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Why	
  search	
  for	
  CP	
  violation	
  in	
  charm	
  ?	
  

	
  Interest	
  increased	
  in	
  the	
  past	
  few	
  years	
  since	
  
evidence	
  for	
  D0	
  mixing	
  was	
  first	
  seen	
  

	
  CP-­‐violating	
  asymmetries	
  in	
  the	
  charm	
  sector	
  provide	
  
a	
  unique	
  probe	
  for	
  physics	
  beyond	
  the	
  Standard	
  

Model	
  (SM)	
  

BaBar:	
  [PRL	
  98,	
  211802	
  (2007)]	
  

Belle	
  :	
  [PRL	
  98,	
  211803	
  (2007)]	
  

	
  CDF	
  :	
  [PRL	
  100,	
  121802	
  (2008)]	
  

	
  LHCb	
  :	
  [PRL	
  acepted	
  (2013)]	
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Why	
  search	
  for	
  CP	
  violation	
  in	
  charm	
  ?	
  

2011,	
  evidence	
  of	
  CPV	
  reported	
  by	
  LHCb	
  and	
  CDF	
  
Collaborations:	
  

	
  in	
  the	
  difference	
  of	
  integrated	
  asymmetries:	
  	
  
ACP(D	
  	
  KK)	
  –	
  ACP(D	
  ππ)	
  

Interpretation	
  is	
  not	
  straightforward,	
  maybe	
  accommodated	
  in	
  
the	
  Standard	
  Model	
  but	
  may	
  also	
  be	
  a	
  hint	
  of	
  New	
  Physics!	
  	
  

•  In	
  the	
  Standard	
  Model	
  (SM)	
  we	
  
have	
  4	
  systems	
  of	
  meson-­‐
antimeson	
  that	
  can	
  mix:	
  

•  Mixing	
  has	
  been	
  experimentally	
  
established	
  in	
  all	
  of	
  them.	
  

3	
  



9th	
  Franco-­‐Italian	
  meeting	
  on	
  B	
  physics,	
  Annecy	
  18	
  Feb	
  Angelo	
  Carbone	
  

Why	
  search	
  for	
  CP	
  violation	
  in	
  charm	
  ?	
  

New	
  Physics	
  (NP)	
  can	
  enhance	
  CP-­‐violating	
  
observables	
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SM	
  charm	
  physics	
  is	
  CP	
  conserving	
  to	
  first	
  
approximation	
  (dominance	
  of	
  2	
  generation)	
  

With	
  b-­‐quark	
  contribution	
  
neglected:	
  only	
  2	
  generations	
  
contribute	
  	
  	
  real	
  2x2	
  Cabibbo	
  

matrix	
  

Unitary	
  triangle	
  for	
  charm	
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Mixing	
  of	
  neutral	
  meson:	
  formalism	
  

• 	
  Time-­‐evolution	
  described	
  by	
  Schrödinger’s	
  equation	
  

•  Eigenstates	
  can	
  have	
  different	
  masses	
  and	
  decay	
  width	
  

•  If	
  CP	
  is	
  conserved,	
  q	
  and	
  p	
  are	
  real,	
  i.e.	
  |q/p|	
  =	
  1	
  and	
  φ	
  =	
  
arg(q/p)	
  =	
  0	
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Mixing	
  of	
  neutral	
  mesons:	
  phenomenology	
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CP	
  violation	
  in	
  charm	
  

•  3	
  modes	
  of	
  observing	
  CP	
  violation:	
  	
  
•  in	
  decay:	
  amplitudes	
  for	
  a	
  process	
  and	
  its	
  conjugate	
  differ	
  	
  
•  in	
  mixing:	
  rates	
  of	
  D0D0	
  and	
  D0D0	
  differ	
  
•  in	
  interference	
  between	
  mixing	
  and	
  decay	
  diagrams	
  

•  the	
  SM	
  indirect	
  CP	
  violation	
  expected	
  to	
  be	
  very	
  small	
  and	
  universal	
  for	
  CP	
  
eigenstates	
  	
  O(10-­‐3)	
  

•  Direct	
  CP	
  violation	
  expected	
  small	
  as	
  well	
  
•  Negligible	
  in	
  Cabibbo-­‐favoured	
  modes	
  (SM	
  tree	
  dominates	
  everything)	
  
•  In	
  singly-­‐Cabibbo-­‐suppressed	
  modes:	
  up	
  to	
  O(10−4	
  -­‐	
  10−3)	
  plausible	
  

•  Both	
  can	
  be	
  enhanced	
  by	
  NP,	
  in	
  principle	
  up	
  to	
  O(%)	
  

direct	
  CPV,	
  AfD≠0	
   CPV	
  in	
  mixing,	
  AM≠0	
  

CPV	
  in	
  the	
  interference,	
  φf	
  ≠	
  0	
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Where	
  to	
  look	
  for	
  CP	
  violation?	
  	
  

•  Singly	
  Cabibbo	
  Suppressed	
  (SCS)	
  decays	
  are	
  an	
  interesting	
  sector	
  
for	
  direct	
  CPV	
  searches	
  

•  Interference	
  between	
  Tree	
  and	
  Penguin	
  can	
  generate	
  direct	
  CP	
  
asymmetries	
  
•  Several	
  classes	
  of	
  NP	
  can	
  contribute	
  
•  …	
  but	
  also	
  non-­‐negligible	
  SM	
  contribution	
  

Tree	
   Penguin	
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Mixing	
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Charm	
  mixing	
  with	
  D0→K+π-­‐	
  

•  Exploit	
  interference	
  between	
  mixing	
  and	
  doubly-­‐Cabibbo-­‐
suppressed	
  decay	
  amplitudes	
  

	
   	
   	
  	
  
•  Compare	
  to	
  RS	
  events	
  which	
  are	
  dominated	
  by	
  Cabibbo-­‐favored	
  

amplitude	
  

•  Assuming	
  |x|,|y|<<1	
  and	
  no	
  CPV	
  

•  Would	
  be	
  consistent	
  with	
  RD	
  for	
  all	
  t	
  in	
  the	
  zero	
  mixing	
  case.	
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Recent	
  mixing	
  measurements	
  from	
  LHCb	
  

Measured	
  by	
  LHCb	
  on	
  1t-­‐1	
  to	
  be	
  (accepted	
  PRL	
  LHCb-­‐PAPER-­‐2012-­‐038):	
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Experimental	
  status	
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yCP	
  and	
  AΓ	
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Effective	
  lifetime	
  

• The	
  effective	
  lifetime	
  of	
  the	
  D0	
  or	
  D0	
  is	
  the	
  
average	
  proper	
  decay	
  time	
  of	
  an	
  initial	
  state	
  of	
  
D0	
  or	
  D0.	
  

• In	
  decay	
  to	
  a	
  CP	
  undefined	
  final	
  state,	
  eg	
  K∓π±,	
  
effective	
  lifetime	
  is	
  average	
  of	
  heavy	
  and	
  light	
  
mass	
  eigenstate	
  lifetimes,	
  τD0.	
  

• For	
  CP	
  eigenstate,	
  eg	
  K+K-­‐,	
  effective	
  lifetime	
  is	
  
modified	
  by	
  mixing	
  and	
  interference	
  between	
  
mixing	
  and	
  decay	
  	
  sensitive	
  to	
  CPV.	
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yCP	
  

• Compares	
  effective	
  lifetime	
  of	
  CP	
  undefined	
  final	
  
state	
  to	
  that	
  of	
  CP	
  eigenstate	
  final	
  state:	
  

where	
  

• Don’t	
  need	
  D0	
  flavour	
  tag.	
  
• Equal	
  to	
  mixing	
  parameter	
  y	
  in	
  no	
  CPV	
  case.	
  

also	
  ππ	
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AΓ	
  

• CP	
  asymmetry	
  of	
  effective	
  lifetime	
  in	
  decay	
  to	
  CP	
  
eigenstate	
  final	
  state:	
  

where	
  

• D0	
  flavour	
  tag	
  required	
  –	
  use	
  D*±	
  	
  D0πs
±	
  

• Consistent	
  with	
  zero	
  in	
  no	
  CPV	
  case.	
  

also	
  ππ	
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Recently	
  measurements:	
  Belle	
  	
  using	
  976	
  t-­‐1	
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  measurements:	
  BaBar	
  using	
  976	
  t-­‐1	
  	
  

AΓ	
  

20	
  



9th	
  Franco-­‐Italian	
  meeting	
  on	
  B	
  physics,	
  Annecy	
  18	
  Feb	
  Angelo	
  Carbone	
  

HFAG	
  yCP	
  and	
  AΓ	
  

y=0.76±0.10%	
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time-­‐integrated	
  CP	
  asymmetry	
  	
  ΔACP	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  We	
  are	
  looking	
  for	
  CP	
  asymmetry	
  defined	
  as	
  

	
  	
  with	
  f=KK	
  and	
  f=ππ	
  and	
  	
  
•  The	
  flavor	
  of	
  the	
  initial	
  state	
  (D0	
  or	
  D0)	
  is	
  tagged	
  by	
  

requiring	
  a	
  D*+	
  D0π+
s	
  decay,	
  with	
  the	
  flavour	
  determined	
  

by	
  the	
  charge	
  of	
  the	
  slow	
  pion	
  (π+
s)	
  

•  “slow”	
  because	
  of	
  its	
  lower	
  average	
  momentum	
  (~5	
  GeV/c)	
  
with	
  respect	
  to	
  the	
  D0	
  daughters	
  (~30	
  GeV/c)	
  

� 

ACP f( ) =
Γ(D0 → f ) −Γ(D0 → f )
Γ(D0 → f ) + Γ(D0 → f )
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  The	
  raw	
  asymmetry	
  for	
  tagged	
  D0	
  decays	
  to	
  a	
  final	
  state	
  f	
  is	
  
given	
  by	
  

•  where	
  N(X)	
  refers	
  to	
  	
  
	
  the	
  number	
  of	
  reconstructed	
  	
  
	
  events	
  of	
  decay	
  X	
  after	
  	
  
	
  background	
  subtraction	
  

� 

Araw f( ) =
N(D*+ →D0( f )πs

+) − N(D*− →D0( f )π s
−)

N(D*+ →D0( f )πs
+) + N(D*− →D0( f )π s

−)

D*± 

D0 

slow p	



K/π	



K/π	



IP(K/p)	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  asymmetries	
  
due	
  both	
  to	
  production	
  and	
  detector	
  effects 	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  asymmetries	
  
due	
  both	
  to	
  production	
  and	
  detector	
  effects	
  

•  First	
  order	
  expansion	
  assumes	
  raw	
  asymmetry	
  not	
  large	
  

•  ...	
  which	
  is	
  true:	
  O(%)	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  asymmetries	
  
due	
  both	
  to	
  production	
  and	
  detector	
  effects 	
  	
  

Physics	
  CP	
  asymmetry	
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Observable	
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  we	
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due	
  both	
  to	
  production	
  and	
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Physics	
  CP	
  asymmetry	
  

Detection	
  asymmetry	
  
of	
  D0	
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Time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  asymmetries	
  
due	
  both	
  to	
  production	
  and	
  detector	
  effects	
  

Physics	
  CP	
  asymmetry	
  

Detection	
  asymmetry	
  
of	
  D0	
  

Detection	
  asymmetry	
  of	
  “slow”	
  
pions	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  
asymmetries	
  due	
  both	
  to	
  production	
  and	
  detector	
  effects	
  

•  D/D	
  (as	
  well	
  as	
  B/B)	
  production	
  asymmetries	
  need	
  to	
  be	
  
taken	
  into	
  account	
  in	
  proton-­‐proton	
  interactions	
  at	
  LHC	
  

Physics	
  CP	
  asymmetry	
  

Detection	
  asymmetry	
  
of	
  D0	
  

Detection	
  asymmetry	
  of	
  “slow”	
  
pions	
  

Production	
  asymmetry	
  

30	
  



9th	
  Franco-­‐Italian	
  meeting	
  on	
  B	
  physics,	
  Annecy	
  18	
  Feb	
  Angelo	
  Carbone	
  

Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  
asymmetries	
  due	
  both	
  to	
  production	
  and	
  detector	
  effects

•  No	
  detection	
  asymmetry	
  for	
  D0	
  decays	
  to	
  	
  K-­‐K+	
  or	
  π-π+	



Physics	
  CP	
  asymmetry	
  

Detection	
  asymmetry	
  
of	
  D0	
  

Detection	
  asymmetry	
  of	
  “slow”	
  
pions	
  

Production	
  asymmetry	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

•  What	
  we	
  measure	
  is	
  the	
  physical	
  asymmetry	
  plus	
  
asymmetries	
  due	
  both	
  to	
  production	
  and	
  detector	
  effects

•  No	
  production	
  asymmetry	
  in	
  e+e-­‐	
  and	
  pp	
  interaction	



Physics	
  CP	
  asymmetry	
  

Detection	
  asymmetry	
  
of	
  D0	
  

Detection	
  asymmetry	
  of	
  “slow”	
  
pions	
  

Production	
  asymmetry	
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Observable	
  in	
  time-­‐integrated	
  CP	
  asymmetry	
  

• …	
  if	
  we	
  take	
  the	
  raw	
  asymmetry	
  difference	
   	
  	
  

•  the	
  production	
  and	
  the	
  “slow”	
  pion	
  detection	
  
asymmetries	
  will	
  cancel	



� 

ΔACP ≡ Araw (KK) − Araw (ππ) = ACP (KK) − ACP (ππ)
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Recently	
  measurements:	
  LHCb	
  with	
  0.6/t	
  

5

are required to pass both hardware and software trigger
levels. A loose D0 selection is applied in the final state of
the software trigger, and in the offline analysis only can-
didates that are accepted by this trigger algorithm are
considered. Both the trigger and offline selections impose
a variety of requirements on kinematics and decay time to
isolate the decays of interest, including requirements on
the track fit quality, on the D0 and D∗+ vertex fit qual-
ity, on the transverse momentum (pT > 2 GeV/c) and
decay time (ct > 100 µm) of the D0 candidate, on the
angle between the D0 momentum in the lab frame and its
daughter momenta in the D0 rest frame (| cos θ| < 0.9),
that the D0 trajectory points back to a primary vertex,
and that the D0 daughter tracks do not. In addition,
the offline analysis exploits the capabilities of the RICH
system to distinguish between pions and kaons when re-
constructing the D0 meson, with no tracks appearing as
both pion and kaon candidates.

A fiducial region is implemented by imposing the re-
quirement that the slow pion lies within the central part
of the detector acceptance. This is necessary because the
magnetic field bends pions of one charge to the left and
those of the other charge to the right. For soft tracks at
large angles in the xz plane this implies that one charge is
much more likely to remain within the 300 mrad horizon-
tal detector acceptance, thus making AD(π+

s ) large. Al-
though this asymmetry is formally independent of the D0

decay mode, it breaks the assumption that the raw asym-
metries are small and it carries a risk of second-order sys-
tematic effects if the ratio of efficiencies of D0 → K−K+

and D0 → π−π+ varies in the affected region. The fidu-
cial requirements therefore exclude edge regions in the
slow pion (px, p) plane. Similarly, a small region of phase
space in which one charge of slow pion is more likely to
be swept into the beampipe region in the downstream
tracking stations, and hence has reduced efficiency, is
also excluded. After the implementation of the fiducial
requirements about 70% of the events are retained.

The invariant mass spectra of selected K−K+ and
π−π+ pairs are shown in Fig. 1. The half-width at
half-maximum of the signal lineshape is 8.6 MeV/c2 for
K−K+ and 11.2 MeV/c2 for π−π+, where the differ-
ence is due to the kinematics of the decays and has
no relevance for the subsequent analysis. The mass
difference (δm) spectra of selected candidates, where
δm ≡ m(h−h+π+

s ) − m(h−h+) − m(π+) for h = K, π,
are shown in Fig. 2. Candidates are required to lie inside
a wide δm window of 0–15 MeV/c2, and in Fig. 2 and for
all subsequent results candidates are in addition required
to lie in a mass signal window of 1844–1884 MeV/c2.
The D∗+ signal yields are approximately 1.44 × 106 in
the K−K+ sample, and 0.38× 106 in the π−π+ sample.
Charm from b-hadron decays is strongly suppressed by
the requirement that the D0 originate from a primary
vertex, and accounts for only 3% of the total yield. Of
the events that contain at least one D∗+ candidate, 12%
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FIG. 1. Fits to the (a) m(K−K+) and (b) m(π−π+) spec-
tra of D∗+ candidates passing the selection and satisfying
0 < δm < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

contain more than one candidate; this is expected due
to background soft pions from the primary vertex and all
candidates are accepted. The background-subtracted av-
erage decay time of D0 candidates passing the selection
is measured for each final state, and the fractional dif-
ference ∆�t�/τ is obtained. Systematic uncertainties on
this quantity are assigned for the world average D0 life-
time (0.04%), charm from b-hadron decays (0.18%), and
the background-subtraction procedure (0.04%). Com-
bining the systematic uncertainties in quadrature, we
obtain ∆�t�/τ = [9.83 ± 0.22(stat.) ± 0.19(syst.)] %.
The π−π+ and K−K+ average decay time is �t� =
(0.8539 ± 0.0005) ps, where the error is statistical only.

Fits are performed on the samples in order to deter-
mine Araw(K−K+) and Araw(π−π+). The production
and detection asymmetries can vary with pT and pseu-
dorapidity η, and so can the detection efficiency of the
two different D0 decays, in particular through the effects
of the particle identification requirements. The analy-
sis is performed in 54 kinematic bins defined by the pT

5

are required to pass both hardware and software trigger
levels. A loose D0 selection is applied in the final state of
the software trigger, and in the offline analysis only can-
didates that are accepted by this trigger algorithm are
considered. Both the trigger and offline selections impose
a variety of requirements on kinematics and decay time to
isolate the decays of interest, including requirements on
the track fit quality, on the D0 and D∗+ vertex fit qual-
ity, on the transverse momentum (pT > 2 GeV/c) and
decay time (ct > 100 µm) of the D0 candidate, on the
angle between the D0 momentum in the lab frame and its
daughter momenta in the D0 rest frame (| cos θ| < 0.9),
that the D0 trajectory points back to a primary vertex,
and that the D0 daughter tracks do not. In addition,
the offline analysis exploits the capabilities of the RICH
system to distinguish between pions and kaons when re-
constructing the D0 meson, with no tracks appearing as
both pion and kaon candidates.

A fiducial region is implemented by imposing the re-
quirement that the slow pion lies within the central part
of the detector acceptance. This is necessary because the
magnetic field bends pions of one charge to the left and
those of the other charge to the right. For soft tracks at
large angles in the xz plane this implies that one charge is
much more likely to remain within the 300 mrad horizon-
tal detector acceptance, thus making AD(π+

s ) large. Al-
though this asymmetry is formally independent of the D0

decay mode, it breaks the assumption that the raw asym-
metries are small and it carries a risk of second-order sys-
tematic effects if the ratio of efficiencies of D0 → K−K+

and D0 → π−π+ varies in the affected region. The fidu-
cial requirements therefore exclude edge regions in the
slow pion (px, p) plane. Similarly, a small region of phase
space in which one charge of slow pion is more likely to
be swept into the beampipe region in the downstream
tracking stations, and hence has reduced efficiency, is
also excluded. After the implementation of the fiducial
requirements about 70% of the events are retained.

The invariant mass spectra of selected K−K+ and
π−π+ pairs are shown in Fig. 1. The half-width at
half-maximum of the signal lineshape is 8.6 MeV/c2 for
K−K+ and 11.2 MeV/c2 for π−π+, where the differ-
ence is due to the kinematics of the decays and has
no relevance for the subsequent analysis. The mass
difference (δm) spectra of selected candidates, where
δm ≡ m(h−h+π+

s ) − m(h−h+) − m(π+) for h = K, π,
are shown in Fig. 2. Candidates are required to lie inside
a wide δm window of 0–15 MeV/c2, and in Fig. 2 and for
all subsequent results candidates are in addition required
to lie in a mass signal window of 1844–1884 MeV/c2.
The D∗+ signal yields are approximately 1.44 × 106 in
the K−K+ sample, and 0.38× 106 in the π−π+ sample.
Charm from b-hadron decays is strongly suppressed by
the requirement that the D0 originate from a primary
vertex, and accounts for only 3% of the total yield. Of
the events that contain at least one D∗+ candidate, 12%
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FIG. 1. Fits to the (a) m(K−K+) and (b) m(π−π+) spec-
tra of D∗+ candidates passing the selection and satisfying
0 < δm < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

contain more than one candidate; this is expected due
to background soft pions from the primary vertex and all
candidates are accepted. The background-subtracted av-
erage decay time of D0 candidates passing the selection
is measured for each final state, and the fractional dif-
ference ∆�t�/τ is obtained. Systematic uncertainties on
this quantity are assigned for the world average D0 life-
time (0.04%), charm from b-hadron decays (0.18%), and
the background-subtraction procedure (0.04%). Com-
bining the systematic uncertainties in quadrature, we
obtain ∆�t�/τ = [9.83 ± 0.22(stat.) ± 0.19(syst.)] %.
The π−π+ and K−K+ average decay time is �t� =
(0.8539 ± 0.0005) ps, where the error is statistical only.

Fits are performed on the samples in order to deter-
mine Araw(K−K+) and Araw(π−π+). The production
and detection asymmetries can vary with pT and pseu-
dorapidity η, and so can the detection efficiency of the
two different D0 decays, in particular through the effects
of the particle identification requirements. The analy-
sis is performed in 54 kinematic bins defined by the pT

Invariant mass of K-K+ and !-!+ 
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D0 decays come from  
D*+!D0!+  decays  
in region:  

      0 < "m < 15 MeV 
 
"m=m(D0!+)-m(D0)-m(!+) 

 
For window mass: 
1844<m(D0)<1884 MeV 

 K-K+:  1.4million events 

 !-!+:   381k events 

D0!K-K+ D0!!-!+ 

1844<m(D0!K-K+)<1884MeV 1844<m(D0!!-!+)<1884MeV 

L = 0.62/fb (2011) 

From simultaneous fits for both distributions (D0 and anti-D0)  to "m we measure: 
∆ACP ≡ ACP (K+K−)−ACP (π+π−)

This is NOT a Monte Carlo 
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FIG. 2. Fits to the δm spectra, where the D0 is reconstructed
in the final states (a) K−K+ and (b) π−π+, with mass ly-
ing in the window of 1844–1884 MeV/c2. The dashed line
corresponds to the background component in the fit.

and η of the D∗+ candidates, the momentum of the slow
pion, and the sign of px of the slow pion at the D∗+

vertex. The events are further partitioned in two ways.
First, the data are divided between the two dipole mag-
net polarities. Second, the first 60% of data are processed
separately from the remainder, with the division aligned
with a break in data taking due to an LHC technical stop.
In total, 216 statistically independent measurements are
considered for each decay mode.

In each bin, one-dimensional unbinned maximum like-
lihood fits to the δm spectra are performed. The signal
is described as the sum of two Gaussian functions with
a common mean µ but different widths σi, convolved
with a function B(δm; s) = Θ(δm) δms taking account
of the asymmetric shape of the measured δm distribu-
tion. Here, s � −0.975 is a shape parameter fixed to the
value determined from the global fits shown in Fig. 2, Θ
is the Heaviside step function, and the convolution runs
over δm. The background is described by an empirical
function of the form 1 − e−(δm−δm0)/α, where δm0 and

α are parameters describing the threshold and shape of
the function, respectively. The D∗+ and D∗− samples in
a given bin are fitted simultaneously and share all shape
parameters, except for a charge-dependent offset in the
central value µ and an overall scale factor in the mass
resolution. The raw asymmetry in the signal yields is
extracted directly from this simultaneous fit. No fit pa-
rameters are shared between the 216 subsamples of data,
nor between the K−K+ and π−π+ final states.

The fits do not distinguish between the signal and
backgrounds that peak in δm. Such backgrounds can
arise from D∗+ decays in which the correct slow pion is
found but the D0 is partially mis-reconstructed. These
backgrounds are suppressed by the use of tight particle
identification requirements and a narrow D0 mass win-
dow. From studies of the D0 mass sidebands (1820–1840
and 1890–1910 MeV/c2), this contamination is found to
be approximately 1% of the signal yield and to have small
raw asymmetry (consistent with zero asymmetry differ-
ence between the K−K+ and π−π+ final states). Its
effect on the measurement is estimated in an ensemble
of simulated experiments and found to be negligible; a
systematic uncertainty is assigned below based on the
statistical precision of the estimate.

A value of ∆ACP is determined in each measure-
ment bin as the difference between Araw(K−K+) and
Araw(π−π+). Testing these 216 measurements for mutual
consistency, we obtain χ2/ndf = 211/215 (χ2 probability
of 56%). A weighted average is performed to yield the
result ∆ACP = (−0.82 ± 0.21)%, where the uncertainty
is statistical only.

Numerous robustness checks are made. The value of
∆ACP is studied as a function of the time at which the
data were taken (Fig. 3) and found to be consistent with
a constant value (χ2 probability of 57%). The mea-
surement is repeated with progressively more restrictive
RICH particle identification requirements, finding values
of (−0.88 ± 0.26)% and (−1.03 ± 0.31)%; both of these
values are consistent with the baseline result when cor-
relations are taken into account. Table I lists ∆ACP for
eight disjoint subsamples of data split according to mag-
net polarity, the sign of px of the slow pion, and whether
the data were taken before or after the technical stop.
The χ2 probability for consistency among the subsam-
ples is 45%. The significances of the differences between
data taken before and after the technical stop, between
the magnet polarities, and between px > 0 and px < 0
are 0.4, 0.6, and 0.7 standard deviations, respectively.
Other checks include applying electron and muon vetoes
to the slow pion and to the D0 daughters, use of different
kinematic binnings, validation of the size of the statisti-
cal uncertainties with Monte Carlo pseudo-experiments,
tightening of kinematic requirements, testing for varia-
tion of the result with the multiplicity of tracks and of
primary vertices in the event, use of other signal and
background parameterizations in the fit, and imposing a
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FIG. 2. Fits to the δm spectra, where the D0 is reconstructed
in the final states (a) K−K+ and (b) π−π+, with mass ly-
ing in the window of 1844–1884 MeV/c2. The dashed line
corresponds to the background component in the fit.

and η of the D∗+ candidates, the momentum of the slow
pion, and the sign of px of the slow pion at the D∗+

vertex. The events are further partitioned in two ways.
First, the data are divided between the two dipole mag-
net polarities. Second, the first 60% of data are processed
separately from the remainder, with the division aligned
with a break in data taking due to an LHC technical stop.
In total, 216 statistically independent measurements are
considered for each decay mode.

In each bin, one-dimensional unbinned maximum like-
lihood fits to the δm spectra are performed. The signal
is described as the sum of two Gaussian functions with
a common mean µ but different widths σi, convolved
with a function B(δm; s) = Θ(δm) δms taking account
of the asymmetric shape of the measured δm distribu-
tion. Here, s � −0.975 is a shape parameter fixed to the
value determined from the global fits shown in Fig. 2, Θ
is the Heaviside step function, and the convolution runs
over δm. The background is described by an empirical
function of the form 1 − e−(δm−δm0)/α, where δm0 and

α are parameters describing the threshold and shape of
the function, respectively. The D∗+ and D∗− samples in
a given bin are fitted simultaneously and share all shape
parameters, except for a charge-dependent offset in the
central value µ and an overall scale factor in the mass
resolution. The raw asymmetry in the signal yields is
extracted directly from this simultaneous fit. No fit pa-
rameters are shared between the 216 subsamples of data,
nor between the K−K+ and π−π+ final states.

The fits do not distinguish between the signal and
backgrounds that peak in δm. Such backgrounds can
arise from D∗+ decays in which the correct slow pion is
found but the D0 is partially mis-reconstructed. These
backgrounds are suppressed by the use of tight particle
identification requirements and a narrow D0 mass win-
dow. From studies of the D0 mass sidebands (1820–1840
and 1890–1910 MeV/c2), this contamination is found to
be approximately 1% of the signal yield and to have small
raw asymmetry (consistent with zero asymmetry differ-
ence between the K−K+ and π−π+ final states). Its
effect on the measurement is estimated in an ensemble
of simulated experiments and found to be negligible; a
systematic uncertainty is assigned below based on the
statistical precision of the estimate.

A value of ∆ACP is determined in each measure-
ment bin as the difference between Araw(K−K+) and
Araw(π−π+). Testing these 216 measurements for mutual
consistency, we obtain χ2/ndf = 211/215 (χ2 probability
of 56%). A weighted average is performed to yield the
result ∆ACP = (−0.82 ± 0.21)%, where the uncertainty
is statistical only.

Numerous robustness checks are made. The value of
∆ACP is studied as a function of the time at which the
data were taken (Fig. 3) and found to be consistent with
a constant value (χ2 probability of 57%). The mea-
surement is repeated with progressively more restrictive
RICH particle identification requirements, finding values
of (−0.88 ± 0.26)% and (−1.03 ± 0.31)%; both of these
values are consistent with the baseline result when cor-
relations are taken into account. Table I lists ∆ACP for
eight disjoint subsamples of data split according to mag-
net polarity, the sign of px of the slow pion, and whether
the data were taken before or after the technical stop.
The χ2 probability for consistency among the subsam-
ples is 45%. The significances of the differences between
data taken before and after the technical stop, between
the magnet polarities, and between px > 0 and px < 0
are 0.4, 0.6, and 0.7 standard deviations, respectively.
Other checks include applying electron and muon vetoes
to the slow pion and to the D0 daughters, use of different
kinematic binnings, validation of the size of the statisti-
cal uncertainties with Monte Carlo pseudo-experiments,
tightening of kinematic requirements, testing for varia-
tion of the result with the multiplicity of tracks and of
primary vertices in the event, use of other signal and
background parameterizations in the fit, and imposing a

∆ACP = [−0.82± 0.21stat ± 0.11syst]%
significance: 3.5 # 

Phys.Rev.Lett 108(2012)111602 
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Recently	
  measurements:	
  CDF	
  with	
  9.7/t	
  

Individual	
  Mode	
  Asymmetries	
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Combined Measurement

• Can combine the !ACP 
result with the ACP("") and 
ACP(KK) result

• remove events from the !ACP 
analysis that were used in the 
other analysis, to create a 
statistically independent sample

• roughly 15% improvement on 
uncertainty from the earlier 
ACP("") and ACP(KK) result

11

ACP(D0->"+"-) = (+0.31 ± 0.22)%
ACP(D0->K+K-) = (-0.32 ± 0.21)%

Combined	
  measurement	
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Summary	
  of	
  ΔACP	
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Search	
  for	
  time	
  integrated	
  CP	
  violation	
  	
  D3	
  body	
  and	
  
D4	
  body	
  	
  
•  Need	
  at	
  least	
  2	
  amplitudes	
  with	
  different	
  weak	
  and	
  strong	
  phases:	
  

•  	
  Singly	
  Cabibbo	
  Suppressed	
  (SCS):	
  tree	
  +	
  penguin	
  
•  Cabibbo	
  Favoured	
  (CF)	
  +	
  Doubly	
  Cabibbo	
  Suppressed	
  (DCS)	
  

•  Several	
  decays	
  explored	
  so	
  far	
  by,	
  BaBar,	
  Belle,	
  CDF	
  and	
  LHCb	
  
•  D±	
  KKπ,	
  DsKs

0K(π),	
  D±Ks
0K	
  

•  No	
  CPV	
  observed!	
  	
  
Belle	
  

consistent	
  with	
  	
  
CPV	
  in	
  Ks

0	
  system	
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“Charming	
  puzzle”	
  

• 	
  Observed	
  mixing	
  rate	
  (as	
  well	
  as	
  direct	
  
CPV)	
  is	
  on	
  the	
  upper	
  end	
  of	
  most	
  
standard	
  model	
  predictions	
  
•	
  Could	
  be	
  interpreted	
  as	
  a	
  hint	
  for	
  the	
  
presence	
  of	
  new	
  physics	
  
•More	
  precise	
  measurements	
  are	
  
needed	
  to	
  clear	
  the	
  picture	
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Conclusions	
  
•  The	
  evidence	
  of	
  CPV	
  reported	
  by	
  LHCb	
  and	
  CDF	
  has	
  renewed	
  the	
  

interest	
  of	
  the	
  physics	
  community	
  into	
  charm,	
  as	
  a	
  place	
  where	
  
to	
  look	
  for	
  NP	
  

•  No	
  CPV	
  observed	
  with	
  the	
  latest	
  2012	
  result	
  with	
  several	
  decay	
  
modes	
  

•  All	
  experiments	
  extracted	
  the	
  maximum	
  information	
  from	
  their	
  
data,	
  except	
  LHCb	
  which	
  will	
  play	
  a	
  fundamental	
  rule	
  in	
  the	
  next	
  
feature	
  (3/t	
  on	
  tape!)	
  
•  Expected	
  ΔACP	
  	
  update	
  from	
  Dhh	
  and	
  semi-­‐leptonic	
  with	
  1/t	
  for	
  Moriond	
  

QCD	
  2o13	
  
•  Expected	
  soon	
  result	
  AΓ	
  and	
  yCP	
  and	
  many	
  others	
  results	
  	
  from	
  D3-­‐4	
  

bodies	
  
•  In	
  the	
  near	
  future	
  (next	
  run)	
  LHCb	
  will	
  collect	
  a	
  huge	
  amount	
  of	
  

data,	
  the	
  challenge	
  for	
  discovering	
  CPV	
  will	
  be	
  to	
  have	
  systematic	
  
uncertainties	
  under	
  control	
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Riccardo Cenci

• Need at least 2 amplitudes with different 
weak and strong phases:

• Singly Cabibbo Suppressed (SCS): tree + 
penguin

• Cabibbo Favoured (CF) + Doubly 
Cabibbo Suppressed (DCS)

• Time integrated CP asymmetries:

CKM 2012, Cincinnati, Ohio, Sep 30, 2012 

Searches for Direct CPV

7

ACP =
B
�
D(s) → f

�
− B

�
D(s) → f

�

B
�
D(s) → f

�
+ B

�
D(s) → f

�

D± → K+K−π± SCS tree+penguin
D±

s → K0
SK

± CF + DCS
D± → K0

SK
± SCS tree+penguin

D±
s → K0

Sπ
± SCS tree+penguin

c u

d

c u

s

sD+

K0

K+

u

s̄

d̄ d̄

c s

K+

K̄0
D+

D± → K0
SK

±

SCS

�

CPV ∼ 0.1%

• Contribution from K0 - K̅0 mixing:                   
+(-)0.332±0.006%  when a K0 (K̅0) 
is in the final state

• Three-body decays CPV effects can 
be enhanced in certain Dalitz Plot 
(DP) regions

• DP model-dependent and model-
independent searches

SCS

Search	
  for	
  direct	
  CPV	
  


