.4% using wide-angle Bhabha events. The PHOKHARA generator calculates ISR with 0.1%
accuracy [12]. The dominant uncertainties due to the MC generator are from three-body decay
dynamics. MC simulation with modified π+π− invariant mass distributions weighted according to
data distributions yields a 2% to 5% efficiency difference compared with a phase space π+π− mass
spectrummodel. Thus, we conservatively use 5% as the systematic error due to the approximations
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three times as wide as the signal region.
Figure 1(a) shows the π+π−"+"− invariant mass [14] distributions after all of these selection

requirements are applied. Also shown in this figure are the background estimates evaluated using
the normalized J/ψ-mass sidebands. Two enhancements — the Y (4008) and the Y (4260) —
above 3.8 GeV/c2 are observed, consistent with the results of Ref. [8] but in disagreement with
those of Ref. [9]. Other possible background sources not included in the sidebands are found to
be small from MC simulation [7]; these include (1) π+π−J/ψ with J/ψ decays into final states
other than lepton pairs and (2)XJ/ψ, withX not being a π+π− pair, such as K+K− or π+π−π0.
Non-ISR production of e+e− → π+π−J/ψ final states, such as e+e− → γγ∗γ∗ → γρ0J/ψ, is also
estimated to be small [15]. Figure 1(b) shows the measured cross sections for e+e− → π+π−J/ψ,
where the error bars are statistical only.
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FIG. 1: (a) Invariant mass distributions of π+π−"+"−. Points with error bars are data, and the shaded
histograms are the normalized J/ψ mass sidebands. The solid curves show the total best fit with two
coherent resonances and contribution from background. The dashed curves are for solution I, while the dot-
dashed curves are for solution II. The inset shows the distributions on a logarithmic vertical scale. The large
peak around 3.686 GeV/c2 is the ψ(2S) → π+π−J/ψ signal. (b) Cross section of e+e− → π+π−J/ψ
after background subtraction. The errors are statistical only.

Systematic uncertainties of the cross section measurement are found to be 7.9% and 7.3% for
the e+e− and µ+µ− modes, respectively. The particle identification (PID) uncertainties, measured
from pure ψ(2S) events in the same data sample, are 4.7% and 3.6% for the e+e− and µ+µ−

modes, respectively. Tracking efficiency uncertainties are estimated to be 3.3% for both e+e− and
µ+µ− modes in the momentum and angular regions of interest for signal events. The uncertainties
associated with the choice of the J/ψ mass window and |M2

rec| requirements are also estimated
using pure ψ(2S) events. It is found that MC efficiencies are higher than data by (4.5 ± 0.4)% in
the e+e− mode and (4.1± 0.2)% in the µ+µ− mode. The differences in efficiencies are corrected
and the uncertainties in the correction factors are incorporated into the systematic errors. Overall,
together with the |M2

rec| requirements, these uncertainties contribute 0.6% for the e+e− mode and
0.3% for the µ+µ−mode within the J/ψmass window. Belle measures luminosity with a precision
of 1.4% using wide-angle Bhabha events. The PHOKHARA generator calculates ISR with 0.1%
accuracy [12]. The dominant uncertainties due to the MC generator are from three-body decay
dynamics. MC simulation with modified π+π− invariant mass distributions weighted according to
data distributions yields a 2% to 5% efficiency difference compared with a phase space π+π− mass
spectrummodel. Thus, we conservatively use 5% as the systematic error due to the approximations
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TABLE I: Results of the fits to the π+π−J/ψ mass spectrum with two coherent resonances. M(Ri),
Γtot(Ri) and ΓeeB(Ri → π+π−J/ψ), i = 1, 2 represent the mass (in MeV/c2), total width (in MeV/c2)
and product of the branching ratio for the decay into π+π−J/ψ and the e+e− partial width (in eV/c2)
for the two resonances, respectively. The parameter φ (in degrees) is the relative phase between the two
resonances. The first and second errors are statistical and systematic, respectively.

Parameters Solution I Solution II
M(R1) 3890.8 ± 40.5 ± 11.5

Γtot(R1) 254.5 ± 39.5 ± 13.6
ΓeeB(R1 → π+π−J/ψ) (3.8± 0.6 ± 0.4) (8.4± 1.2 ± 1.1)

M(R2) 4258.6 ± 8.3± 12.1

Γtot(R2) 134.1 ± 16.4 ± 5.5
ΓeeB(R2 → π+π−J/ψ) (6.4± 0.8 ± 0.6) (20.5 ± 1.4± 2.0)

φ 59± 17± 11 −116± 6± 11
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FIG. 2: Dalitz plot for Y (4260) → π+π−J/ψ decays for 4.15 GeV/c2 < M(π+π−J/ψ) < 4.45 GeV/c2.
The inset shows background events from the J/ψ-mass sidebands (not normalized).
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FIG. 3: Invariant mass distributions of (a) π+π−, (b) π+J/ψ and (c) π−J/ψ for events in the Y (4260)

signal region. Points with error bars represent data, shaded histograms are normalized background esti-
mates from the J/ψ-mass sidebands, solid histograms represent MC simulations of π+π− amplitudes [21]
(normalized J/ψ-mass sideband events added) and dashed histograms are MC simulation results for a
Z(3900)± signal

.
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•  Fits	  with	  2	  coherent	  resonances.	  
•  φ	  (degrees)	  is	  rela;ve	  phase	  between	  resonances.	  
•  Both	  fits	  are	  equal	  in	  quality.	  	  

Y(4260)	  Y(4008)	  

Belle	  

J/ψ	  à	  l+l-‐	  



Data	  and	  Monte	  Carlo	  flow	  through	  the	  same	  analysis	  chain	  

526.6	  �-‐1	  

Physics	  Skim	  

Phokhara	  	  6.2	  
NLO	  ISR;	  FSR;	  
Form	  Factors	  

GEANT	  
Physics	  Skim;	  	  	  
Trigger	  SimulaLon	  
Goal:	  Detector	  eff	  

Mass	  Unfolding	  

Pre	  Kinema;c	  Fit	  Cuts	   Mostly	  topological	  and	  
quality	  of	  event	  

Post	  -‐	  Kinema;c	  Fit	  Cuts	   Good	  kinemaLc	  fit	  of	  	  	  	  	  	  	  	  
π+π-‐γγγ;	  PID	  applied	  here	  

Monte	  Carlo	  

Data	  

Cut	  here	  

41 
σ i =

Ni
corr

Liεi
corrB

π 0→γγ

Data	  à	  Ni
corr	   Simula;on	  à	  εicorr	  

Background	  subtrac;on	   m(γγ)	  distribuLon	  built	  
to	  search	  for	  π0.	  

χ2	  



Belle	  has	  directly	  measured	  several	  inclusive	  e+e-‐	  hadron	  produc;on	  
cross	  sec;ons	  near	  the	  machine	  opera;ng	  energy	  (≈10.6	  GeV)	  

42 

Final	  State	   Year	   Int.	  Lum.	  [�-‐1]	  	   σ	  [nb]	   Reff.	  (Slide	  36)	  

J/ψcc	   2009	   673	   (0.74	  ±	  0.08-‐0.08)	  ×	  10-‐3	   [H]	  

J/ψXnon-‐cc	   2009	   673	   (0.43	  ±	  0.09	  ±	  0.09)	  ×	  10-‐3	   [H]	  

J/ψD*+X	   2002	   46.2	   (0.53-‐0.15	  ±0.14)	  ×	  10-‐3	   [Q]	  

J/ψX	   2001	   32.4	   (1.47	  ±	  0.10	  ±	  0.13)	  ×	  10-‐3	   [R]	  

+0.09	  

+0.19	  



Narrow	  resonance	  vector	  meson	  ISR	  cross	  sec;ons	  can	  provide	  a	  
cross	  check	  on	  the	  preliminary	  Belle	  e+e-‐	  à	  π-‐π+π0	  cross	  sec;on.	  
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For	  narrow	  resonance	  vector	  mesons:	  
dσ ISR s,θ ISR( )
d cosθ ISR

=
12π 2Γ V→ e+e−( )Β V→ f( )

mvs
W s, xv,θ ISR( )

1.   Integrate	  differen;al	  equa;on	  w.r.t.	  cosθISR,	  and	  
over	  the	  analysis	  ISR	  fiducial	  volume.	  

2.   Solve	  for	  Γ(V	  à	  e+e-‐)Β(V	  à	  f).	  

σISR	  =	  ISR	  cross	  sec;on	  	  
√s	  =	  CMS	  machine	  opera;ng	  energy	  =	  10.58	  GeV	  
θISR	  =	  γISR	  polar	  angle	  =	  [25°,	  155°]	  
Γ	  =	  resonance	  width	  
Β	  =	  branching	  frac;on	  	  
V	  =	  vector	  meson	  =	  ω,	  φ,	  J/ψ	  	  
f	  =	  hadronic	  final-‐state	  =	  π+π-‐π0	  

mV	  =	  vector	  meson	  mass	  
W	  =	  radiator	  func;on	  =	  describes	  γISR	  emission	  
probability.	  	  	  	  
xV	  =	  1	  –	  mV

2/s	  

1st	  Step:	   2nd	  Step:	  

σ ISR θ ISR
min <θ ISR <θ ISR

max( ) = Nsignal − Nside

εRLΒ
σISR	  =	  ISR	  cross	  sec;on	  	  
θISR	  =	  γISR	  polar	  angle	  
θISRmin	  =	  minimum	  γISR	  polar	  angle	  =	  25°	  
θISRmax	  =	  maximum	  γISR	  polar	  angle	  =	  155°	  
Nsignal	  =	  total	  number	  of	  signal	  events	  over	  resonance	  
Nside	  =	  total	  number	  of	  events	  in	  side	  bands	  
ε	  =	  detector	  efficiency	  over	  resonance	  
R	  =	  radia;ve	  correc;ons	  
L	  =	  total	  integrated	  luminosity	  
Β	  =	  branching	  frac;on	  	  
	  

Results:	  
Source	   Γ(ω	  à	  e+e-‐)Β(ω	  à	  π+π-‐π0)	  

[eV]	  
Γ(φ	  à	  e+e-‐)Β(φ	  à	  π+π-‐π0)	  

[eV]	  
Γ(J/ψà	  e+e-‐)Β(J/ψ	  à	  π+π-‐π0)	  

[eV]	  

Prelim.	  Belle	   563.0	  ±	  3.2	   217.1	  ±	  2.1	   117.3	  ±	  3.8	  

PDG	   551	  ±	  13	   192.8	  ±	  4.8	   116.4	  ±	  5.4	  [1]	  

[1]	  J.	  Beringer	  et	  al.	  (ParLcle	  Data	  Group),	  Phys.	  Rev.	  D86,	  010001	  (2012)	  and	  2013	  parLal	  update	  for	  the	  2014	  ediLon.	  	  

Belle:	  Sta.	  Err.	  only.	  
(5%	  Sys.	  Err.	  goal)	  

PDG:	  φ	  à	  ρπ	  +	  π+π-‐π0	  

1.   Integrate	  signal	  yield	  over	  resonance.	  
2.   Ignore	  Nside	  as	  it	  is	  a	  small	  correc;on.	  	  
3.   Ignore	  R	  as	  it	  is	  a	  very	  small	  correc;on.	  



Preliminary	  Systema;c	  Uncertain;es	  

Systema;c	  Uncertainty	   σ(e+e-‐→π+π-‐π0)	  
rela;ve	  error	  (%)	  

Basis	  

PID	  Efficiency	   2.8*	   Efficiency	  CorrecLon	  From	  Data	  
Track	  Finding	  Efficiency	   0.7	   From	  Data	  

Total	  Integrated	  Luminosity	   1.4	   MC	  Bhabha	  Generator	  Accuracy	  
Trigger	  Efficiency	   Work	  In	  Progress	   VariaLon	  Of	  Trigger	  Masks	  

E(γ)	  Cuts	   1.2	   VariaLon	  Of	  Cuts	  
θ(γISR)	  Cut	   3.8*	   VariaLon	  Of	  Cuts	  

Backgrounds	   2.8*	   Examine	  Largest	  Background	  
PID	  Cuts	   0.94	   VariaLon	  Of	  Cuts	  

Pre-‐Kfit	  pμ	  Cuts	   0.58	   VariaLon	  Of	  Cuts	  
m(π0)	  Signal-‐Range	   0.76	   VariaLon	  Of	  Cuts	  

Total	   >	  5.9	   Add	  In	  Quadrature	  

Goal:	  Total	  systemaLc	  at	  the	  ~5%	  level	  

44 

*	  ConservaLve	  esLmate:	  Error	  can	  be	  lowered	  with	  more	  work	  



m(π+π-‐)	  [GeV/c2]	   m(π+π-‐)	  [GeV/c2]	  

m(π+π-‐)	  [GeV/c2]	   m(π+π-‐)	  [GeV/c2]	  
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Default	  model	  used	  by	  
event	  generator	  does	  not	  
match	  data.	  

Sharp	  peak	  from	  ρ-‐ω	  
interference	  via	  	  	  	  	  	  	  	  	  
e+e-‐àωπ0àπ+π-‐π0	  

Belle	  cross	  sec;on	  measurements	  are	  also	  interested	  in	  looking	  at	  
intermediate	  states.	  

Belle	  m(π+π-‐)	  distribu;ons	  for	  e+e-‐	  à	  π+π-‐π0γISR.	  

3π:	  ω-‐region	  
3π:	  φ-‐region	  

3π:	  ω‘-‐ω’’-‐region	  

3π:	  J/ψ-‐region	  


