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Reanalysis of BaBar data

Extraction of the asymmetries 
• BaBar data from D0→K+K-π+π-, D(s)+→K0SK+π+π- used to extract all the 

asymmetries 
!
!

• AT and A# T translated to yields 
!
!
!
!

• Systematic uncertainties propagated by assuming them to be  
Gaussian-distributed 

Maurizio Martinelli - CPV in Charm using Triple Products Asymmetries  | 11.09.2014

�+ = ND0 (1 +AP ) �̄+ = ND0

�
1� ĀP
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BaBar Results Reanalysis of data

BaBar#Preliminary

del#Amo#Sanchez#et#al.,#Phys.#Rev.#D81#(2010)#111103(R)#
Lees#et#al.,#Phys.#Rev.#D84#(2011)#031103(R)



Outline 
•  g-2 of the muon 
•  ISR analysis at BaBar 
•  Recent results: 

–  π+π-‐π0π0	  
–  π+π-‐η
–  KSKLπ0,	  KSKLη,	  KSKLπ0π0	  
–  KSK+π-‐π0,	  KSK+π-‐η

•  Conclusions 
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aµ of the Muon (1) 
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Dirac equation predicts g=2 for point like fermions 

Higher orders contributions lead to non zero aµ	  	  
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NP
µaµ is sensitive to New Physics 



aµ of the Muon (2)	  
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E821@BNL (1997-2001): 
	  	  	  	  	  	  G.W.	  BenneT	  et	  al.,	  	  
	  	  	  	  	  	  Phys.	  Rev.	  D	  77,	  072003	  (2006)	  
aµ = (11 659 209.1±6.3)×10-10 (0.54 ppm)  

E989  @ FNAL (2017-…): 
F. Gray et al., arXiv: 1510.003 
a𝜇 = … (0.14 ppm) 

E34 @ J-PARC: 
T.	  Mibe	  et	  al.,	  	  
Chin.	  Phys.	  C	  34	  (2010)	  745	  
a𝜇 = … (0.1 ppm) 

Experiments have achieved an 
amazing precision and are still 
improving 

T.	  Teubner,	  PhiPsi	  2017	  	  



aµ of the Muon (3)	  
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aµ
QED	   11658471.895	  ±	  0.008	  

aµ
EW	   15.4	  ±	  0.1	  

aµ
had,LO-‐VP	   692.6	  ±	  3.3	  

aµ
had,HO-‐VP	   -‐8.63	  ±	  0.09	  

aµ
had,LbLs	   10.5	  ±	  2.6	  

aµ
total-‐SM	   11659181.7	  ±	  4.2	  

aµ
BNL-‐E821	   11659209.1	  ±	  6.3	  

Data	  -‐	  SM	   27.4	  ±	  7.6	  (3.6σ)	  

DHMZ	  ,	  TAU	  2016,	  arXiv:1612.02743	  

Individual SM contributions (× 10-10) 

Comparison with measurement (x 10-10) 

Uncertainties from hadronic 
contributions dominate 

1.  Need more precise 
measurements of aµ 

2.  Need to improve 
accuracy of SM 
prediction 



aµ of the Muon (4)	  
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The hadronic leading order vacuum polarization contribution is 
calculated using dispersion relations from experimental data on the 
total cross section of the e+e- annihilation into hadrons 

Hadronic'Vacuum'Polarisa:on,'essen:als:'

Use'of'data'compila:on'for'HVP:' How'to'get'the'most'precise'σ0had?'e+e#'data:'
'
•  Low'energies:'sum'~30'exclusive'channels,'

2π,'3π,'4π,'5π,'6π,'KK,'KKπ,'KKππ,'ηπ,'…,''''
'''''use'iso#spin'rela:ons'for'missing'channels'
'
•  Above'~1.8'GeV:'can'start'to'use'pQCD''
'''''(away'from'flavour'thresholds),''
''''''supplemented'by'narrow'resonances'(J/Ψ,'Υ)'
'
•  Challenge'of'data'combina:on'(locally'in'√s):'
''''''many'experiments,'different'energy'bins,'
''''''stat+sys'errors'from'different'sources,''''''
''''''correla:ons;'must'avoid'inconsistencies/bias'
'
•  tradi:onal'`direct'scan’'(tunable'e+e#'beams)'

vs.'`Radia:ve'Return’'[+'τ'spectral'func:ons]'

•  σ0had'means'`bare’'σ,'but'WITH'FSR:'RadCorrs'
'''''''['HLMNT'‘11:'δaμhad,'RadCor'VP+FSR'='2�10#10'!]'

Lower energies (E < 2 GeV) give dominant contribution  

•  To get σ0
had sum cross sections of measured exclusive channels and 

use isospin relations for missing channels 
•  Experimental options are: 

•  perform a direct scan (require tunable beam energy)  
•  take advantage of radiative return (ISR events) 

Introduction

Connection between aµ and �had

a

had

µ ⇡ 1

4⇡3

Z 1

m2

⇡

Kµ(s) · �e+e�!had

(s)ds

Kernel function cross section

preliminary

Courtesy of F. Ignatov

K. Griessinger (U Mainz) ⇡+⇡�⇡0⇡0

and ⇡+⇡�⌘ at BABAR June 2017 5 / 20



1.5	  T	  Solenoid	  	   ElectromagneIc	  
Calorimeter	  (EMC)	  

Instrumented	  Flux	  
Return	  (IFR)	  

Silicon	  Vertex	  Tracker	  
(SVT)	  

DriS	  Chamber	  (DCH)	  

e+ 	  (3.1
	  GeV)	  

Detector	  of	  
Internally	  
Recflected	  
Cherenkov	  
	  Light	  (DIRC)	  

The BaBar Detector 

e-‐	  (9	  Ge
V)	  

BaBar collected data at the PEP-II asymmetric collider at SLAC between 1999 and 
2008. 
For ISR analysis, a data sample of 469 fb-1 collected at (or near) a c. m. energy of  
10.58 GeV (at or near the Υ(4S) resonance). 
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ISR Method at BaBar 
The mass spectrum of the hadronic 
system  in the reaction e+e- → f γ is 
related to the cross section of the 
reaction e+e- → f. 
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The ISR photon is emitted 
predominantly along the beam axis. 
The produced hadronic system is 
boosted against the ISR photon.  
Due to limited detector acceptance 
the mass region below 2 GeV can be 
studied only with detected photon. 

All	  detected	  hadrons	  	  
+ photon θγ < 10º or θγ >	  170º	  	  
+	  photon	  21º	  <	  θγ < 138º	  



Tagged ISR Analysis at BaBar 
•  Fully exclusive measurement 

–  Photon with ECM > 3 GeV, which is assumed to 
be the ISR photon 

–  All final hadrons are detected and identified 
•  Large-angle ISR forces the hadronic 

system into the detector fiducial 
region 

–  A weak dependence of the detection 
efficiency on dynamics of the hadronic 
system (angular and momentum distributions 
in the hadron rest frame) ⇒ small model 
uncertainty 

•  A weak dependence of the detection 
efficiency on hadron invariant mass ⇒ 
measurement near and above threshold with 
the same selection criteria.   

•  Kinematic  fit with requirement of 
energy and momentum balance 

•  excellent mass resolution 
•  background suppression  9/03/17	   PANIC	  2017	  

γISR	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Hadrons	  

Generic	  BABAR	  ISR	  
event	  

9	  

Can access a wide range of 
energy in a single experiment: 
from threshold to ~5 GeV 



BaBar Tagged ISR Analysis 
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22	  final	  states	  studied	  	  
20	  published	  papers	  



Before the BaBar Measurements 
(Presented in This Talk) 
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BaBar measurements 
presented in this talk: 

•  π+π-‐π0π0	  
•  π+π-‐η
•  KSKLπ0,	  KSKLη,	  KSKLπ0π0	  
•  KSK+π-‐π0,	  KSK+π-‐η



e+ e-	  → π+π-π0π0
 

•  BABAR results are most precise and 
covers wider energy range 

•  Systematic uncertainty is 3.1% in 
the 1.2-2.7 GeV energy range. 
Dominated by background 
subtraction. 

•  Contribution to aµ for the range 
1.02<ECM<1.8 GeV is measured to be                  

–  17.5 ± 0.6 (stat+syst)] x 10-10  
–  3.4% precision  

•  Previous result including the 
preliminary BaBar data from 2007 is 

–  18.0 ± 1.2 (stat+syst)] x 10-10  
–  6.7% precision 
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FIG. 11: The e+e− → π+π−η cross section measured in this work (BaBar) in comparison with most precise previous measure-
ments: CMD-2 [8], BABAR(2007) [11], SND [10]) at Ec.m. < 2.15 GeV (a) and Ec.m. > 1.9 GeV (b).

VII. FIT TO THE e+e− → π+π−η CROSS350

SECTION

In the framework of the VMD model the e+e− →
π+π−η cross section is described by a sum of the con-

tributions of the known isovector states ρ(770), ρ(1450),
and ρ(1700), and a possible higher-mass state ρ′′′, which355

decay to ηρ(770) → ηπ+π− [12]:
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where
√
s = Ec.m., q is the π+π− invariant mass, mη and

mπ are the η meson and charged pion masses, mρ and
Γρ(m2

ρ) are the ρ(770) mass and width, and

F (s) =
∑

V

m2
V gV e

iφV

s−m2
V + i

√
sΓV (s)

, (5)

where the sum is over the resonances V = ρ(770), ρ(1450)
ρ(1700), ρ′′′. The complex parameter gV eiφV is the com-
bination gV ρη/gV γ of the coupling constants describing
the transitions V → ρη and V → γ⋆, respectively.360

The VMDmodel [Eq. (3)] is used to fit our cross section
data. The free fit parameters are gV , and the masses
and widths of the excited ρ-like states. The ρ(770) mass
and width are fixed at their Particle Data Group (PDG)
values [33]. The phase φρ(770) is set to zero. The coupling365

constants gV ρη and gV γ are not expected to have sizable
imaginary parts [10]. Therefore, we assume that φV for
excited states are 0 or π.

The models with one, two, and three excited states are
tested. In Model 1, the cross section data are fitted in the370

energy range Ec.m. = 1.2−1.70 GeV with two resonances,
ρ(770) and ρ(1450). The model with φρ(1450) = 0 fails to
describe data. The fit result with φρ(1450) = π is shown
in Fig. 12 by the long-dashed curve. The obtained fit
parameters are listed in Table III. It is seen that Model375

1 cannot reproduce the structure in the cross section near
1.8 GeV.

In Models 2 and 3 we include an additional contribu-
tion from the ρ(1700) resonance with phases φρ(1700) = π
and 0, respectively. The fits are done in the range Ec.m. =380

1.2–1.90 GeV. The fit results are shown in Fig. 12 and
listed in Table III. Both models describe the data be-
low 1.90 GeV reasonably well. Model 3 has better χ2

(P (χ2) = 0.58 instead of 0.03 for Model 2). An addi-
tional argument in favor of Model 3 is that the fitted value385

gρ = 1.8±0.3 GeV−1 agrees with the VMD estimation of
1.57 ± 0.07 GeV−1 from the partial width ρ(770) → ηγ.
The result of Model 2 gρ = 2.3±0.3 GeV−1 deviates from
this VMD estimation by 2.8σ. Above 1.90 GeV the fit
curves for both the models lie below the data.390

e+ e-	  → π+π-η 
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FIG. 11: The e+e− → π+π−η cross section measured in this work (BaBar) in comparison with most precise previous measure-
ments: CMD-2 [8], BABAR(2007) [11], SND [10]) at Ec.m. < 2.15 GeV (a) and Ec.m. > 1.9 GeV (b).
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The BaBar results in the η→γγ	  mode agrees well  with the previous 
measurements, but is more precise and covers wider energy range 
 

Systematic uncertainty near the cross section maximum, 1.35-1.80 GeV, is 
4.5%. Dominated by background subtraction. 
	  

	  a𝜇
had LO(√s < 1.8 GeV) =(1.18 ± 0.06)⋅10-10 (this analysis) 

                                    1.15 ± 0.10 – (before this measurement)	  



e+ e-	  → KKππ (1) 
 

There are six combinations in the e+e- →  KKππ processes . 
Four were measured previously 
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σ(e+e-‐	  →	  K+K-‐	  π0π0),	  nb	   σ(e+e-‐	  →	  	  K+K-‐	  π+π-‐),	  nb	  	  

Phys.	  Rev.	  D	  86,	  012008	  (2012)	  	  

Ecm (GeV) Ecm (GeV) 



e+ e-	  → KKππ (2) 
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Phys.	  Rev.	  D	  89,	  092002	  (2014)	  

σ(e+e-‐	  →	  	  KSKSπ+π-‐)	   σ(e+e-‐	  →	  	  KSKLπ+π-‐),	  nb	  

Ecm (GeV) Ecm (GeV) 



e+ e-	  → KSKLπ0π0 
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Phys.	  Rev.	  D	  95,	  052001	  (2017)	  

KSKLπ0π0	  

•  	  First measurement 
•  Systematic uncertainty is 25% at the 

peak, grows to 60% at 2 GeV. 
Dominated by background subtraction. 

•  Dominant K*(892)Kπ intermediate 
state.  



e+ e-	  → KSK+π-π0
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Phys.	  Rev.	  D	  95,	  092005	  (2017)	  	  

KSK+π-‐π0	  	  

•  	  First measurement 
•   Systematic uncertainty is 6-7% below 3 GeV. Dominated by 

background subtraction. 
•   11 intermediate states – dominant are  K*(892)Kπ, KSK+ρ-(770)   

Ecm (GeV) 



e+ e-	  → KSK+π-η 
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Phys.	  Rev.	  D	  95,	  092005	  (2017)	  

•  First measurement 
•  Systematic uncertainty is 12-19% below 3 GeV. 

Dominated by background subtraction 
•  Dominant K*(892)Kη  intermediate state.  

Ecm (GeV) 



e+ e-	  → KSKLπ0, KSKLη 
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Phys.	  Rev.	  D	  95,	  052001	  (2017)	  

•  First measurement 
•  Systematic uncertainty is 10% 

near the peak, grows to 30% at 
3.0 GeV. Dominated by 
backgrond subtraction. 

•   Dominant K*(892)Kπ 
intermediate state  

•  First measurement 
•  Systematic uncertainty is 

25% at the peak, grows to 
60% at 2 GeV. Dominated 
by background subtraction 

Ecm (GeV) Ecm (GeV) 



e+ e-	  →	  KKπ,	  KKππ:	  all modes 
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•  All modes have now been measured by BABAR 
•  KK𝛑 is about 12% of the total cross section for Ecm = 1.65 GeV 
•  KK𝛑𝛑 is about 25% of the total cross section for Ecm = 2.0 GeV 
•  Precision on (g-2)/2 improved (no reliance on isospin) 

2.39	  ±	  0.16	   1.35	  ±	  0.39	  



Summary 
•  Precise low-energy e+e- hadronic cross 

section data are needed to obtain an 
accurate SM prediction for aµ

had,LO-VP 

•  Recent results on the e+e-→ π+π-π0π0,  
KKπ, KKππ cross sections from BaBar 
reduce the uncertainty on aµ

had,LO-VP  

•  However the exclusive data are 
incomplete in the region 1.6<E<2.0 
GeV. 
–  There is still no experimental 

information on final states like π+π-
π0η, π+π-ηη, π+π-π0π0π0, π+π-π0π0η, 7π… 

•  New results are expected from 
BaBar, as well as from BES III, SND, 
CMD-3 
–  On a longer term,  Belle II can have a 

significant impact 
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aµ
had,LO-‐VP	  

σ2(aµ
had,LO-‐VP)	  



Backup 
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BaBar ISR References 
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