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Physics motivation 
§  The charm quark is the heaviest up type quark that forms 

a bound state: D0, D±
(s). 

§  Unique laboratories to study nature: e.g. 
§  (differential) Branching fractions; 
§  Neutral meson mixing, and CP violation; 
§  CKM matrix element determination; 
§  Form factor measurements. 
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BaBar & PEP-II 

§  Asymmetric energy e+e− collider operating primarily at 
the ϒ(4S). 
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•  Asymmetric design. 
•  Central tracking system 
•  Particle Identification System 
•  Electromagnetic Calorimeter 
•  Solenoid Magnet 
•  Muon/K0L Detection System 
•  High operation efficiency 

At the SLAC 
National Laboratory 



B Factories are charm factories 
§  BaBar recorded 524fb–1 during the operational lifetime. 

§  ~500M B pairs (σ=1.2nb for bb production). 
§  ~500M D mesons (σ=1.3nb for cc production). 

§  Reconstruct events using a D* tag via: 

§  e.g. 
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e+e� ! cc ! D⇤+X; D⇤+ ! D0⇡+
s

§  Charge of slow pion tags the flavour of 
the D0 at point of creation. 

§  Δm=m(D*)-m(D) is a powerful 
background suppression variable. 

§  B background and other D decay 
background may also need to be 
suppressed. 



§  RESULTS: 
§  Using 468.1 fb–1 of on- and off-peak data. 
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§  Study mixing in charm using the small ΔM and ΔΓ 

approximations: 

 
§  x and y are O(%) level parameters given by: 

§  Assume |q/p|=1 (no CP violation in mixing). 
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§  Measurements of x and y teach us about              mixing.  
§  Final state is analysed as a function of the Dalitz plot 

coordinates                        : 

§  Dalitz analysis uses Isobar model description as a sum over 
many intermediate partial waves 

 

 
§  Unbinned extended ML fit using GooFit. 
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http://github.com/GooFit/GooFit 

474 fb–1 data 
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Preliminary 
~125K events 

R. Andreassen et al., IEEE Access 2, 160 (2014). 
R. Andreassen et al., J. Phys.: Conf. Ser. 513 052003, 2014. 
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Preliminary 

R. Andreassen et al., IEEE Access 2, 160 (2014). 
R. Andreassen et al., J. Phys.: Conf. Ser. 513 052003, 2014. 

This measurement allows us to 
extract x and y independently from 
the fit via the interference terms 

arXiv:1604.00857 



  
§    
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Choice of amplitudes comes from: PRL 99, 251801 (2007). 
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Preliminary Preliminary Preliminary 

Preliminary 



  
§   Results: 

§  Fit for τD as a crosscheck: good agreement found with PDG: 

§  Statistically limited measurement; systematics are: 
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x = (1.50± 1.17± 0.56)%

y = (0.19± 0.89± 0.46)%

D0 ! ⇡+⇡�⇡0
arXiv:1604.00857 

dominant for x 
dominant for y 

Measure τD = 410.2 ± 3.8 fs vs PDG value of 410.1±1.5 fs 



  
§   Results: 
 
§  Proof of principle time-dependent Dalitz plot mixing 

analysis for charm. 

§  c.f. World Average as of Charm 2015. 

§  Belle II will have 100x the data to  
     improve on this result. 
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x = (1.50± 1.17± 0.56)%

y = (0.19± 0.89± 0.46)%
(Consistent with WA) 

arXiv:1604.00857 



§  RESULTS: 
§  Uses 347 fb–1 on-peak and 36.6 fb–1 off-peak data. 
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§  Measurements of: 

§  Differential branching fraction; 
§  CKM matrix elements: |Vcd| and impact on |Vub|; 
§  Form factors. 
 

§  Semi-leptonic rate is: 
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pπ*: π momentum in D rest frame 
q2   : (pD-pπ)2 

θe  : angle between e+ in the eν rest frame and the π in the D0 rest frame. 
fπ+,D(q2)    : form factor  

Phys. Rev. D91 052022 
arXiv:1412.5502 
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Differential rate provides a baseline measurement to interpret 
underlying physical properties of these decays. 
 
Also report the product  |Vcd|⇥ f⇡

+,D(q2)

Phys. Rev. D91 052022 
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D0 ! ⇡�e+⌫e

Using Lattice QCD we can extract |Vcd|. 

Phys. Rev. D91 052022 
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Using CKM Unitarity: |Vcd| = |Vus| = λ, we can extract                  . |Vcd|⇥ f⇡
+,D(q2)

Phys. Rev. D91 052022 
arXiv:1412.5502 

|Vus| = 0.2252 ± 0.0009; PDG  



  
§  Use Fisher discriminants to suppress backgrounds from                        

and                       . 

 

§  Obtain 9926 events with an estimated background of 4623 events. 

 
§  Normalise signal to D0àK– π+: 
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                 : branching fraction D0 ! ⇡�e+⌫e
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e+e� ! BB

e+e� ! cc

RD = 0.0702± 0.0017± 0.0023
B(D0 ! ⇡�e+⌫e) = (2.770± 0.068± 0.092± 0.037)⇥ 10�3
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c.f. PDG 2014: 
BR = (2.89 ± 0.08) x 10–3  



  

 
 
§  τD is D0 lifetime (410 fs) 

§  From Lattice QCD fπ+,D(0)=0.666±0.029. 

§  Hence: 
|Vcd| = 0.206 ± 0.007EXP ± 0.009LQCD. 
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                                                            : |Vcd| D0 ! ⇡�e+⌫e
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H. Na, C.T. Davies, E. Follana, J. Koponen, G.P. 
Lepage, et al., Phys. Rev. D 84, 114505 (2011). 



  

 
 
§  τD is D0 lifetime (410 fs) 

§  Assume CKM Unitarity: |Vcd| = |Vus| = 0.2252±0.0009. 

§  Thus: 
fπ+,D(0)=0.610±0.020±0.005. 
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§  Unfolded differential decay rate translates into a 

differential measurement of|Vcd|fπ+,D(q2): 

§  Good agreement with z-pole expansion model over all q2. 
§  Good agreement with HFAG. 
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                                                       : |Vcd|fπ+,D(q2) D0 ! ⇡�e+⌫e
Phys. Rev. D91 052022 
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Form factor normalised 
to HFAG 2012 average 



Implications for |Vub| 
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Conclusions 
§  First time-dependent mixing parameter amplitude 

analysis in                         that yields 

§  Results consistent with World Average. 
§  Used GooFit (fitting package based on CUDA). 
§  Proof of principle measurement: Belle II will be able to 

take this much further with their expected larger data 
samples. 

§  Measured the branching ratio of                         and used 
this to determine  

|Vcd|     = 0.206 ± 0.007EXP ± 0.009LQCD; 
fπ+,D(0) =    0.610 ± 0.020EXP ± 0.005EXT 
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x = (1.50± 1.17± 0.56)%

y = (0.19± 0.89± 0.46)%

D0 ! ⇡�e+⌫e

Phys. Rev. D91 052022, arXiv:1412.5502 



Additional material 
§  Time evolution of charm decays. 

§  More on the accelerator. 
 
§  Background suppression and differential branching 

fraction for                        .  
 
§  Where to find out about the broader physics programme 

of the B Factories. 
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Time-evolution of a D0 meson 
§  Reconstruct the signal via  

§  Neglect CP violation (small) and use the fact that ΔΓ and ΔM are 
small to analyse in terms of x and y. 
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BaBar & PEP-II 
§  Data was taken from 1999 through 2008 

§  Mostly at the ϒ(4S); 
§  Some "off-peak" just below 
   the ϒ(4S); at the ϒ(2S), 
   ϒ(3S) and a high energy  
   scan. 
 
§  524fb-1 recorded in total. 

§  High operational efficiency 
   throughout data taking. 

§  Re: charm: large cross section 
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�(e+e� ! cc)10.58GeV = 1.3nb



PEP-II 
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•  Υ(4S) boost: βγ=0.56. 
•  Two separate rings brought together at BaBar IP for 
collisions. 

Υ(4S) 
off-peak 



                             background suppression 
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D0 ! ⇡�e+⌫e
1.3nb for ccbar; 0.525nb for B+B– and B0B0bar; 2.09nb for uds continuum events 
 
 
 
 
 
 
 
 
 
Use 2 Fisher discriminants for background suppression:                      . 

For B suppression we use:  
§  R2 ; the ratio of 2nd to 0th FW moments; 
§  Total multiplicity of charged and neutral 

particles detected; 
§  Momentum of the slow pion: π±

s used to 
reconstruct the D*. 

F = ↵

T
x

For D suppression we use:  
§  D momentum; 
§  mass of spectators in the signal hemisphere (i.e. 

no signal); 
§  Angle between momentum sum and thrust; 
§  |p| for leading spectator; 
§  Angle between leading spectator and D0 

directions; 
§  Angle between leading spectator and thrust axis; 
§  Direction of lepton relative to pion in eν frame; 
§  Charged lepton momentum in CM frame. 

Phys. Rev. D91 052022, arXiv:1412.5502 



efficiency for               
§  Efficiency varies linearly with q2 from 1.6% at low q2 to 

1.0% at high q2. 
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(1) Impact on Vub 
§  Relate D decay to B decay via: 

§  Fitting the D decay spectrum with a 3-pole model allows 
us to obtain:   
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RBD = 1.8 ± 0.2 
(average of available calculations) 
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Scaling the differential spectrum from this result 
using the exclusive Vub result from BaBar shows 
good agreement between the two. 
 
Required as the same Vub is being used for both parts 
of the comparison. 
 
This plot uses: 

|V
ub

| = (3.65± 0.18
exp.

± 0.40
RBD )⇥ 10�3

|V
ub

|excl. = (3.23± 0.31)⇥ 10�3
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(2) Impact on Vub 
§  Relate D decay to B decay via residues in the 3-pole 

anzatz: 

§  Yields: 
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=6.0±0.2±1.0 

The ratio of residues is: 
 
 
 
where:  
  m(B*) = 5.941 GeV 
  fD*/fD = 1.02±0.02  (lattice) 
  fB*/fB = 1.06±0.01  (lattice + data) 
  effective mass of the third pole is (7.4±0.4) GeV  
 



                      differential branching fraction 
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  |Vcd|fπ+,D(0) 
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This result: 

Phys. Rev. D91 052022 
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The Physics of the B Factories 
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