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Is  there  any  New  Physics?	

•  Loop  processes  are  promising  for  NP  searches	

•  Before  we  find  NP  it  would  be  good  	
          to  measure  mixing  parameters  and  observe  any  CPV	
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                              Underlies  D0-‐‑D0  mixing                    Needed  for  CPV  in  charm  decays	



Why  is  charm  special?  	

•  Complementary  to  strange  and  beauty  sectors	
•  Unique  access  to  system  with  up-‐‑type  quarks  	
•  Down-‐‑type  quarks  in  loops:  different  New  Particles?  	

•  But... 
•  In  SM  rare  charm  processes  are  very  suppressed	
•  QCD  ‘corrections’  are  large	
          (usually  disadvantageous)	

•  Thus we need 
•  Large/clean  data  samples	
•  Precise  estimation  of  SM  	
          contribution  (penguin  size)  	
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Charm
•Different (complementary?) sensitivity to B/K-sector CPV.!

•down-type quark in the loop instead of up-type => different NP 
couplings possible.!

• a way to circumvent many current experimental limits!

•SM contributions small (but non-zero)!
•SM contributions somewhat murky

4

Everything is 
smaller in charm.

B K

D

See e.g. Gedalia et al, JHEP 1010:046,2010; Blum et al, Phys.Rev.Lett.102:211802,2009

Mat  Charles  at  CKM2014	

“Everything is smaller in charm” 



Charm  samples	
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          Prompt  charm	
	
  	
	
	
            Secondary  charm  	

type	 exp	 √s	 Lint	 σ(cc)	 N(cc)  	

	
hadron  
colliders 

                                prompt charm     
	
	

LHCb	
7,  8  TeV	   3/j	 1.4  mb	 3.6×1012  	
13  TeV	 2/j  +	 2.6  mb	 4.5×1012  	

CDF	 2  TeV	 10/j	 0.1  mb	 2.3×1011  	
	
	
	
e+e- 

colliders 

B-Factories            continuum charm 

Belle	 	

10.6  
GeV	

1000/j	 	

1.3  nb	 1.3×109	
BaBar	 550/j	 0.7×109	

Charm Factories @DD threshold 

BESIII	 	
	

3.7  GeV	
3/j	 	

  3  nb	 20×106  	
Cleo-‐‑c	 0.8/j	   5×106  	

  _ 



Pros  &  cons  of  charm  experiments	
•  LHCb 
þ large  x-‐‑section  	
ý busy  environment,  nontrivial  triggers	
ý decays  with  γ’s  and  neutrinos  difficult 
þ D  flight  distance~10mm,  σ(t)~0.1×τD 	
þ magnet  polarity  reversed  periodically  	
ý asymmetric  production  of  charm/anti-‐‑charm	
	

•  Belle/BaBar 
þ  clean  environment	
þ good  for  neutrals  &  decays  with  neutrinos	
☐  D  flight  distance~200µμm,  σ(t)~0.5×τD	
	

•  BESIII/Cleo-c 
þ  background-‐‑free  charm	
ý  charm  not  boosted  ð  no  time  measurement                	
þ  ψ(3770)→DD  quantum  coherence  ð  CP(D)×CP(D)=-‐‑1	
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LHCb  changes  &  will  change  more	

•  LHCb  Run-‐‑1  (2010-‐‑2012)    Collected  3  j-‐‑1	

      Finalizing  charm  analyses.  Still  more  to  come	
•  LHCb  Run-‐‑2  (2015-‐‑2018)    Collect  5  j-‐‑1  (2  j-‐‑1  already  collected)	
      Improved  triggers  &  computing.  First  results  (charm  x-‐‑section)	

•  LHCb  Run-‐‑3,  Run-‐‑4  (2021-‐‑2023,  2026-‐‑2029)  	
    Major  New  Experiment:  LHCb  Upgrade  Phase-‐‑I	
    Collect  >50  j-‐‑1  data	
    L  ~2x1033  cm-‐‑2  s-‐‑1	

•  LHCb  Run-‐‑5  (2031-‐‑)  	
  LHCb  Upgrade  Phase-‐‑II	
    Plans  in  discussion	
    Collect  ~300  j-‐‑1  data	
    L  ~2x1034  cm-‐‑2  s-1 
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•  Assumptions made on relative trigger efficiencies have significant uncertainty 

LHCb Statistics- Timeline 

LHCb LHCb Upgrade I LHCb Upgrade II 

C.Parkes@Charm2016	



  	
	
	
	
	
	
                                                                                                                             	

Quick  Introduction    
for  non-‐‑charmers	
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•  Flavour  eigenstates  D0  [cu]  D0  [cu]  ≠  mass  eigenstates  D1  D2  [m1,2  Γ1,2] 

•  Mixing  frequencies                                                        	

•  Probability  that  initial  flavour  unchanged/changed  at  time  t	
	
 
 
 
 
 
 

                                                non-‐‑oscillating      oscillating   

Mixing probability

probability to observe an initial M0 as M0 or M0 after time t
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2
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Basics  of  mixing	
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                                                                                                                                    _	
t=0  production  of  D0                  mixing  D0ðD0                  decay  of  D1,2→f	
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What’s  behind  x  and  y?	

   Short distance             Long distance 
                  mixing  @  quark  level                                          mixing  via  final-‐‑state  interactions	
	
	
                                         
	

	

•  No  significant  x  measurement  yet	
•  Large  uncertainties  in  SM  mixing  rate  ð  difficult  to  identify  NP	
•  NP  can  increase  x,  does  not  affect  y	

•  LQCD  calculations  finally  happening  	
            (coupled  channels  with  2-‐‑body  final  states)	
              See  M.Hansen  talk  @  6th  LHCb  Implications  Workshop	
	 10 Jolanta@MIAPP 

Contributions to x and y

Standard Model
Burdman, Shipsey, Ann.Rev.Nucl.Part.Sci.53,431; Falk et al., PRD65, 054034; Bigi, Uraltsev, Nucl. Phys. B592, 92;

Short distance
c

ū

D0 D
0

WW

d , s, b

¯d , s̄, ¯b

u

c̄
E↵ective CKM and GIM suppression

|x |, |y |  10�3

Long distance

u

c̄
D0KK , ⇡⇡,

...

c

ū
D0

Contribution from hadronic intermediate states

x , y ⇠ up to 1%

New Physics predictions for |x|

A. Petrov, Int.J.Mod.Phys.A21, 5686;

Large uncertainty in SM mixing rate
,! di�cult to identify New Physics

contributions

however, measurements of x and y still
provide usefull constraints on many New
Physics models

See also A. Kagan’s talk later today
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  x, y ~ 1% 
 

difficult  to  calculate	

x~10-5  

•  b  loop  ~VubVcb(mb/mW)2	

•  s  &  d  cancel  in  SU(3)  limit  (ms=md)	
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ū
D0

Contribution from hadronic intermediate states

x , y ⇠ up to 1%

New Physics predictions for |x|

A. Petrov, Int.J.Mod.Phys.A21, 5686;

Large uncertainty in SM mixing rate
,! di�cult to identify New Physics

contributions

however, measurements of x and y still
provide usefull constraints on many New
Physics models

See also A. Kagan’s talk later today

A. Zupanc (KIT) Charm mixing and CPV FPCP 2011, 25/05/2011 21 / 49



•  If  the  CKM  matrix  elements  complex  ð CPV  exists  ð  UT  triangles	
•  Triangle  openness  indicates  how  large  CPV  expected	
	
 

   B Triangle                     Bs Triangle 

 D Triangle	
	
	
•  D  triangle  ð  tiny  CPV  in  preferred  decays,  larger  CPV  in  rare  decays	

                                       VtsV*
tb ~λ2  

VusV*
ub~λ4                                              βs               

                                            VcsV*
cb~λ2 

What  charm  UT  tells  us?	
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 VudV*
ub~λ3    α        VtdV*

tb~λ3                   
 

              γ      β 
                    VcdV*

cb ~λ3 

                                               V*
ud Vcd~λ                                        V*

ubVcb~λ5
  

 βc 
                                                      V*

usVcs~λ 

λ≈0.2	



CP  Violation:  Types  and  Observables	

In decays                        

•  Difference  in  rates  for  particles  and  antiparticles  	
•  Depends  on  decay  mode	
 
 

In mixing 

	
In interference between  
   mixing and decays 

•  Difference  in  rates  as  function  of  D0  decay-‐‑time	
•  Independent  of  decay  mode	
•  Final  states  accessible  for  both  D0  and  D0	
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     _       _ 
|DO DO|2 ≠ |DO DO|2 

ð |Af/Af|2 ≠1  - _	
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           _   _ 
|D f|2 ≠ |D f|2  

     _          _         
|DO DO f |2   | DO DO f |2    
|     DO f   |     |   DO f    | ≠	+	 +	

_	

ð |q/p| ≠1  	
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C
PV

 	

ð ϕ=arg(q/p)≠O  	

_	



•  Universal  =  don’t  depend  on  decay  mode	
•  The  way  they  are  probed  depends  on  decay  mode	
•  Only  in  D0  	

Recent results from LHCb + BaBar  
•  D0→Kπ  ,  LHCb	
•  D0→Kπππ,  LHCb  	

•  D0→πππ0,  BaBar	
•  D0→KSππ,  LHCb  	
•  AΓ  ,  LHCb	
	

Mixing  &  indirect  CPV	

13 Jolanta@MIAPP 



How  to  get  flavour  of  D0?	

•  Tag  flavour  at  the  production	
          (then  mixing  changes  flavour)	
 
 

Prompt charm pp→D*± 

•  D  tagged  with  soft-‐‑pion  charge	
•  D*±  reconstructed  with  high  purity	

	
Secondary charm pp→B→D	
•  D  tagged  with  muon  charge	
•  Not  as  pure,  mis-‐‑tag  ~few%	
	
Doubly-tagged secondary charm pp→B→D*± 
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Common	themes:	D0-tagging	

π-tagged	(“prompt	charm”)	

CPV	and	mixing	in	charm	at	LHCb													Mark	Williams													8	September	2016	

pp�D*+�D0π+	 π+	

D0	

μ-tagged	(“charm	from	B”)	

pp�B	

D0	B−	

ν	
μ−	

Life-me-biasing	trigger		
�	must	apply	correcTon	in	analysis.	

Narrow	reconstructed	D*	peak		
�	High	signal	purity	

Life-me	unbiased	trigger	selecTon	

No	D*±	mass	peak	to	cut	on		
�	higher	backgrounds		

Some	contaminaTon	from		
wrong-sign	muons	�	must	account	
for	mis-tagged	component	

soX	
pion	
tag	

muon	tag	
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•  Both  samples  used  at  LHCb  ð  full  coverage  of  D  decay  time	
•  Distorted  decay  time  of  prompt  D	
•  Lifetime-‐‑unbiased  triggers  in  Run-‐‑2	
	
	

•  Non-‐‑trivial  prompt/sec  separation	
•  May  bias  lifetime  	
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Figure 1: Distributions for selected D0 ! K�⇡+ candidates: (left) K�⇡+ invariant mass and
(right) ln

�
�2

IP

�
for a mass window of ±20 MeV/c2 around the nominal D0 mass. The sum of the

simultaneous likelihood fits in each (p
T

, y) bin is shown, with components as indicated in the
legends.

Figure 2: Distributions for selected D+ ! K�⇡+⇡+ candidates: (left) K�⇡+⇡+ invariant mass
and (right) ln

�
�2

IP

�
for a mass window of ±20 MeV/c2 around the nominal D+ mass. The sum

of the simultaneous likelihood fits in each (p
T

, y) bin is shown, with components as indicated in
the legends.
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Figure 4: The lifetime of D0 signal candidates in data after the D⇤+ selection where the D0 is
required to have fired the Hlt1CalibTrackingKPi line (left) also shown with a logarithmic scale
(right). The red line is not fitted to the data but simply the world average value overlaid.

4 Conclusion116

The machinery to fully reconstruct particle decay chains has been added to the LHCb117

HLT1 software, enabling decays of charm and beauty hadrons to be triggered without any118

lifetime-biasing requirements. A set of HLT1 lines have been written to select events in119

this way and have been shown to perform well in data with a signal e�ciency in simulation120

of around 10% for D⇤+ ! D0⇡+ decays. The timing and rate of these lines is within the121

requirements of the LHCb trigger system. The combinatoric framework in HLT1 allows122

for more complex decay chain reconstruction and in the future further lifetime unbiased123

exclusive lines can be developed.124
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systematic biases are not included in the fit, the estimated uncertainties on R

D

, y0 and
x

02 become respectively 6%, 10% and 11% smaller, showing that the quoted uncertainties
are dominated by their statistical component. To evaluate the significance of this mixing
result we determine the change in the fit �

2 when the data are described under the
assumption of the no-mixing hypothesis (dashed line in Fig. 2). Under the assumption that
the �

2 di↵erence, ��

2, follows a �

2 distribution for two degrees of freedom, ��

2 = 88.6
corresponds to a p-value of 5.7⇥ 10�20, which excludes the no-mixing hypothesis at 9.1
standard deviations. This is illustrated in Fig. 3 where the 1�, 3� and 5� confidence
regions for x02 and y

0 are shown.
As additional cross-checks, we perform the measurement in statistically independent

sub-samples of the data, selected according to di↵erent data-taking periods, and find
compatible results. We also use alternative decay-time binning schemes, selection criteria
or fit methods to separate signal and background, and find no significant variations in
the estimated parameters. Finally, to assess the impact of events where more than one
candidate is reconstructed, we repeat the time-dependent fit on data after randomly
removing the additional candidates and selecting only one per event; the change in the
measured value of R

D

, y0 and x

02 is 2%, 6% and 7% of their uncertainty, respectively.
In conclusion, we measure the decay time dependence of the ratio between D

0 ! K

+
⇡

�

and D

0 ! K

�
⇡

+ decays using 1.0 fb�1 of data and exclude the no-mixing hypothesis at
9.1 standard deviations. This is the first observation of D0 �D

0 oscillations in a single
measurement. The measured values of the mixing parameters are compatible with and
have substantially better precision than those from previous measurements [4, 6, 22].
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Fig. 6. Diagrams illustrating two ways to reach the K+π− final state from an initial D0.
(a) Direct DCS decay, D0 → K+π−. (b) Mixing, D0 → D̄0, followed by CF decay, D̄0 → K+π−.

the direct CF and DCS lifetime and the parameters of the decay-time resolution
model (from the RS and WS samples) and the parameters RD, x′2, y′ (from the
WS sample). The independent variables of the fit are mKπ, the reconstructed Kπ
invariant mass; ∆m, the D∗+–D0 mass difference; t, the reconstructed decay time,
and its measured uncertainty, σt. The variables mKπ and ∆m are used to separate
signal from background. At BABAR, the vertical height of the beam spot is ≈ 6µm.
This beam spot information is used to constrain the location of the D∗ vertex,
thus substantially improving the determination of ∆m and the reconstructed decay
time, t. Figure 7 shows the projections of the mKπ and ∆m data and signal and
background fit functions from the 2007 384 fb−1 WS BABAR data set.12
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Fig. 7. BABAR distributions of (a) mKπ from WS candidates with 0.1445 < ∆m <
0.1465 GeV/c2 and (b) ∆m for WS candidates with 1.843 < mKπ < 1.883 GeV/c2. The pro-
jections of the signal- and background fits are overlaid, where the random πs background sample
peaks in mKπ but not in ∆m; the misreconstructed D0 paired with a πs from a D∗ peaks in ∆m
but not in mKπ ; the combinatoric background sample peaks neither in mKπ nor in ∆m. Reprinted
figure with permission from B. Aubert et al., Phys. Rev. Lett. 98, 211802 (2007). Copyright 2007
by the American Physical Society.12
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•  D0→K+π-‐‑  =  Wrong-‐‑Sign,  D0→K-‐‑π+  =  Right-‐‑Sign	

	
•  WS/RS  rate  as  a  function  of  D0  decay  time	

	

	

D0  &  D0  mix  since  2013	
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Time-dependent D0(t)→ K+π-  
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(χ2/d.o.f.)
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Fit

results

(10−3)

Correlation

coefficients

RD y′ x′2

Mixing RD 3.53 ± 0.13 1 −0.865 +0.737

(4.2/7) y′ 4.6 ± 3.4 1 −0.948

x′2 0.09 ± 0.22 1

No Mixing RD 3.864 ± 0.059

(33.5/9)

 RD = 3.568 ± 0.066 
 y’ = 4.8 ± 1.0 
 x’2 = 0.055 ± 0.049 

} x 10-3 

Most precise results from e+e- 

experiments, But LHCb obtains: 
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the direct CF and DCS lifetime and the parameters of the decay-time resolution
model (from the RS and WS samples) and the parameters RD, x′2, y′ (from the
WS sample). The independent variables of the fit are mKπ, the reconstructed Kπ
invariant mass; ∆m, the D∗+–D0 mass difference; t, the reconstructed decay time,
and its measured uncertainty, σt. The variables mKπ and ∆m are used to separate
signal from background. At BABAR, the vertical height of the beam spot is ≈ 6µm.
This beam spot information is used to constrain the location of the D∗ vertex,
thus substantially improving the determination of ∆m and the reconstructed decay
time, t. Figure 7 shows the projections of the mKπ and ∆m data and signal and
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used to define the mixing parameters x ≡ (m2 − m1)/Γ and y ≡ (Γ2 − Γ1)/(2Γ). The

phase convention is chosen such that CP|D0⟩ = −|D0⟩ and CP|D0⟩ = −|D0⟩ which leads,

in the case of no CP violation (p = q), to |D1⟩ being the CP odd and |D2⟩ the CP even

eigenstate, respectively.

The parameter

λf =
qĀf

pAf
= −ηCP
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∣

Āf
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eiφ, (1.3)

contains the amplitude Af (Āf ) of D0 (D0) decays to the CP eigenstate f with eigenvalue

ηCP. The mixing parameters x and y are known to be at the level of 10−2 while both

the phase and the deviation of the magnitude from unity of λf are experimentally only

constrained to about 0.2 [5]. The direct CP violation, i.e. the difference in the rates of

D0 and D0 decays, is constrained to the level of 10−2 and has recently been measured by

LHCb [4]. Introducing |q/p|±2 ≈ 1 ± Am and |Āf/Af |±2 ≈ 1 ± Ad, with the assumption

that Am and Ad are small, and neglecting terms below 10−4 according to the experimental

constraints, one obtains according to [6, 7]

yCP ≈
(

1−
1

8
Am

2

)

y cosφ−
1

2
Amx sinφ. (1.4)

In the limit of no CP violation yCP is equal to y and hence becomes a pure mixing pa-

rameter. However, once precise measurements of y and yCP are available, any difference

between y and yCP would be a sign of CP violation.

Previous measurements of yCP have been performed by BaBar and Belle. The results

are yCP = (11.6 ± 2.2± 1.8) × 10−3 [8] for BaBar and yCP = (13.1± 3.2± 2.5) × 10−3 [2]

for Belle. They are consistent with the world average of y = (7.5± 1.2)× 10−3 [5].

The study of the lifetime asymmetry of D0 and D0 mesons decaying into the singly

Cabibbo-suppressed final state K+K− can reveal indirect CP violation in the charm sector.

The measurement can be expressed in terms of the quantity AΓ. Using the same expansion

as for yCP leads to

AΓ ≈
[

1

2
(Am +Ad)y cosφ− x sinφ

]

1

1 + yCP

≈
1

2
(Am +Ad)y cosφ− x sinφ. (1.5)

Despite this measurement being described in most literature as a determination of indirect

CP violation by neglecting the term proportional to Ad, it is apparent that direct CP

violation at the level of 10−2 can have a contribution to AΓ at the level of 10−4. There-

fore precise measurements of both time-dependent and time-integrated asymmetries are

necessary to reveal the nature of CP violating effects in the D0 system.

The measurement of AΓ requires tagging the flavour of theD0 at production, which will

be discussed in the following section. Previous measurements of AΓ were performed by Belle

and BaBar leading to AΓ = (0.1±3.0±1.5)×10−3 [2] and AΓ = (2.6±3.6±0.8)×10−3 [9],

respectively. They are consistent with zero, hence showing no indication of CP violation.
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Measurement ofD0– !D0 Mixing Parameters and Search for CP Violation Using
D0 ! Kþ!" Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 September 2013; published 18 December 2013)

Measurements of charm mixing parameters from the decay-time-dependent ratio of D0 ! Kþ!" to

D0 ! K"!þ rates and the charge-conjugate ratio are reported. The analysis uses data, corresponding

to 3 fb"1 of integrated luminosity, from proton-proton collisions at 7 and 8 TeV center-of-mass

energies recorded by the LHCb experiment. In the limit of charge-parity (CP ) symmetry, the mixing

parameters are determined to be x02 ¼ ð5:5% 4:9Þ ' 10"5, y0 ¼ ð4:8% 1:0Þ ' 10"3, and RD ¼
ð3:568% 0:066Þ ' 10"3. Allowing for CP violation, the measurement is performed separately for D0

and !D0 mesons yielding AD ¼ ð"0:7% 1:9Þ%, for the direct CP-violating asymmetry, and 0:75< jq=pj
<1:24 at the 68.3% confidence level, for the parameter describing CP violation in mixing. This is the

most precise determination of these parameters from a single experiment and shows no evidence for

CP violation.

DOI: 10.1103/PhysRevLett.111.251801 PACS numbers: 11.30.Er, 12.15.Ff, 13.25.Ft, 14.40.Lb

Mass eigenstates of neutral charm mesons are linear
combinations of flavor eigenstates jD1;2i¼pjD0i%qj !D0i,
where p and q are complex parameters. This results in
D0– !D0 oscillation. In the limit of charge-parity (CP) sym-
metry, the oscillation is characterized by the difference in
mass "m ( m2 "m1 and decay width "# ( #2 " #1

between the D mass eigenstates. These differences are
usually expressed in terms of the dimensionless mixing
parameters x ( "m=# and y ( "#=2#, where # is the
average decay width of neutralDmesons. If CP symmetry
is violated, the oscillation rates for mesons produced asD0

and !D0 can differ, further enriching the phenomenology.
Both short- and long-distance components of the amplitude
contribute to the time evolution of neutralDmesons [1–3].
Short-distance amplitudes could include contributions
from non-standard-model particles or interactions, possi-
bly enhancing the average oscillation rate or the difference
betweenD0 and !D0 meson rates. The study of CP violation
inD0 oscillation may lead to an improved understanding of
possible dynamics beyond the standard model [4–7].

The first evidence for D0– !D0 oscillation was reported in
2007 [8,9]. By 2009, the hypothesis of no oscillation was
excluded with significance in excess of 10 standard devia-
tions [10] by combining results from different experiments
[8,9,11–17]. In 2012, the LHCb experiment reported the
first observation from a single measurement with greater
than 5 standard deviation significance [18], which has been
recently confirmed by the CDF experiment [19].

This Letter reports a search for CP violation in D0– !D0

mixing by comparing the decay-time-dependent ratio of
D0 ! Kþ!" toD0 ! K"!þ rates with the corresponding
ratio for the charge-conjugate processes. An improved
determination of the CP-averaged charm mixing parame-
ters with respect to our previous measurement [18] is also
reported. The analysis uses data corresponding to 1:0 fb"1

of integrated luminosity from
ffiffiffi
s

p ¼ 7 TeV pp collisions
recorded by LHCb during 2011 and 2:0 fb"1 from

ffiffiffi
s

p ¼
8 TeV collisions recorded during 2012. The neutral D
flavor at production is determined from the charge of the
low-momentum pion !þ

s in the flavor-conserving strong-
interaction decay D)þ ! D0!þ

s . The inclusion of charge-
conjugate processes is implicit unless stated otherwise.
The D)þ ! D0ð! K"!þÞ!þ

s process is denoted as right
sign (RS), and D)þ ! D0ð! Kþ!"Þ!þ

s is denoted as
wrong sign (WS). The RS decay rate is dominated by a
Cabibbo-favored amplitude. The WS rate arises from the
interfering amplitudes of the doubly Cabibbo-suppressed
D0 ! Kþ!" decay and the Cabibbo-favored !D0 !
Kþ!" decay following D0– !D0 oscillation, each of similar
magnitude. In the limit of jxj, jyj * 1, and assuming
negligible CP violation, the time-dependent ratio RðtÞ of
WS-to-RS decay rates is [1–4]

RðtÞ + RD þ
ffiffiffiffiffiffiffi
RD

p
y0

t

"
þ x02 þ y02

4

"
t

"

#
2
; (1)

where t is the decay time, " is the average D0 lifetime,
and RD is the ratio of suppressed-to-favored decay rates.
The parameters x0 and y0 depend linearly on the mixing
parameters as x0 ( x cos#þ y sin# and y0 ( y cos#"
x sin#, where # is the strong-phase difference between
the suppressed and favored amplitudes AðD0!Kþ!"Þ=
Að !D0!Kþ!"Þ¼" ffiffiffiffiffiffiffi

RD

p
e"i#. Allowing forCP violation,

*Full author list given at the end of the article.
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Combination of DT and Prompt

� Modify �2 to include
contributions for
original prompt analysis
(PRL 111, 251801 (2013))

� Assess systematics as in
DT only fit

� All errors added in
quadrature

� Consistent with Mixing
Only Fit

Parameter DT+prompt combination Prompt alone % Error Improvement
No CPV

R
D

[10−3] 3.533 ± 0.054 3.568 ± 0.067 19
x ′2[10−5] 3.6 ± 4.3 5.5 ± 4.9 12
y ′[10−3] 5.23 ± 0.84 4.80 ± 0.94 11
�2/NDF 96.594/111

No Direct CPV
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x ′2+[10−5] 4.9 ± 5.0 6.4 ± 5.6 11
y ′+[10−3] 5.14 ± 0.91 4.80 ± 1.08 16
x ′2−[10−5] 2.4 ± 5.0 4.6 ± 5.5 9
y ′−[10−3] 5.32 ± 0.91 4.8 ± 1.08 16
�2/NDF 96.147/109

All CPV Allowed
R+

D

[10−3] 3.474 ± 0.081 3.545 ± 0.095 15
x ′2+[10−5] 1.1 ± 6.5 4.9 ± 7.0 7
y ′+[10−3] 5.97 ± 1.25 5.10 ± 1.38 9
R−

D

[10−3] 3.591 ± 0.081 3.591 ± 0.090 10
x ′2−[10−5] 6.1 ± 6.1 6.0 ± 6.8 10
y ′−[10−3] 4.50 ± 1.21 4.50 ± 1.39 13
�2/NDF 94.960/108
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Measurements of Mixing and CP Violation Parameters in D

0 → K

+⇡− Decays Observed via B → µ−D

∗+
X ; D

∗+ → D

0⇡+ 22 / 23

•  With  secondary  charm,  doubly  tagged	
•  WS  &  RS  signal  yields  in  t  bins  ð	

	
	

•  δKπ:  CF/CS  strong  phase;  from  Cleo-‐‑c/BESIII	

•  R±(t)  for  D  produced  as  D0/D0  	
•  CPV  if  x,  y,  RD  differ  for  two  flavours	

•  No  evidence  for  CPV  	
•  Prompt & secondary combination !
•  20% improvement !
     from sec charm!
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used to define the mixing parameters x ≡ (m2 − m1)/Γ and y ≡ (Γ2 − Γ1)/(2Γ). The

phase convention is chosen such that CP|D0⟩ = −|D0⟩ and CP|D0⟩ = −|D0⟩ which leads,

in the case of no CP violation (p = q), to |D1⟩ being the CP odd and |D2⟩ the CP even

eigenstate, respectively.

The parameter

λf =
qĀf

pAf
= −ηCP
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Āf
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eiφ, (1.3)

contains the amplitude Af (Āf ) of D0 (D0) decays to the CP eigenstate f with eigenvalue

ηCP. The mixing parameters x and y are known to be at the level of 10−2 while both

the phase and the deviation of the magnitude from unity of λf are experimentally only

constrained to about 0.2 [5]. The direct CP violation, i.e. the difference in the rates of

D0 and D0 decays, is constrained to the level of 10−2 and has recently been measured by

LHCb [4]. Introducing |q/p|±2 ≈ 1 ± Am and |Āf/Af |±2 ≈ 1 ± Ad, with the assumption

that Am and Ad are small, and neglecting terms below 10−4 according to the experimental

constraints, one obtains according to [6, 7]

yCP ≈
(

1−
1

8
Am

2

)

y cosφ−
1

2
Amx sinφ. (1.4)

In the limit of no CP violation yCP is equal to y and hence becomes a pure mixing pa-

rameter. However, once precise measurements of y and yCP are available, any difference

between y and yCP would be a sign of CP violation.

Previous measurements of yCP have been performed by BaBar and Belle. The results

are yCP = (11.6 ± 2.2± 1.8) × 10−3 [8] for BaBar and yCP = (13.1± 3.2± 2.5) × 10−3 [2]

for Belle. They are consistent with the world average of y = (7.5± 1.2)× 10−3 [5].

The study of the lifetime asymmetry of D0 and D0 mesons decaying into the singly

Cabibbo-suppressed final state K+K− can reveal indirect CP violation in the charm sector.

The measurement can be expressed in terms of the quantity AΓ. Using the same expansion

as for yCP leads to

AΓ ≈
[

1

2
(Am +Ad)y cosφ− x sinφ

]

1

1 + yCP

≈
1

2
(Am +Ad)y cosφ− x sinφ. (1.5)

Despite this measurement being described in most literature as a determination of indirect

CP violation by neglecting the term proportional to Ad, it is apparent that direct CP

violation at the level of 10−2 can have a contribution to AΓ at the level of 10−4. There-

fore precise measurements of both time-dependent and time-integrated asymmetries are

necessary to reveal the nature of CP violating effects in the D0 system.

The measurement of AΓ requires tagging the flavour of theD0 at production, which will

be discussed in the following section. Previous measurements of AΓ were performed by Belle

and BaBar leading to AΓ = (0.1±3.0±1.5)×10−3 [2] and AΓ = (2.6±3.6±0.8)×10−3 [9],

respectively. They are consistent with zero, hence showing no indication of CP violation.
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Āf

Af

∣

∣

∣

∣

eiφ, (1.3)
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Measurement ofD0– !D0 Mixing Parameters and Search for CP Violation Using
D0 ! Kþ!" Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 25 September 2013; published 18 December 2013)

Measurements of charm mixing parameters from the decay-time-dependent ratio of D0 ! Kþ!" to

D0 ! K"!þ rates and the charge-conjugate ratio are reported. The analysis uses data, corresponding

to 3 fb"1 of integrated luminosity, from proton-proton collisions at 7 and 8 TeV center-of-mass

energies recorded by the LHCb experiment. In the limit of charge-parity (CP ) symmetry, the mixing

parameters are determined to be x02 ¼ ð5:5% 4:9Þ ' 10"5, y0 ¼ ð4:8% 1:0Þ ' 10"3, and RD ¼
ð3:568% 0:066Þ ' 10"3. Allowing for CP violation, the measurement is performed separately for D0

and !D0 mesons yielding AD ¼ ð"0:7% 1:9Þ%, for the direct CP-violating asymmetry, and 0:75< jq=pj
<1:24 at the 68.3% confidence level, for the parameter describing CP violation in mixing. This is the

most precise determination of these parameters from a single experiment and shows no evidence for

CP violation.

DOI: 10.1103/PhysRevLett.111.251801 PACS numbers: 11.30.Er, 12.15.Ff, 13.25.Ft, 14.40.Lb

Mass eigenstates of neutral charm mesons are linear
combinations of flavor eigenstates jD1;2i¼pjD0i%qj !D0i,
where p and q are complex parameters. This results in
D0– !D0 oscillation. In the limit of charge-parity (CP) sym-
metry, the oscillation is characterized by the difference in
mass "m ( m2 "m1 and decay width "# ( #2 " #1

between the D mass eigenstates. These differences are
usually expressed in terms of the dimensionless mixing
parameters x ( "m=# and y ( "#=2#, where # is the
average decay width of neutralDmesons. If CP symmetry
is violated, the oscillation rates for mesons produced asD0

and !D0 can differ, further enriching the phenomenology.
Both short- and long-distance components of the amplitude
contribute to the time evolution of neutralDmesons [1–3].
Short-distance amplitudes could include contributions
from non-standard-model particles or interactions, possi-
bly enhancing the average oscillation rate or the difference
betweenD0 and !D0 meson rates. The study of CP violation
inD0 oscillation may lead to an improved understanding of
possible dynamics beyond the standard model [4–7].

The first evidence for D0– !D0 oscillation was reported in
2007 [8,9]. By 2009, the hypothesis of no oscillation was
excluded with significance in excess of 10 standard devia-
tions [10] by combining results from different experiments
[8,9,11–17]. In 2012, the LHCb experiment reported the
first observation from a single measurement with greater
than 5 standard deviation significance [18], which has been
recently confirmed by the CDF experiment [19].

This Letter reports a search for CP violation in D0– !D0

mixing by comparing the decay-time-dependent ratio of
D0 ! Kþ!" toD0 ! K"!þ rates with the corresponding
ratio for the charge-conjugate processes. An improved
determination of the CP-averaged charm mixing parame-
ters with respect to our previous measurement [18] is also
reported. The analysis uses data corresponding to 1:0 fb"1

of integrated luminosity from
ffiffiffi
s

p ¼ 7 TeV pp collisions
recorded by LHCb during 2011 and 2:0 fb"1 from

ffiffiffi
s

p ¼
8 TeV collisions recorded during 2012. The neutral D
flavor at production is determined from the charge of the
low-momentum pion !þ

s in the flavor-conserving strong-
interaction decay D)þ ! D0!þ

s . The inclusion of charge-
conjugate processes is implicit unless stated otherwise.
The D)þ ! D0ð! K"!þÞ!þ

s process is denoted as right
sign (RS), and D)þ ! D0ð! Kþ!"Þ!þ

s is denoted as
wrong sign (WS). The RS decay rate is dominated by a
Cabibbo-favored amplitude. The WS rate arises from the
interfering amplitudes of the doubly Cabibbo-suppressed
D0 ! Kþ!" decay and the Cabibbo-favored !D0 !
Kþ!" decay following D0– !D0 oscillation, each of similar
magnitude. In the limit of jxj, jyj * 1, and assuming
negligible CP violation, the time-dependent ratio RðtÞ of
WS-to-RS decay rates is [1–4]

RðtÞ + RD þ
ffiffiffiffiffiffiffi
RD

p
y0

t

"
þ x02 þ y02

4

"
t

"

#
2
; (1)

where t is the decay time, " is the average D0 lifetime,
and RD is the ratio of suppressed-to-favored decay rates.
The parameters x0 and y0 depend linearly on the mixing
parameters as x0 ( x cos#þ y sin# and y0 ( y cos#"
x sin#, where # is the strong-phase difference between
the suppressed and favored amplitudes AðD0!Kþ!"Þ=
Að !D0!Kþ!"Þ¼" ffiffiffiffiffiffiffi

RD

p
e"i#. Allowing forCP violation,

*Full author list given at the end of the article.
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•  WS:  D0→K+π-‐‑π+π-‐‑    RS:  D0→K-‐‑π+π+π-‐‑,  pion-‐‑tagged	
	

•  Rates  integrated  over  5D  Phase  Space  ð dilution  	
ð  averaged  strong  phase  and  Rcoh  coherence  factor	

•  Rcoh~0  phase  variation;  Rcoh~1  resonances  in  phase	
!

WS/RS ratio ϵi differ from unity by less than a few percent,
and increase (decrease) the ratio at low (high) decay times.
The background-subtracted and efficiency corrected

WS/RS ratio measured in the ith decay-time bin is given
by ~ri ≡ riϵi − ΔID;i − ΔK0

S
, where ri is the WS/RS ratio

estimated from the Δm fit. The parameters of interest
are determined by minimizing the χ2 function

χ2ð~r; CjθÞ ¼
X10

i;j¼1

½ ~ri − ~RiðθÞ½1 − Δsec;i%%

× ½C−1%ij½ ~rj − ~RjðθÞ½1 − Δsec;j%%

þ χ2secðθÞ½þχ2x;yðθÞ%; ð3Þ

where C is the full covariance matrix of the measurements,
including statistical and systematic uncertainties. Here,
~RiðθÞ gives the theoretical ratio of WS to RS decay
rates [Eq. (1)], integrated over the ith decay-time bin,
which depends on the fit parameter vector θ ¼ frK3πD ;
RK3π
D y0K3π;

1
4 ðx

2 þ y2Þg. Also included in the determination

of ~RiðθÞ is the decay-time acceptance, which is found
from the RS candidates assuming that their decay-time
dependence is exponential. The parameters Δsec;i are free to
float in the fit with a Gaussian constraint χ2sec. The mean and
width of the Gaussian constraints are defined to be the
midpoint and half the difference between the limits in
Eq. (2), respectively, which are dynamically updated during
the fit. The parameters fsec;i (which are required to
calculate these limits) are also Gaussian constrained to
their measured values. An alternate fit is also performed
where the mixing parameters x and y are constrained to
world average values [4] x ¼ ð0.371' 0.158Þ × 10−2 and
y ¼ ð0.656' 0.080Þ × 10−2 with a correlation coefficient
of −0.361. In this case an additional term χ2x;y is included in
the fit and θ ¼ frK3πD ; RK3π

D y0K3π; x; yg. The two fit con-
figurations are referred to as “unconstrained” and “mixing
constrained”.
Figure 2 shows the decay-time dependent fits to the WS/

RS ratio for the unconstrained, mixing-constrained, and no-
mixing fit configurations; the latter has the fit parameters
RK3π
D ⋅y0K3π and 1

4 ðx
2 þ y2Þ fixed to zero. The numerical

results of the unconstrained and mixing-constrained fit
configurations are presented in Table I. The values of
RK3π
D y0K3π and 1

4 ðx
2 þ y2Þ from the unconstrained fit are

both compatible with zero at less than 3 standard devia-
tions, but due to the large correlation between these
parameters, the hypothesis that both are zero can be
rejected with much higher significance. Using Wilks’
theorem [29] the no-mixing hypothesis is excluded at a
significance level of 8.2 standard deviations. The value of
1
4 ðx

2 þ y2Þ determined using the world average values of x
and y is compatible with the unconstrained fit result at 1.8
standard deviations. The results of the mixing-constrained
fit show that the uncertainties on the parameters rK3πD and
RK3π
D y0K3π are reduced by 41% and 61%, respectively, in

comparison with the unconstrained fit. Using the mixing-
constrained fit, it is possible to identify a line of solutions in
the ðRK3π

D ; δK3πD Þ plane. The two-dimensional contours
containing 68.3%, 95.4%, and 99.7% confidence regions
are shown in Fig. 3. The only other constraints on
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FIG. 2. Decay-time evolution of the background-subtracted and
efficiency corrected WS/RS ratio (points) with the results of the
unconstrained (solid line), mixing-constrained (dashed-dotted
line), and no-mixing (dashed line) fits superimposed. The bin
centers are set to the decay time where RðtÞ is equal to the bin
integrated ratio ~R from the unconstrained fit.

TABLE I. Results of the decay-time dependent fits to theWS/RS ratio for the unconstrained and mixing-constrained fit configurations.
The results include all systematic uncertainties. The number of degrees of freedom is abbreviated as ndf

Fit Type Correlation coefficient
χ2=ndf (p value) Parameter Fit result rK3π

D RK3π
D y0K3π

1
4 ðx

2 þ y2Þ
Unconstrained rK3π

D ð5.67' 0.12Þ × 10−2 1 0.91 0.80
7.8=7ð0.35Þ RK3π

D y0K3π ð0.3' 1.8Þ × 10−3 1 0.94
1
4 ðx

2 þ y2Þ ð4.8' 1.8Þ × 10−5 1
rK3π
D RK3π

D y0K3π x y
Mixing constrained rK3π

D ð5.50' 0.07Þ × 10−2 1 0.83 0.17 0.10
11.2=8ð0.19Þ RK3π

D y0K3π ð−3.0' 0.7Þ × 10−3 1 0.34 0.20
x ð4.1' 1.7Þ × 10−3 1 −0.40
y ð6.7' 0.8Þ × 10−3 1
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where Γ denotes the decay rate, t is the proper decay time of
the D0 meson (measured with respect to production), τ is
the D0 lifetime, and rK3π

D gives the phase space averaged
ratio of DCS to CF amplitudes [15,16]. The dimensionless
parameters x and y describe mixing in the D0 meson
system, with x proportional to the mass difference of
the two mass eigenstates, and y proportional to the width
difference [4]. Here, y0K3π is defined by y0K3π ≡
y cos δK3πD − x sin δK3πD , where δK3πD is the average strong
phase difference; this and the coherence factor RK3π

D are
defined by RK3π

D e−iδ
K3π
D ≡ hcos δiþ ihsin δi, where hcos δi

and hsin δi are the cosine and sine of the phase of the ratio
of the DCS to the CF amplitude, averaged over phase space.
[The convention CPjD0i ¼ þjD̄0i is followed, which
determines the sign of the linear term in Eq. (1)]. For
the range of D0 decay times used in this analysis,
½0.5; 12.0& × τ, Eq. (1) is correct to within Oð10−6Þ. All
three parameters, rK3π

D , RK3π
D , and δK3πD , are required to

determine γ in Bþ → DKþ, D → K−πþπ−πþ decays.
This analysis is based on data samples collected in 2011

and 2012 with the LHCb detector at center-of-mass
collision energies of

ffiffiffi
s

p
¼ 7 and 8 TeV corresponding

to integrated luminosities of 1.0 and 2.0 fb−1, respectively.
The LHCb detector [17,18] is a single-arm forward
spectrometer covering the pseudorapidity range
2 < η < 5, designed for the study of particles containing
b or c quarks. The detector elements that are particularly
relevant to this analysis are a silicon-strip vertex detector
surrounding the pp interaction region that allows c and b
hadrons to be identified from their characteristically long
flight distance, a tracking system that provides a measure-
ment of the momentum p of the charged particles, and two

ring-imaging Cherenkov detectors that are able to discrimi-
nate between different species of charged hadrons.
Simulated events are produced using the software described
in Refs. [19–22]. Differences between data and simulation
are corrected using data-driven techniques described in
Refs. [23,24].
Events are first selected by the LHCb trigger [25], and

then by additional off-line requirements. Four tracks in the
event must be consistent with the decay D0 → Kþπ−πþπ−,
each with momentum p > 3 GeV=c and transverse
momentum pT > 350 MeV=c. The D0 daughters are
required to be inconsistent with originating from a primary
pp interaction vertex (PV) and are combined to form a
D0 candidate, which must have a good vertex quality and
pT > 4.7 GeV=c. The soft pion, which is combined
with the D0 candidate to form a D'þ candidate, is required
to satisfy p > 3 GeV=c and pT > 360 MeV=c. The
D'þ candidate must have a good vertex quality, and is
reconstructed under the constraint that it originates from its
associated PV. In order to suppress backgrounds where
tracks are misidentified or misreconstructed, information
from the particle identification and tracking systems is
used. Secondary decays, i.e., D'þ mesons from the decay
of a b hadron, are rejected by requiring that the D0 meson
candidate is consistent with originating from a PV. OnlyD0

candidates that are reconstructed within 24 MeV=c2 of the
D0 meson mass [26] are used in the analysis, reducing the
amount of partially reconstructed and misidentified back-
ground. To reduce combinatorial background from ran-
domly associated soft pions there is also a requirement that
the invariant mass difference Δm≡mðKþπ−πþπ−π(s Þ −
mðKþπ−πþπ−Þ is less than 155 MeV=c2. Approximately
4% of events that pass the selection requirements contain
multiple signal candidates. In such cases one candidate is
picked at random and the rest are discarded.
Figure 1 shows the Δm distribution of WS and RS signal

candidates with the results of a binned likelihood fit
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FIG. 1. Decay-time integrated Δm distributions for RS (left) and WS (right) candidates with the fit result superimposed.
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where Γ denotes the decay rate, t is the proper decay time of
the D0 meson (measured with respect to production), τ is
the D0 lifetime, and rK3π

D gives the phase space averaged
ratio of DCS to CF amplitudes [15,16]. The dimensionless
parameters x and y describe mixing in the D0 meson
system, with x proportional to the mass difference of
the two mass eigenstates, and y proportional to the width
difference [4]. Here, y0K3π is defined by y0K3π ≡
y cos δK3πD − x sin δK3πD , where δK3πD is the average strong
phase difference; this and the coherence factor RK3π

D are
defined by RK3π

D e−iδ
K3π
D ≡ hcos δiþ ihsin δi, where hcos δi

and hsin δi are the cosine and sine of the phase of the ratio
of the DCS to the CF amplitude, averaged over phase space.
[The convention CPjD0i ¼ þjD̄0i is followed, which
determines the sign of the linear term in Eq. (1)]. For
the range of D0 decay times used in this analysis,
½0.5; 12.0& × τ, Eq. (1) is correct to within Oð10−6Þ. All
three parameters, rK3π

D , RK3π
D , and δK3πD , are required to

determine γ in Bþ → DKþ, D → K−πþπ−πþ decays.
This analysis is based on data samples collected in 2011

and 2012 with the LHCb detector at center-of-mass
collision energies of

ffiffiffi
s

p
¼ 7 and 8 TeV corresponding

to integrated luminosities of 1.0 and 2.0 fb−1, respectively.
The LHCb detector [17,18] is a single-arm forward
spectrometer covering the pseudorapidity range
2 < η < 5, designed for the study of particles containing
b or c quarks. The detector elements that are particularly
relevant to this analysis are a silicon-strip vertex detector
surrounding the pp interaction region that allows c and b
hadrons to be identified from their characteristically long
flight distance, a tracking system that provides a measure-
ment of the momentum p of the charged particles, and two

ring-imaging Cherenkov detectors that are able to discrimi-
nate between different species of charged hadrons.
Simulated events are produced using the software described
in Refs. [19–22]. Differences between data and simulation
are corrected using data-driven techniques described in
Refs. [23,24].
Events are first selected by the LHCb trigger [25], and

then by additional off-line requirements. Four tracks in the
event must be consistent with the decay D0 → Kþπ−πþπ−,
each with momentum p > 3 GeV=c and transverse
momentum pT > 350 MeV=c. The D0 daughters are
required to be inconsistent with originating from a primary
pp interaction vertex (PV) and are combined to form a
D0 candidate, which must have a good vertex quality and
pT > 4.7 GeV=c. The soft pion, which is combined
with the D0 candidate to form a D'þ candidate, is required
to satisfy p > 3 GeV=c and pT > 360 MeV=c. The
D'þ candidate must have a good vertex quality, and is
reconstructed under the constraint that it originates from its
associated PV. In order to suppress backgrounds where
tracks are misidentified or misreconstructed, information
from the particle identification and tracking systems is
used. Secondary decays, i.e., D'þ mesons from the decay
of a b hadron, are rejected by requiring that the D0 meson
candidate is consistent with originating from a PV. OnlyD0

candidates that are reconstructed within 24 MeV=c2 of the
D0 meson mass [26] are used in the analysis, reducing the
amount of partially reconstructed and misidentified back-
ground. To reduce combinatorial background from ran-
domly associated soft pions there is also a requirement that
the invariant mass difference Δm≡mðKþπ−πþπ−π(s Þ −
mðKþπ−πþπ−Þ is less than 155 MeV=c2. Approximately
4% of events that pass the selection requirements contain
multiple signal candidates. In such cases one candidate is
picked at random and the rest are discarded.
Figure 1 shows the Δm distribution of WS and RS signal

candidates with the results of a binned likelihood fit

]2c [MeV/m∆
140 145 150 155

)2 c
C

an
di

da
te

s 
/ (

0.
1 

M
eV

/

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
610×

RS candidates

Fit

Background

LHCb

]2c [MeV/m∆
140 145 150 155

)2 c
C

an
di

da
te

s 
/ (

0.
1 

M
eV

/

0
1
2
3
4
5
6
7
8
9

310×

WS candidates

Fit

Background

LHCb

FIG. 1. Decay-time integrated Δm distributions for RS (left) and WS (right) candidates with the fit result superimposed.
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•  Measurement  w/o  PS  integration  
expected  to  have  large  sensitivity	



D0→π+π-‐‑π0,  t-‐‑dependent  Dali�  analysis	
•  Measure  how  Phase  Space  evolves  with  time	
✗    Need  model  to  describe  resonances	
            ρ(770)→ππ  dominate	
✓Access  to  interfering  amplitudes  and  phases,  	
        no  coherence  factor  dilution,  direct  access  to  x&y	
	

•  Rate  for  D  produced  at  t=0  as  D0	
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FIG. 2: (Color online). The (a) Dalitz-plot and (b) difference between the Dalitz-plot and fit model prediction normalized by
the associated statistical uncertainty in each bin, both time-integrated for the data. Also shown underneath are the projections
of (c) m2

π+π0 , (d) m
2
π−π0 , and (e) m2

π+π−
for our data (points) and fit model (blue solid lines), together with the fit residuals

normalized by the associated statistical uncertainties. The PDF components for signal (red dotted) and background (green
dashed) events are shown. Note the narrow gap in (e) due to the K0

S veto.

ing the sets of parameters to vary independently. The
associated systematic uncertainties are taken as the dif-
ferences from the nominal values.
The DP distribution of the signal is modeled as a co-

herent sum of quasi-two-body decays, involving several
resonances. To study the sensitivity to the choice of
the model, we remove some resonances from the coher-
ent sum. To decide if removing a resonance provides a
“reasonable” description of the data, we calculate the χ2

of a fit using an adaptive binning process where each
bin contains at least a reasonable number of events so
that its statistical uncertainty is well determined. With
1762 bins, the nominal fit has χ2 = 2794. We separately
drop the four partial waves that individually increase χ2

by less than 80 units: f0(1370), f0(1500), f0(1710), and
ρ(1700). We take the largest variations as the systematic
uncertainties. The other partial waves individually when
removed produce ∆χ2 > 165. Additional uncertainties
from our amplitude model due to poor knowledge of the
mass and width of f0(500) are accounted for by float-
ing the mass and width of f0(500) in the fit to data and
taking the variations in x and y. The default resonance
radius used in the Breit-Wigner resonances in the isobar
components is 1.5 GeV−1, as mentioned earlier. We vary
it in steps of 0.5 GeV−1 from a radius of 0 to 2.5 GeV−1

and again take the largest variations.
The efficiency as a function of position in the DP in

the nominal fit is modeled using a histogram taken from

m2(π+π0)  	

m
2 (π

-‐‑ π
0 )  
	

ρ(770)+	

ρ(770)-‐‑	
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FIG. 2: (Color online). The (a) Dalitz-plot and (b) difference between the Dalitz-plot and fit model prediction normalized by
the associated statistical uncertainty in each bin, both time-integrated for the data. Also shown underneath are the projections
of (c) m2

π+π0 , (d) m
2
π−π0 , and (e) m2

π+π−
for our data (points) and fit model (blue solid lines), together with the fit residuals

normalized by the associated statistical uncertainties. The PDF components for signal (red dotted) and background (green
dashed) events are shown. Note the narrow gap in (e) due to the K0

S veto.

ing the sets of parameters to vary independently. The
associated systematic uncertainties are taken as the dif-
ferences from the nominal values.
The DP distribution of the signal is modeled as a co-

herent sum of quasi-two-body decays, involving several
resonances. To study the sensitivity to the choice of
the model, we remove some resonances from the coher-
ent sum. To decide if removing a resonance provides a
“reasonable” description of the data, we calculate the χ2

of a fit using an adaptive binning process where each
bin contains at least a reasonable number of events so
that its statistical uncertainty is well determined. With
1762 bins, the nominal fit has χ2 = 2794. We separately
drop the four partial waves that individually increase χ2

by less than 80 units: f0(1370), f0(1500), f0(1710), and
ρ(1700). We take the largest variations as the systematic
uncertainties. The other partial waves individually when
removed produce ∆χ2 > 165. Additional uncertainties
from our amplitude model due to poor knowledge of the
mass and width of f0(500) are accounted for by float-
ing the mass and width of f0(500) in the fit to data and
taking the variations in x and y. The default resonance
radius used in the Breit-Wigner resonances in the isobar
components is 1.5 GeV−1, as mentioned earlier. We vary
it in steps of 0.5 GeV−1 from a radius of 0 to 2.5 GeV−1

and again take the largest variations.
The efficiency as a function of position in the DP in

the nominal fit is modeled using a histogram taken from
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D0→KS"", t-‐‑dep.  Dali�, model independent	

•  D0→KSππ  is  a  golden  mode  for  mixing	
•  Binned  approach  to  Dali�  	
•  Strong  phases  &  fractions  from  Cleo-‐‑c	
•  Fit  t(D)  with  data  driven  acceptance	

•  This  is  with  2011  data:  180K  signal  	
            KS  decayed  inside  vertex  detector	
•  Ongoing  for  2012  data:  ~2M  prompt+sec  	
          Also  KS  decayed  outside  vertex  detector	
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Figure 2: Decay time projection from the fit for separation of prompt and secondary candidates.
The curves show the results of the fit described in Sec. 4.4: the total (solid black), the prompt
component (solid green), the secondary component (dot-dashed blue), and the combinatorial
component (dashed red). Both plots show the same data sample with linear (top) and logarithmic
(bottom) vertical scales.

To avoid an excessive number of free parameters when splitting the data into many
independent subsamples, the third fit is done in two stages. Initially, fits to f3(mD

,�m)
are done without dividing the data by phase space bin such that there are only two
subsamples, D⇤+ and D

⇤�. The results of these fits are shown in Fig. 3 and correspond to
yields of approximately 85k each of D⇤+ and D

⇤� within the narrow signal window. The
parameters for f3(mD

|peak), f3(�m|peak), and f3(�m|smooth) are then fixed. Individual
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FIG. 1: Equal ��
D

binning of the D0 !K0

S

⇡+⇡� Dalitz plot with N = 8 based on the model from
Ref. [12]. The color scale represents the absolute value of the bin number, |i|.
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signal	
secondary	
combinatorial	
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•  Indirect  CPV  in  SM  is  small:  ~10-‐‑4	

•  Easiest  via  AΓ  =  asymmetry  of  ‘effective’  lifetimes  of  CP  eigenstates	

•  Binned  approach:  asymmetry  of  yields  in  t(D)  bins	

	

•  Unbinned  approach  (via  effective  lifetimes)  gives  similar  results	

AΓ:  quest  for  indirect  CPV	

21 

LHCB-‐‑CONF-‐‑2016-‐‑009	
LHCB-‐‑CONF-‐‑2016-‐‑010	

A� =

1

2

h

✓

�

�

�

�

q

p

�

�

�

�

�
�

�

�

�

p

q

�

�

�

�

◆

y cos ��
✓

�

�

�

�

q

p

�

�

�

�

+

�

�

�

�

p

q

�

�

�

�

◆

x sin �

i

' �A

indirect
CP

(1)

A� =

⌧(D

0 ! h

+
h

�
)� ⌧(D

0 ! h

+
h

�
)

⌧(D

0 ! h

+
h

�
) + ⌧(D

0 ! h

+
h

�
)

(2)

P
⇥

D

0
(Dalitz; t)

⇤

/ e

��t

n

|A
f

|2[cosh (y�t) + cos (x�t)]

+

�

�

q

p

A

f

�

�

2
[cosh (y�t)� cos (x�t)]

� 2<
⇣

q

p

A

⇤
f

A

f

⌘

sinh (y�t)� 2=
⇣

q

p

A

⇤
f

A

f

⌘

sin (x�t)

o

(3)

x = (1.5± 1.2± 0.6)%

y = (0.2± 0.9± 0.5)%

R

coh

y

0
= (0.3± 1.8)⇥ 10

�3
(4)

(x

02
+ y

02
)/4 = (4.8± 1.8)⇥ 10

�5
(5)

R(t) =

N

WS

N

RS

(t) ' R

D

+

p

R

D

y

0 t

⌧

+

x

2
+ y

2

4

✓

t

⌧

◆2

(6)

R(t) =

N

WS

N

RS

(t) ' R

K3⇡

D

+

q

R

K3⇡

D

R

coh

y

0 t

⌧

+

x

02
+ y

02

4

✓

t

⌧

◆2

(7)

R

coh

e

�i�K3⇡
=

R

A

K

�3⇡

(r)A

K

+3⇡

(r) dr

q

R

|A
K

�3⇡

(r)|2 dr

q

R

|A
K

+3⇡

(r)|2 dr

(8)

R

coh

e

�i�K3⇡ '
Z

A

K

�3⇡

(r)A

K

+3⇡

(r) dr (9)

Z

A

K

�3⇡

(r)A

K

+3⇡

(r) dr) R

coh

e

�i�K3⇡
(10)

R

D

=

BR(Fav D

0!K⇡)
BR(Supp D

0!K⇡)

✓

x

0

y

0

◆

=

✓

cos �

K⇡

sin �

K⇡

� sin �

K⇡

cos �

K⇡

◆ ✓

x

y

◆

(11)

1

A� =

1

2

h

✓

�

�

�

�

q

p

�

�

�

�

�
�

�

�

�

p

q

�

�

�

�

◆

y cos ��
✓

�

�

�

�

q

p

�

�

�

�

+

�

�

�

�

p

q

�

�

�

�

◆

x sin �

i

' �A

indirect
CP

(1)

A� =

⌧(D

0 ! h

+
h

�
)� ⌧(D

0 ! h

+
h

�
)

⌧(D

0 ! h

+
h

�
) + ⌧(D

0 ! h

+
h

�
)

(2)

P
⇥

D

0
(Dalitz; t)

⇤

/ e

��t

n

|A
f

|2[cosh (y�t) + cos (x�t)]

+

�

�

q

p

A

f

�

�

2
[cosh (y�t)� cos (x�t)]

� 2<
⇣

q

p

A

⇤
f

A

f

⌘

sinh (y�t)� 2=
⇣

q

p

A

⇤
f

A

f

⌘

sin (x�t)

o

(3)

x = (1.5± 1.2± 0.6)%

y = (0.2± 0.9± 0.5)%

R

coh

y

0
= (0.3± 1.8)⇥ 10

�3
(4)

(x

02
+ y

02
)/4 = (4.8± 1.8)⇥ 10

�5
(5)

R(t) =

N

WS

N

RS

(t) ' R

D

+

p

R

D

y

0 t

⌧

+

x

2
+ y

2

4

✓

t

⌧

◆2

(6)

R(t) =

N

WS

N

RS

(t) ' R

K3⇡

D

+

q

R

K3⇡

D

R

coh

y

0 t

⌧

+

x

02
+ y

02

4

✓

t

⌧

◆2

(7)

R

coh

e

�i�K3⇡
=

R

A

K

�3⇡

(r)A

K

+3⇡

(r) dr

q

R

|A
K

�3⇡

(r)|2 dr

q

R

|A
K

+3⇡

(r)|2 dr

(8)

R

coh

e

�i�K3⇡ '
Z

A

K

�3⇡

(r)A

K

+3⇡

(r) dr (9)

Z

A

K

�3⇡

(r)A

K

+3⇡

(r) dr) R

coh

e

�i�K3⇡
(10)

R

D

=

BR(Fav D

0!K⇡)
BR(Supp D

0!K⇡)

✓

x

0

y

0

◆

=

✓

cos �

K⇡

sin �

K⇡

� sin �

K⇡

cos �

K⇡

◆ ✓

x

y

◆

(11)

1

0 2 4 6 8
�2

�1

0

1

2

A
(t

)[
%

]

LHCb
D

0 ! K

+
K

�
Data
Fit

20
t/⌧

D

Figure 3: Time dependent asymmetries A(t) for D0! K

+

K

� and D

0! ⇡

+

⇡

� averaged over
the full Run 1 data sample, with projection of the A

�

fit overlaid. Di↵erences between the data
points and fit projection, normalised to the data points error, are displayed on top.

the correlation between the two measurements. They are also consistent with the A
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D0→K+K-‐‑                                            9.6×106	
  	

D0→π+π-‐‑                                                        3×106	
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•  Run-‐‑1  (2011+2012)	

•  Sensitivity  O(10-‐‑4)	
          Limited  by  statistics	

•  AΓ  in  terms  of  basic  parameters	

	
ð sensitivity  to  q/p  depends  on  x  	

AΓ:  status	
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Mixing  &  indirect  CPV  from  global  fit	

  	

•  Mixing  established;  x  still  not  significant	
•  No  evidence  of  indirect  CPV	
•  Need  data  from  BelleII  and  LHCb  upgrade	
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x = 0.37± 0.16( )% y = 0.66−0.10
+0.07( )% q p = 0.91−0.08

+0.12

φ ≡ arg(q p) = −9.4−9.8
+11.9 deg

no  mixing	

no  CPV	



Projections for Run II and beyond

� Use HFAG like fit to project future sensitivity
� Combine world averages with current measurements presented here for Run I

sensitivity
� Use LHCb data as baselines where available
� Assume

√
N scaling of both statistical and systematic uncertainties

� Run 5 would collect 200× yields of Run I, expect O(10) decrease in errors
Uno�cial Projections

Run x[10−3] y[10−3] �q
p

� [10−3] �[mrad]

Projected 2016 HFAG WA 1.39 0.90 80 156
1 1.10 0.78 65 119
2 0.81 0.58 47 83
3 0.32 0.24 17 32
4 0.20 0.14 11 19
5 0.07 0.05 5 7

A. Davis

CP Violation in Charm Mixing and Decay: Experimental Results and Prospects 21 / 22
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Uno�cial Run 3 Projection
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Uno�cial Run 2 Projection
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Uno�cial Run 1 Projection
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•  Current  WA  +  Run-‐‑1  measurements  as  baseline	
•  Assume  √N  scaling  of  statistical  and  systematic  errors	
	

    Run-‐‑1  (2010-‐‑2012)                Run-‐‑2  (2015-‐‑2018)                  Run-‐‑3  (2021-‐‑2023)                    Run-‐‑4  (2026-‐‑2029)	
	
	
	
	
	

Future  sensitivities	
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A.Davis  talk@  6th  LHCb  
Implications  Workshop	

200×Run-‐‑1  yields	



Opportunities  &  Limitations	

•  Multi-body decays to exploit 
   D0→K3π,  4π,  KSπππ0,      	
•  Phase  Space  modeling  ð model  uncertainty  	
•  Huge  statistics  ð naïve  approach  to  dynamics  description  fails	
•  Using  external  input  on  strong  phases  is  a  future?	
•  Must  get  more  from  c-‐‑Factories  data	
    “Synergy  of  LHCb  and  BESIII  physics  programmes”  LHCb-‐‑PUB-‐‑2016-‐‑025	

•  Technicalities to control 
•  Reliable  and  large  MC  (CPU  consuming)  
•  t(D)  acceptance,  Phase  Space  acceptance  and  their  correlations	
•  Prompt/secondary  charm  separation  w/o  biasing  t(D)	
•  K  and  π  detection  asymmetries  and  their  time  dependence	

25 Jolanta@MIAPP 



•  Depends  on  decay  mode  	
•  Needs  two  amplitudes  with  different  weak  &  strong  phases	
  ð SCS  decays  with  Tree  +  Penguin  	
•  Penguin  in  charm  is  tiny  (no  t-‐‑quark  in  loop)	
    ð in  SM  direct  CPV  ≤10-‐‑3÷10-‐‑2	
•  Not  observed  yet	
	

Recent LHCb results 
•  2-body decays 

•  ΔACP  	

•  ACP(D0→K+K-‐‑)	
•  ACP(D(s)

+→η’π+)	
•  Multibody decays 

•  D0→π+π-‐‑π+π-‐‑ 

Direct  CPV	

26 Jolanta@MIAPP 
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boson mass. A perturbative calculation of c ! u FCNC
processes yield a suppression factor (m2

b�m2
d)/m

2
W , whereas

FCNC in B and K decays are relatively strong due to the
factor (m2

t � m2
u)/m

2
W ; thus the heavy top quark weak-

ened the GIM mechanism. However, due to the fact that in
D decays no particular suppression happens due to CKM
factors, there are in general large long distance contribu-
tions, making an analysis of the short-distance structure
di�cult. As an example, the short distance contribution
to D0 � D̄0 oscillation is very small, which is by far ex-
ceeded by long distance contributions, which are hard to
compute.

Consequently, long-distance dynamics, like final state
interactions (FSI), play an important role, since they are
in general much larger in charm meson decays than for
B(s) decays. In many cases they exceed the short-distance
contributions even by a few order of magnitudes. Com-
pared to B decays there is a smaller energy release in D(s)

decays, resulting in production of slower daughter parti-
cles, which thus are more likely to influence each other
before they leave interaction region. Any precision elec-
troweak predictions require then theoretical improvement
in calculating long-distance QCD e↵ects to remove sub-
stantial hadronic uncertainties. Strategies for NP searches
and interpretation of measurements highly depend on quan-
titative information on hadronic e↵ects. Such e↵ects are
nonperturbative and their theoretical calculations are still
challenging for any approach/method. As charm quark lies
inbetween the light flavours (mu,d,s  ⇤QCD) described
by chiral perturbation theory (ChPT) and heavy quarks
(mb � ⇤QCD) treated by heavy-quark e↵ective theory
(HQET), charm decays can bring new insight into nonper-
turbative QCD. Since heavy-quark mass expansion does
not work as well for charm decays, thus computation of
hadronic e↵ects is more di�cult than for corresponding
B decays. Despite of this, charm decays can still help to
establish theoretical tools and allow their calibration for
calculations inevitable for B(s) decays.

0.1.1.1 Quark diagrams for weak decays of charm mesons

Quark diagrams underlying hadronic, semileptonic and
leptonic decays of charm mesons are shown in Fig. 1.
Taking into account topology of these quark graphs, they
are either simple tree-level diagrams (Fig. 1(a-d,g,h)) or
penguin diagrams (Fig. 1(e,f)) representing higher-order,
loop-level processes.

Tree-level hadronic decays (Fig. 1(a-c)) and semilep-
tonic ones (Fig. 1(f)) proceed through c ! W+s cur-
rent and thus have amplitudes governed by the CKM
matrix element |Vcs| ' 0.97. These decays are Cabibbo-
favored (CF ) processes, while the corresponding Cabibbo-
suppressed (CS) decays proceed via c ! W+d and involve
|Vcd| ' 0.22. Unless W+ materializes into either l+⌫l lep-
tons (Fig. 1(g,h)) or ud̄ pair (Fig. 1(a,b,d)) inducing the
CKM factor of |Vud|, Cabibbo suppression may arise from
the light-quark us̄ vertex involving |Vus|. Thus the CF
modes at the tree level proceed through c ! sd̄u, singly
Cabibbo-suppressed (SCS) ones through either c ! dd̄u

Fig. 1. Quark diagrams for charm meson decays: hadronic
(a-f), semileptonic (g), leptonic (h). Diagrams underlying
hadronic decays: external W emission (a), internal W emis-
sion (b), W exchange (c), W annihilation (d), W -loop penguin
(e) and W -loop penguin annihilation (f).

or c ! ss̄u, while doubly Cabibbo-suppressed (DCS)
modes via c ! dd̄s.

Figures 1(a,b,e,g) represent spectator decays, in which
a light constituent antiquark does not participate in the
weak interaction, contrary to non-spectator decays shown
in Fig. 1(c,d,f,h).

Decays of ground charmed mesons to final states in-
volving leptons (Fig. 1(g,h)) are the simplest and the clean-
est channels and, as such, enable tests of the SM predic-
tions or the LQCD calculations in the charm sector.

SemileptonicD(s) ! Xl+⌫l decays (see Section 0.1.5),
comprise significant fractions of D(s) total widths; up to
about for 6% D0, 16% for D+ and 6% for D+

s mesons.
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or c ! ss̄u, while doubly Cabibbo-suppressed (DCS)
modes via c ! dd̄s.

Figures 1(a,b,e,g) represent spectator decays, in which
a light constituent antiquark does not participate in the
weak interaction, contrary to non-spectator decays shown
in Fig. 1(c,d,f,h).

Decays of ground charmed mesons to final states in-
volving leptons (Fig. 1(g,h)) are the simplest and the clean-
est channels and, as such, enable tests of the SM predic-
tions or the LQCD calculations in the charm sector.

SemileptonicD(s) ! Xl+⌫l decays (see Section 0.1.5),
comprise significant fractions of D(s) total widths; up to
about for 6% D0, 16% for D+ and 6% for D+

s mesons.

•  b  loop  ~VubVcb(mb/mW)2	

•  s  &  d  cancel  in  SU(3)f  limit  	



•  Production asymmetry	
•  pp:  σ(Λc

+)>σ(Λc
-‐‑)  ð σ(D+)<σ(D-‐‑)  to  compensate  (asym~1%)	

•  e+e-‐‑→γ/Z*  interference  ð  FB  asymmetry	
•  Detection asymmetries (K+  vs  K-‐‑  ,  π+ vs  π-)	
•  different  interactions  with  detector  material:  σ(pK-‐‑)  >  σ(pK+)  	
•  Correct with control modes (CP  symmetric)	
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‘Extra’  asymmetries  to  account  for	

27 Jolanta@MIAPP 

A

raw

=

N(D)�N(D)

N(D) + N(D)

(1)

�A

CP

'
h

A

direct
CP

(KK)� A

direct
CP

(⇡⇡)

i

+

�hti
⌧

D

A

indirect
CP

(2)

�A

CP

= (�0.10± 0.08± 0.03)% (3)

A� = (�0.030± 0.032± 0.014)% (4)

A� = (0.046± 0.058± 0.016)% (5)

A

CP

(t) ' A

direct
CP

�A�
t

⌧

D

(6)

A� =

1

2

h

✓

�

�

�

�

q

p

�

�

�

�

�
�

�

�

�

p

q

�

�

�

�

◆

y cos ��
✓

�

�

�

�

q

p

�

�

�

�

+

�

�

�

�

p

q

�

�

�

�

◆

x sin �

i

' �A

indirect
CP

(7)

A� =

⌧(D

0 ! h

+
h

�
)� ⌧(D

0 ! h

+
h

�
)

⌧(D

0 ! h

+
h

�
) + ⌧(D

0 ! h

+
h

�
)

(8)

P
⇥

D

0
(Dalitz; t)

⇤

/ e

��t

n

|A
f

|2[cosh (y�t) + cos (x�t)]

+

�

�

q

p

A

f

�

�

2
[cosh (y�t)� cos (x�t)]

� 2<
⇣

q

p

A

⇤
f

A

f

⌘

sinh (y�t)� 2=
⇣

q

p

A

⇤
f

A

f

⌘

sin (x�t)

o

(9)

x = (1.5± 1.2± 0.6)%

y = (0.2± 0.9± 0.5)%

R

coh

y

0
= (0.3± 1.8)⇥ 10

�3
(10)

(x

02
+ y

02
)/4 = (4.8± 1.8)⇥ 10

�5
(11)

R(t) =

N

WS

N

RS

(t) ' R

D

+

p

R

D

y

0 t

⌧

+

x

2
+ y

2

4

✓

t

⌧

◆2

(12)

R(t) =

N

WS

N

RS

(t) ' R

K3⇡

D

+

q

R

K3⇡

D

R

coh

y

0 t

⌧

+

x

02
+ y

02

4

✓

t

⌧

◆2

(13)

1

Calculated  from  known  	
K0/K0  interactions  with  	
detector  +  K-‐‑mixing/CPV	

Production  	
asymmetries	

ACP  =  Araw(K+K-‐‑)  	
	

                      -‐‑Araw(K-‐‑π+)  	

	
                                    +Araw(K-‐‑π+π+)	

	
                                                  -‐‑Araw(K0π+)	
	
                                                                        +A(K0)	

_	

_	 _	



•  Sensitive  &  simple	

	
•  2012  evidence:  ΔACP=(-‐‑0.8  ±  0.2  ±  0.1)%	
•  In  SM  |ΔACP

direct|≤  0.6%  	

•  ΔACP  &  AΓ  results  ð  fit  ΔACP
direct  &  ACP

indirect	
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acceptance. About 70% of the selected candidates are
retained by these fiducial requirements.
The candidates satisfying the selection criteria are

accepted for further analysis if the mass difference
δm≡mðhþh−πþs Þ −mðhþh−Þ −mðπþÞ for h ¼ K, π is
in the range 0.2 − 12.0 MeV=c2 and the invariant
mass of the D0 candidate is within 2 standard deviations
from the central value of the mass resolution model. The
standard deviation corresponds to about 8 MeV=c2 and
10 MeV=c2 for D0 → K−Kþ and D0 → π−πþ decays,
respectively.
The data sample includes events with multiple D%þ

candidates. The majority of these events contain the same
reconstructed D0 meson combined with different soft pion
candidates. The fraction of events with multiple candidates in
a range of δm corresponding to 4.0–7.5 MeV=c2 is about
1.2% for TOS events and 2.4% for nTOS events; these
fractions are the same for theK−Kþ andπ−πþ final states, and
for both magnet polarities. The events with multiple candi-
dates are retained and a systematic uncertainty is assessed.
Signal yields and ArawðK−KþÞ and Arawðπ−πþÞ are

obtained from minimum χ2 fits to the binned δm distribu-
tions of the D0 → K−Kþ and D0 → π−πþ samples. The
data samples are split into eight mutually exclusive sub-
samples separated by center-of-mass energy, magnet
polarity, and trigger category. The signal shape is studied
using simulated data and described by the sum of

two Gaussian functions with a common mean, and a
Johnson SU function [40]. The background is described
by an empirical function of the form 1 − exp ½ðδm−
δm0Þ=α' þ βðδm=δm0 − 1Þ, where δm0 controls the
threshold of the function, and α and β describe its shape.
The fits to the eight subsamples and between the K− Kþ

and π− πþ final states are independent. Fits to the δm
distributions corresponding to the whole data sample are
shown in Fig. 1.
The D%þ signal yield is 7.7 × 106 for D0 → K−Kþ

decays, and 2.5 × 106 for D0 → π−πþ decays. The signal
purity is ð88.7( 0.1Þ% for D0 → K−Kþ candidates, and
ð87.9( 0.1Þ% for D0 → π−πþ candidates, in a range of
δm corresponding to 4.0 − 7.5 MeV=c2. The fits do not
distinguish between the signal and the backgrounds that
peak in δm. Such backgrounds, which can arise from D%þ

decays where the correct soft pion is found but the D0

meson is misreconstructed, are suppressed by the
PID requirements to less than 4% of the number of
signal events in the case of D0 → K−Kþ decays
and to a negligible level in the case of D0 → π−πþ

decays. Examples of such backgrounds are D%þ→
D0ðK−πþπ0Þπþs and D%þ → D0ðπ−eþνeÞπþs decays. The
effect on ΔACP of residual peaking backgrounds is
evaluated as a systematic uncertainty.
The value of ΔACP is determined in each subsample

(see Table 1 in Ref. [39]). Testing the eight independent
measurements for mutual consistency gives χ2=ndf ¼
6.2=7, corresponding to a p-value of 0.52. The weighted
average of the values corresponding to all subsamples is
calculated as ΔACP ¼ ð−0.10( 0.08Þ%, where the uncer-
tainty is statistical.

FIG. 1. Fit to the δm spectra, where the D0 is reconstructed in
the final state (left) K−Kþ and (right) π−πþ. The dashed line
corresponds to the background component in the fit.

FIG. 2. Contour plot of ΔadirCP versus aindCP. The point at (0,0)
denotes the hypothesis of no CP violation. The solid bands
represent the measurements in Refs. [28,45,46] and the one
reported in this Letter. The value of yCP is taken from Ref. [47].
The contour lines shows the 68%, 95%, and 99% confidence-
level intervals from the combination.
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of A
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CP

yields a value for A
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= (0.24± 0.15 (stat)± 0.11 (syst))%. (11)

The statistical correlation coe�cient of the two measurements is ⇢
stat

= 0.24, and the
systematic uncertainties of the two analyses are assumed to be fully uncorrelated.

The correlation coe�cient between this value and the measurement of Asl

CP

(⇡�⇡+) =
(�0.19± 0.20 (stat)± 0.10 (syst))% using semileptonically-tagged decays at LHCb [18] is
⇢
stat

= 0.28. The weighted average of the values is
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(⇡�⇡+) = (0.07± 0.14 (stat)± 0.11 (syst))%,

where, again, the systematic uncertainties are assumed to be fully correlated. When
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Figure 2: Measurements of CP violation asymmetries in D0 !K�K+ and D0 !⇡�⇡+ decays.
Alongside the two LHCb measurements, presented in this Letter (green ellipse) and in Ref. [18]
(blue ellipse), and their combination (red ellipse), the latest value of the Heavy Flavour Averaging
Group [1] is shown (black ellipse). The latter already includes the measurement of �A

CP

with muon(pion)-tagged D0 decays, using 3(1) fb�1 pp collision data collected with the LHCb
detector [18, 32]. The 68% confidence level contours are displayed where the statistical and
systematic uncertainties are added in quadrature.

adding the statistical and systematic uncertainties in quadrature, the values for the CP
asymmetries in D0 !K�K+ and D0 !⇡�⇡+ have a correlation coe�cient ⇢

full

= 0.61.
Fig. 2 shows the LHCb measurements of CP asymmetry using both pion- and muon-tagged
D0 ! K�K+ and D0 ! ⇡�⇡+ decays. Additionally, the latest combined values of the
Heavy Flavour Averaging Group [1] for these quantities are presented. The time-integrated
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arXiv:1610.09476	
ACP(D0→K+K-‐‑)  &  ACP(D0→π+π-‐‑)  	

•  Individual  ACP(KK),  pion-‐‑tagged  sample	

•  Combine  with  ΔACP  ð	
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•  Combine  with  results  from  
muon-‐‑tagged  sample  	

                JHEP07,  041  (2014)  	

            ð  LHCb  combination	
	
•  Both  ACP’s  consistent  with  zero	
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ACP  in  D(s)
+→η’π+  	

•  Charged  D(s)  =  flavour  ‘self-‐‑tagged’  by  pion  charge  	
•  η’→π+π-‐‑γ    photon  in  final  state  ð large  background	

	

•  3rd  uncertainty:  Belle  input  on  ACP  in  control  modes  D+→KSπ+  &  Ds
+→ϕπ+  	
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Direct	CPV	in	D(s)
+�η’π+	decays	

CPV	and	mixing	in	charm	at	LHCb													Mark	Williams													8	September	2016	

StaTsTcally	limited	

Largest	systemaTc	uncertainty	
from	background	model	in	fit	

AddiTonal	uncertainty	from	
external	ACP(control)	inputs	

Consistent	with	CP	
conservaTon	
Most	precise	
measurements	to	date	

Publica-on	in	prepara-on	
Parallel	session	slides	

24	

(	−0.61	±	0.72	±	0.55	±	0.12)	%	
(	−0.82	±	0.36	±	0.24	±	0.27)	%	

LHCB-‐‑PAPER-‐‑2016-‐‑041	

Direct	CPV	in	D(s)
+�η’π+	decays	

CPV	and	mixing	in	charm	at	LHCb													Mark	Williams													8	September	2016	

Fit	m(η’π±)	to	extract	
raw	asymmetry	

Separate	by	magnet	polarity		
and	collision	energy.	

Bin	in	η(π),	pT(π)	to	improve	
cancellaTon	of	detector	
asymmetries	

Control	channel	
asymmetry	

External	input	
(D0,	Belle)	

D(s)
+	 D(s)

−	

23	

                                                                        	
D+                                      Ds

+                                                                                            D-‐‑                                      Ds
-‐‑	

ç  SCS	
	

ç  CF	



	

	

	
	
	
	
	
	

ACP  in  two-‐‑body  SCS  decays	
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LHCb	 Belle	 BaBar	 BESIII	
Mode	 ACP  [%]	
D0→K+K-‐‑  	 +0.04  ±  0.12  ±  0.10	 -‐‑0.32  ±  0.21  ±  0.09          	+0.00  ±  0.34  ±  0.13	

D0→π+π-‐‑  	 +0.07  ±  0.14  ±  0.11	 +0.55  ±  0.36  ±  0.09	 -‐‑0.24  ±  0.52  ±  0.22	

D0→KsKs	 -‐‑2.9  ±  5.2  ±  2.2	 +0.00  ±  1.53  ±  0.17	

D0→π0π0  	 -‐‑0.03  ±  0.64  ±  0.10	

D0→Ksη  	 +0.54  ±  0.51  ±  0.16	

D0→Ksη’  	 +0.98  ±  0.67  ±  0.14	

D+→KsK+	 +0.03  ±  0.17  ±  0.14	 +0.08  ±  0.28  ±  0.14	+0.46  ±  0.36  ±  0.25	 -‐‑1.5  ±  2.8  ±  1.6	

D+→KLK+	 -‐‑3.0  ±  3.2  ±  1.2	

D+→φπ+	 -‐‑0.04  ±  0.14  ±  0.14	 +0.51  ±  0.28  ±  0.05	

D+→ηπ+  	 +1.74  ±  1.13  ±  0.19	

D+→η’π+  	 -‐‑0.61  ±  0.72  ±  0.55  ±  0.12	 -‐‑0.12  ±  1.12  ±  0.17	

Ds
+→Ksπ+	 +0.38  ±  0.46  ±  0.17	 +5.45  ±  2.50  ±  0.33	 +0.3  ±  2.0  ±  0.3	

Most pr
ecise 

Very i
mportan

t 

New 

New 

New 

New 

New 

New 

h�p://www.slac.stanford.edu/xorg/hfag/charm	



Comments  on  direct  CPV  searches	

•  Precision down to O(10-3),  still  no  evidence	
          Will  improve  ~6  times  with  Run-‐‑4  data  (by  2030)	

•  Exploit correlations between  modes  	
          related  through  Isospin  or  U-‐‑spin	
          ð ~model  independent  test  of  SM,  model  dependent  test  of  NP	
          e.g.  SM  sum  rules:	

	
•  Study charm baryons 
            1st  evidence  for  CPV  in  baryons  (in  Λb→p3π)  arXiv:1609:05216	
	

•  Rare decays:  CPV  in  SM  at  a  few  %  level	
            D0→ργ,  φγ,  K*γ  (BF~10-‐‑4÷10-‐‑5)  Belle  arXiv:1603.03257	
            D0→ππl+l-‐‑,  KKl+l-‐‑  (FCNC,  BF~10-‐‑12)	
          	 32 Jolanta@MIAPP 

Multibody9

•  Individual#contributions#!

15 Charm@Implications2014 

ACP D0→π 0π 0( ) ~ 1%   ACP D0→KSKS( ) ~ 0.6%

A D+→π +π 0( )− A D+→π +π 0( ) = 0
1
2
A π +π −( )+ A π 0π 0( )− 1

2
A π +π −( )− A π 0π 0( ) = 0



•  Strong  phases  vary  in  phase  space  ð  local  asymmetries  	
•  Model  independent  methods:  test  if  data  consistent  with  no-‐‑CPV  	
  ð  binned  χ2  (SCP  method,  aka  Miranda  method)  	
	
	
	
	
	
	

  ð  unbinned  (Energy  Test)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
                                                    	
      	
	
  	

CPV  in  multi-‐‑body  decays	

33 Jolanta@MIAPP 
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Fig. 8. (a) Raw asymmetry and (b) pull value of µT as a function of a region for the background candidates. The horizontal lines in (b) represent +3 and +5 pull values. The
region R0 corresponds to the full Dalitz plot. Note that the points for the overlapping regions are correlated.

Fig. 9. Distributions of S i
CP across the D+ Dalitz plane, with the adaptive binning scheme of uniform population for the total D+ → π−π+π+ data sample with (a) 49 and

(c) 100 bins. The corresponding one-dimensional S i
CP distributions (b) and (d) are shown with a standard normal Gaussian function superimposed (solid line).

observed that the difference in shape of the probability density
functions is in large part absorbed in the difference in the normal-
isation. This indicates that the choice of the regions is important
for increasing the sensitivity of the kNN method. In general the
method applied in a given region is sensitive to weak phase differ-
ences greater than (1–2)◦ and magnitude differences of (2–4)%.

6. Results

6.1. Binned method

The search for CPV in the Cabibbo-suppressed mode D+ →
π−π+π+ is pursued following the strategy described in Sec-
tion 4. For the total sample size of about 3.1 million D+ and
D− candidates, the normalisation factor α, defined in Eq. (1), is
0.990 ± 0.001. Both adaptive and uniform binning schemes in the
Dalitz plot are used for different binning sizes.

The S i
CP values across the Dalitz plot and the corresponding

histogram for the adaptive binning scheme with 49 and 100 bins
are illustrated in Fig. 9. The p-values for these and other binning

Table 1
Results for the D+ → π−π+π+ decay sample using the adap-
tive binning scheme with different numbers of bins. The num-
ber of degrees of freedom is the number of bins minus 1.

Number of bins χ2 p-value (%)

20 14.0 78.1
30 28.2 50.6
40 28.5 89.2
49 26.7 99.5

100 89.1 75.1

choices are shown in Table 1. All p-values show statistical agree-
ment between the D+ and D− samples.

The same χ2 test is performed for the uniform binning scheme,
using 20, 32, 52 and 98 bins also resulting in p-values consistent
with the null hypothesis, all above 90%. The S i

CP distribution in the
Dalitz plot for 98 bins and the corresponding histogram is shown
in Fig. 10.

As consistency checks, the analysis is repeated with indepen-
dent subsamples obtained by separating the total sample accord-

	
	
	 ç  Significance  of  local  	

asymmetry  for  each  event  	

D+→π+π+π-‐‑	
	

p-‐‑value  =  50÷100%	

D0→π+π-‐‑π0	
	

p-‐‑value  =  2÷5%	
	

CPV#in#multibody#decays#(2)9

•  Dynamics#of#charm#decays#is#rich#! important#to#study#local#asymmetries#!
•  Model#independent#methods:#check#if#data#consistent#with#noLCPV#hypothesis!
######!#binned#(SCP#a.k.a#Miranda#method)#!
######!#unbinned#(Energy#Test,#kNN)!
!
!
!
!
!
!
!
##########################!
###!
!
#!
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Mode9 Method9 pHvalue9

D+�π+π+πL! SCP! 50L100%!

D0�π+πLπ0! ET! 2L5%!

D0�π+πLπ+πL! SCP! 29L62%!

D0�K+KLπ+πL! SCP! 9L13%!
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region R0 corresponds to the full Dalitz plot. Note that the points for the overlapping regions are correlated.

Fig. 9. Distributions of S i
CP across the D+ Dalitz plane, with the adaptive binning scheme of uniform population for the total D+ → π−π+π+ data sample with (a) 49 and

(c) 100 bins. The corresponding one-dimensional S i
CP distributions (b) and (d) are shown with a standard normal Gaussian function superimposed (solid line).

observed that the difference in shape of the probability density
functions is in large part absorbed in the difference in the normal-
isation. This indicates that the choice of the regions is important
for increasing the sensitivity of the kNN method. In general the
method applied in a given region is sensitive to weak phase differ-
ences greater than (1–2)◦ and magnitude differences of (2–4)%.

6. Results

6.1. Binned method

The search for CPV in the Cabibbo-suppressed mode D+ →
π−π+π+ is pursued following the strategy described in Sec-
tion 4. For the total sample size of about 3.1 million D+ and
D− candidates, the normalisation factor α, defined in Eq. (1), is
0.990 ± 0.001. Both adaptive and uniform binning schemes in the
Dalitz plot are used for different binning sizes.

The S i
CP values across the Dalitz plot and the corresponding

histogram for the adaptive binning scheme with 49 and 100 bins
are illustrated in Fig. 9. The p-values for these and other binning

Table 1
Results for the D+ → π−π+π+ decay sample using the adap-
tive binning scheme with different numbers of bins. The num-
ber of degrees of freedom is the number of bins minus 1.

Number of bins χ2 p-value (%)

20 14.0 78.1
30 28.2 50.6
40 28.5 89.2
49 26.7 99.5

100 89.1 75.1

choices are shown in Table 1. All p-values show statistical agree-
ment between the D+ and D− samples.

The same χ2 test is performed for the uniform binning scheme,
using 20, 32, 52 and 98 bins also resulting in p-values consistent
with the null hypothesis, all above 90%. The S i

CP distribution in the
Dalitz plot for 98 bins and the corresponding histogram is shown
in Fig. 10.

As consistency checks, the analysis is repeated with indepen-
dent subsamples obtained by separating the total sample accord-

SiCP =
Ni D+( )−αNi D−( )
Ni D+( )+α 2Ni D−( )

α =
N D+( )
N D−( )

Significance#of#asym.#in#bins! Significance#of#local#asym.#!
for#each#event#!

Sensitivity#to#CPV#scenarios:#!
•  few#%#change#in#dominant#

amplitude#for#D#wrt#D!
•  few#degrees#of#phase#change!

D+�π+π+πL#!
D0�π+πLπ0!

PLB  728  (2014)  585	
S
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CP
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i(X)� ↵N
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N
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2
N

i(X̄)

↵ =
N
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(X)

N

tot

(X̄)

where N

i(X) and N

i(X̄) are the numbers of X and X̄ candidates in the ith bin, and37

the N

i values are su�ciently large that Gaussian errors may be assumed. ↵ is the ratio38

between the total yield of X and X̄ events. The parameter ↵ is introduced to account39

for global asymmetries which may occur due to production e↵ects. The small correction40

to the significance term in the denominator varies in the literature [4, 5] where the form41

given here is recommended.42

In the absence of local CP asymetries the Si

CP

are distributed according to a Gaussian43

of unit width and zero mean. The �

2 test value is computed from44

�

2 =
X

(Si

CP

)2.

The corresponding p-value for the compatibility of the observed data with the no CP45

violation hypothesis can be computed directly from the observed �

2 value and the number46

of degrees of freedom. The test is straightforward to implement and requires only minimal47

computing resources.48

The number, size and location of the bins need to be selected by the analysts. General49

advice for �2 comparison tests is that the number of bins must be su�cient to not miss local50

regions of asymmetry but su�cient that statistics in the bins do not limit the sensitivity.51

The number of bins used in the method in the literature have varied significantly.52

The initial application and discussion of the method [4,9] divided the Dalitz plane into53

O(103) bins. Applications of the method have also used a smaller number of bins, O(10)54

to O102 [5, 10].55

We recommend that the number of bins used in the method should be kept to a56

relatively small number. The number of degrees of freedom increases for every additional57

bin used and consequently the sensitivity of the method is decreased. This is illustrated in58

Fig. 1. A simulation sample of Dz! ⇡

�
⇡

+
⇡

0 events is generated using the Dalitz Plot59

analysis package Laura++ [11] according to the model in Ref. [12]. A sample of 700k60

events is used as this is the approximate sample size previously analysed in LHCb [6]. A61

CP asymmetry is introduced by modifying for the D

0 flavour only the amplitude of the62

⇢(770)+ resonance by 2%. The method is applied with the number of bins varied.63

In a binned approach there is a clear trade-o↵ between minimising the number of bins64

used and retaining sensitivity to the rich phase-space of interfering amplitudes in the decay.65

This is particularly true in the case of four-body decays where five coordinates are required66

to describe the phase-space (see Sect. 3)67

Binned distributions of the CP asymmetry in the Dalitz plot can also be used to68

observe CP Violation where large CP violation is present. This technique was successfully69

applied in [13,14] to observe local CP asymmetries in B+ ! h+ h+ h� decays. In this70

application of O(102) bins were used. The placement of the bins was physically motivated71

2

ç  Significance  of  
asymmetry  in  Dali�  bins	
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CPV	:	≥2	interfering	processes,	different	weak	
and	strong	phases	

MulT-body	charm	decays	have	rich	resonant	

structure	�	CPV	can	depend	strongly	on	phase	

space	

The	energy	test:	a	model-independent,	

unbinned	method	to	search	for	local	CPV	in	the	

decay	phase	space.	

Electric	charge	analogy:	 +q	and	–q	evenly	distributed	
�	potenTal	energy	E	=	0	

The	energy	test	

Search  for  CPV  in  D0→4π  with  Energy  Test	

•  Statistical  comparison  of  two  distributions	
•  Test  statistics:  based  on  distances  of  event  pairs  	
•  Compare  with  T  distribution  for  no  CPV  case  	
            (randomize  D  flavour)	
	

•  5-‐‑dim  phase  space:  m2(ππ),  m2(πππ)  ðP-‐‑even	
•  Use  triple-‐‑product  sign  to access  P-‐‑odd  CPV	

                                                                                                      Marginally  consistent  	
                                                                                                        with  no  CPV  (~2.7σ)	 34 Jolanta@MIAPP 
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Figure 3: (left) Permutation T value distribution showing the fit function and the measured T
value as a red line. (middle and right) Visualisation of local asymmetry significances. Results are
given for the (top) P-even and (bottom) P-odd CP violation tests. In the P-even CP violation
test the positive (negative) asymmetry significance is set for the D0 candidates having positive
(negative) contribution to the measured T value. In the P-odd CP violation test the positive
(negative) asymmetry significance is set for sample I +IV having positive (negative) contribution
to the measured T value (see Sect.5).
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p-‐‑value  =  	
n(T>T0)/n	

T0	 T0	

P-‐‑even  	
p-‐‑value  =	
(4.3  ±  0.6)%  	

P-‐‑odd  	
p-‐‑value  =  	
(0.6  ±  0.2)%    	

        I                                    III	
D    CT>0          D    -‐‑CT>0  	
	
        II                                IV	
D    CT<0            D    -‐‑CT<0  	

_        _	

_        _	

CP	

              _	
D0  D0	

dij	

phase  space	

LHCB-‐‑PAPER-‐‑2016-‐‑044	

T = dij DD
+ dij DD

− dij DD



Opportunities  &  Limitations	

•  Measurement of CPV in multi-body decays  
   requires  amplitude  analysis  ð model  dependent  	
            D0→KSKπ:  LHCb  PRD93  052018  (2016)	

•  4-‐‑body  decays  offer  access to P-odd amplitudes  
 

•  CPV  in  P-‐‑even  ampl.:  ACP~sinΔφweak  sinΔφstrong	
          CPV  in  P-‐‑odd  ampl.:    ACP~sinΔφweak  cosΔφstrong	
	

•  Triple-‐‑product  method  (a.k.a  T-‐‑odd)  sensitive  to  P-‐‑odd  CPV	
            D0→KKππ:  LHCb  JHEP10  (2014)  005,  D+→KSKππ:  BaBar  PRD84  031103  (2011)	

•  Technicalities to control 
•  Reliable  MC  for  Phase  Space  acceptance	
•  Detection  asymmetries  with  CF  decays  as  control  modes  	
          (assume  no  CPV  or  include  extra  uncertainty)	
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ç  complementary	



Summary	
•  Still  analyzing  LHCb  Run-‐‑1  data	
•  Increasing  precision  on  x&y  mixing  parameters	
•  x  still  not  measured  well	
•  Indirect  CPV  searches  with  precision  up  to  10-‐‑4  	

•  Huge  effort  in  searching  for  CPV  in  charm  decays	
•  Sensitivity  up  to  10-‐‑3,  still  no  evidence	
•  How  small  can  be  CPV  in  SM?	

•  Charm  needs  	
          BelleII  &  LHCb  upgrade	
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Backups	

•    	
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LHCb  detector	

•    	

38 Jolanta@MIAPP Figure 1: View of the LHCb detector [23].

The spectrometer magnet, required for the momentum measurement of charged particles,
is a warm dipole magnet providing an integrated field of about 4Tm, which deflects charged
particles in the horizontal plane. The field of the spectrometer magnet also has an impact
on the trajectory of the LHC beams. Three dipole magnets are used to compensate for
this e↵ect and to ensure a closed orbit for the beams [25].

The tracking system consists of the VErtex LOcator (VELO), situated around the
interaction region inside a vacuum tank, and four planar tracking stations: the Tracker
Turicensis (TT) upstream of the dipole magnet, and tracking stations T1–T3 downstream
of the magnet. Silicon microstrips are used in TT and the region close to the beam-pipe
(Inner Tracker, IT) of stations T1–T3, whereas straw tubes are employed for the outer
parts (Outer Tracker, OT). Charged particles require a minimum momentum of 1.5 GeV/c
to reach the tracking stations, T1–T3.

The VELO contains 42 silicon modules arranged along the beam, each providing a
measurement of the r (R sensors) and � (� sensors) coordinates. The pitch within a
module varies from 38µm at the inner radius of 8.2mm, increasing linearly to 102µm
at the outer radius of 42mm. For detector safety, the VELO modules are retracted by
29mm in the horizontal direction during injection of the LHC beams and are subsequently
moved back, using a fully automated procedure once stable conditions have been declared.
From the declaration of stable beams the VELO takes, on average, 210 seconds to close.
During LHC Run I approximately 750 closing procedures were performed.

The TT and IT detectors use silicon microstrip sensors with a strip pitch of 183µm
and 198µm, respectively. The TT is about 150 cm wide and 130 cm high, with a total

5



Track  types  at  LHCb	

•    	
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Nicola Neri UT for LHCb upgrade - Vertex 2013

Track definitions at LHCb 

10

Ghost track = is a fake track. For example it can be formed by matching a real track segment 
in the VELO (VELO seed) with a real track segment in the downstream tracker (T seed)



WS/RS  D0→K". Various fits	

•    	
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LHCB-‐‑PAPER-‐‑2016-‐‑033	prompt:  PRL111,  251801(2013)	
Table 4: Fit result of the combined datasets of the DT and prompt sample. The prompt only
result from [1] are shown on the right for comparison. Statistical and systematic errors have
been added in quadrature.

Parameter DT+prompt combination Prompt alone
No CPV

R
D

[10�3] 3.533± 0.054 3.568± 0.067
x02[10�5] 3.6± 4.3 5.5± 4.9
y0[10�3] 5.23± 0.84 4.80± 0.94
�2/NDF 96.594/111

No Direct CPV
R

D

[10�3] 3.533± 0.054 3.568± 0.067
x02+[10�5] 4.9± 5.0 6.4± 5.6
y0+[10�3] 5.14± 0.91 4.80± 1.08
x02�[10�5] 2.4± 5.0 4.6± 5.5
y0�[10�3] 5.32± 0.91 4.8± 1.08
�2/NDF 96.147/109

All CPV Allowed
R+

D

[10�3] 3.474± 0.081 3.545± 0.095
x02+[10�5] 1.1± 6.5 4.9± 7.0
y0+[10�3] 5.97± 1.25 5.10± 1.38
R�

D

[10�3] 3.591± 0.081 3.591± 0.090
x02�[10�5] 6.1± 6.1 6.0± 6.8
y0�[10�3] 4.50± 1.21 4.50± 1.39
�2/NDF 94.960/108

negligible), increases the precision by about a factor of four [4].253

In summary, the analysis of mixing and CPV parameters using the DT D ! K⇡254

samples provides results consistent with that of our earlier prompt analysis. Although the255

DT WS data sets are almost 40 times smaller than the prompt analysis WS data sets,256

simultaneously fitting the (disjoint) data sets of the two analyses improves the precision257

of the measured parameters by 10% - 20%. In part, this results from much cleaner signals258

in the DT analysis, and, in part, it results from the complementary higher acceptance of259

the DT trigger at low D decay times. The current results supersede those of our earlier260

publication [1].261
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CPV  from  WS/RS  D0→K"	

•  Prompt  sample,  Run-‐‑1	
•  2-‐‑dim  confidence  regions  for  measured  x’2  and  y’	

•  Translated  into  CPV	
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For each fit, 104 WS-to-RS ratio data points are used,
corresponding to 13 ranges of decay time, distinguishing

D!þ from D!# decays, TOS from TOS decays, and 2011
data from 2012 data. The consistencywith the hypothesis of
CP symmetry is determined from the change in!2 between
the fit without and with CP violation, taking into account
the difference in number of degrees of freedom. The result-
ingp value, for the fitwith direct and indirect (indirect only)

CP violation allowed, is 91% (81%), showing that the data
are compatible with CP symmetry.
The uncertainties incorporate both statistical and sys-

tematic contributions, since all relevant systematic effects
depend on the true values of the mixing parameters, and are
thus incorporated into the fit !2. These include the uncer-
tainty in the fraction of charm mesons from b-hadron
decays, and their bias on the observed decay time, the
uncertainty in the fraction of peaking background, and
the uncertainty in the determination of the instrumental
asymmetry. The statistical uncertainty is determined in a
separate fit and used to calculate the systematic component
by subtraction in quadrature.
Direct CP violation would produce a nonzero inter-

cept at t ¼ 0 in the efficiency-corrected difference of
WS-to-RS yield ratios between D0 and !D0 mesons shown
in Fig. 2(c). It is parametrized by the asymmetry measured
in the first fit AD % ðRþ

D # R#
DÞ=ðRþ

D þ R#
DÞ ¼ ð#0:7(

1:9Þ%. Indirect CP violation results in a time dependence
of the efficiency-corrected difference of yield ratios. The
slope observed in Fig. 2(c) is about 5% of the individual
slopes of Figs. 2(a) and 2(b) and is consistent with zero.
From the results of the fit allowing for direct and indirect
CP violation, a likelihood for jq=pj is constructed using
the relations x0( ¼ jq=pj(1ðx0 cos"( y0 sin"Þ and y0( ¼
jq=pj(1ðy0 cos") x0 sin"Þ. Confidence intervals are deri-
ved with a likelihood-ratio ordering and assuming that
the correlations are independent of the true values of the
mixing parameters. The magnitude of q=p is determined
to be 0:75< jq=pj< 1:24 and 0:67< jq=pj< 1:52 at
the 68.3% and 95.5% confidence levels, respectively.
Significantly more stringent bounds on jq=pj and addi-
tional information on " are available by combining the
present results with other measurements [10], in particular,
when also using theoretical constraints, such as the rela-
tionship tan" ¼ xð1# jq=pj2Þ=yð1þ jq=pj2Þ [25,26],

TABLE I. Results of fits to the data for different hypotheses on
the CP symmetry [27]. The reported uncertainties are statistical
and systematic, respectively; ndf indicates the number of degrees
of freedom.

Parameter Value

Direct and indirect CP violation
Rþ
D (10#3) 3:545( 0:082( 0:048

y0þ (10#3) 5:1( 1:2( 0:7
x02þ (10#5) 4:9( 6:0( 3:6
R#
D (10#3) 3:591( 0:081( 0:048

y0# (10#3) 4:5( 1:2( 0:7
x02# (10#5) 6:0( 5:8( 3:6
!2=ndf 85:9=98

No direct CP violation
RD (10#3) 3:568( 0:058( 0:033
y0þ (10#3) 4:8( 0:9( 0:6
x02þ (10#5) 6:4( 4:7( 3:0
y0# (10#3) 4:8( 0:9( 0:6
x02# (10#5) 4:6( 4:6( 3:0
!2=ndf 86:0=99

No CP violation
RD (10#3) 3:568( 0:058( 0:033
y0 (10#3) 4:8( 0:8( 0:5
x02 (10#5) 5:5( 4:2( 2:6
!2=ndf 86:4=101
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WS/RS  D0→K3"	

•  Constrain  x&y  from  WA	
•  Get  averaged  strong  phase  &  coherence  factor	
	

42 Jolanta@MIAPP ðRK3π
D ; δK3πD Þ are based on CLEO-c data [30]. A combina-

tion would require a combined fit sharing the input on x and
y. A combination made ignoring this complication shows
that the input from mixing results in reductions in uncer-
tainties on RK3π

D and δK3πD by approximately 50% when
compared to the CLEO-c values.
To evaluate the impact of systematic uncertainties

included in the result, the fits are repeated with the
systematic uncertainties on the WS/RS ratio set to zero.
In the unconstrained fit the uncertainties in rK3πD , RK3π

D y0K3π ,
and 1

4 ðx
2 þ y2Þ are reduced by 11%, 9%, and 11%,

respectively. In the mixing-constrained fit the uncertainties
in rK3πD and RK3π

D y0K3π are reduced by 15% and 9%,
respectively.
Using the results presented in Table I the decay-time

integrated WS/RS ratio RK3π
WS ¼ ðrK3πD Þ2 − rK3πD RK3π

D y0K3π þ
1
2 ðx

2 þ y2Þ is calculated to be ð3.29% 0.08Þ × 10−3 for
the unconstrained result, and ð3.22% 0.05Þ × 10−3 for the
mixing-constrained result. This is consistent with the
existing measurement from Belle [8], and has smaller
uncertainties. Using the RS branching fraction
BðD0 → K−πþπ−πþÞ ¼ ð8.07% 0.23Þ × 10−2 [26], the
WS branching fraction BðD0 → Kþπ−πþπ−Þ is determined
to be ð2.66% 0.06% 0.08Þ × 10−4 using the unconstrained
result, and ð2.60% 0.04% 0.07Þ × 10−4 using the mixing-
constrained result. Here, the first uncertainty is propagated
from RK3π

WS and includes systematic effects, and the second
is from the knowledge of BðD0 → K−πþπ−πþÞ.
In conclusion, the decay-time dependence of the ratio of

D0 → Kþπ−πþπ− to D0 → K−πþπ−πþ decay rates is
observed, and the no-mixing hypothesis is excluded at a
significance level of 8.2 standard deviations. The world’s
most precise measurements of rK3πD and RK3π

WS are presented,
and a unique constraint on RK3π

D y0K3π is given, which will
increase sensitivity to the CP-violating phase γ in
Bþ → DKþ, D → K−πþπ−πþ decays.
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These densities may be integrated over regions of the phase space. Various binning
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These distributions are used to obtain the mixing parameters x and y. The values of T
i

, c
i

,
and s

i

measured by the CLEO collaboration are given in Tables VII and XVI of Ref. [13].1

3 Detector, selection and simulation

The LHCb detector [16,17] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The

1 Note that the captions for Tables VII and VIII were exchanged in Ref. [13], and that the supplementary
material defining the binning contains an o↵-by-one error in the bin indices.
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FIG. 2: DP distributions for (a) D0 → K0
Sπ

+π− and (b) D0 → K0
SK

+K− data after all selection criteria, in the signal region.
The gray scale indicates the number of events per bin. The solid lines show the kinematic limits of the D0 decay. The s0 DP
variable is defined as s0 = m2(h+h−). For D0 decays the variables s− and s+ are interchanged.
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FIG. 3: DP projections for (a,b,c) D0 → K0
Sπ

+π− and (d,e,f) D0 → K0
SK

+K− data after all selection criteria, in the signal
region (points). The histograms represent the mixing fit projections. For D0 decays the variables s− and s+ are interchanged.

TABLE III: Summary of the contributions to the experimental systematic uncertainty on the mixing parameters.

Source x/10−3 y/10−3

Analysis biases and fitting procedure (Monte Carlo statistics) 0.75 0.66
Selection criteria 0.47 0.57
Signal and background yields 0.11 0.07
Efficiency variations across the DP 0.37 0.18
Modeling of the DP distributions for misreconstructed D0 decays 0.33 0.14
Modeling of the proper-time distributions for signal and misreconstructed D0 decays 0.13 0.13
Modeling of the proper-time error distributions for signal and misreconstructed D0 decays 0.06 0.09
Misidentification of the D0 flavor for signal and random π+

s events 0.49 0.40
Mixing in the random π+

s background component 0.10 0.08
PDF normalization 0.11 0.05
Misalignment of the detector 0.28 0.83
Total experimental systematic uncertainty 1.18 1.30

•  Access  to  amplitudes  (CF,  DCS  and  CP-‐‑eigenstates)  	
      ð  strong  phases  and  interferences  ð direct  access  to  x,  y,  q/p  	
•  Rates  for  D0  and  D0  assuming  no  DCPV:	

•  Belle  Ksππ:  1.2M  	
            LHCb  prompt  +  µμ-‐‑tag:  ~2M	
•  t-‐‑dep.  Dali�  possible  for	
            D0→KsKK    D0→πππ0  	

                                  D0→KsKK	
                                                  Babar	
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x = 5.6±1.9 −0.8
+0.4

−0.8
+0.6( )×10−3

y = 3.0±1.5−0.5
+0.4

−0.7
+0.3( )×10−3

q p = 0.90 −0.15
+0.16

−0.04
+0.05

−0.05
+0.06

arg q p( ) = −6±11±3−4
+3( )
!
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O(10�3). However, recent studies have shown that larger asymmetries may be allowed in
the SM, such that a value of �A

CP

as large as several per-mille is not excluded (see for
example Ref. [13, 16, 17] and the review in Ref. [18]).

The asymmetry A

CP

(f ; t) may be written to first order as [19, 20]

A

CP

(f ; t) = a

dir
CP

(f) +
t

⌧

a

ind
CP

, (2)

where adir
CP

(f) is the direct CP asymmetry, ⌧ is the D0 lifetime, and a

ind
CP

is the indirect CP
asymmetry which, to a good approximation, is channel-independent [12, 21]. The time-
integrated asymmetry measured by an experiment, A

CP

(f), depends upon the decay-time
acceptance of that experiment. It can be written as

A

CP

(f) = a

dir
CP

(f) +
hti
⌧

a

ind
CP

, (3)

where hti is the average decay time in the reconstructed sample. Denoting by � the
di↵erences between quantities for D

0 ! K

�
K

+ and D

0 ! ⇡

�
⇡

+ it is then possible to
write

�A

CP

⌘ A

CP

(K�
K

+) � A

CP

(⇡�
⇡

+) (4)

=
⇥
a

dir
CP

(K�
K

+) � a

dir
CP

(⇡�
⇡

+)
⇤
+

�hti
⌧

a

ind
CP

.

In the limit that �hti or aind
CP

vanishes, �A

CP

is equal to the di↵erence in the direct CP
asymmetry between the two decays. However, if the time-acceptance is di↵erent for the
K

�
K

+ and ⇡

�
⇡

+ final states, a possible contribution from indirect CP violation remains.

2 Data sample and selection

The analysis is based on pp collision data collected by LHCb during 2011 at a centre-
of-mass energy of 7 TeV, corresponding to an integrated luminosity of 1.0 fb�1. The
LHCb detector [22] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The
detector includes a high precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations
of silicon-strip detectors and straw drift tubes placed downstream. Data were collected
with both configurations of the dipole magnet: 40% (60%) were collected with the magnet
polarity pointing up (down). The combined tracking system has momentum resolution
�p/p that varies from 0.4% at 5GeV/c to 0.6% at 100GeV/c, and impact parameter
resolution of 20µm for tracks with high transverse momentum (pT). Charged hadrons
are identified using two ring-imaging Cherenkov detectors (RICH). Photon, electron and
hadron candidates are identified by a calorimeter system consisting of scintillating-pad and
preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons

2

3

tion of D0-D0 mixing and CPV are achieved simulta-
neously by exploring the time-dependent decay rate of
self-conjugated D0 → K0

Sπ
+π− decays.

The particle-antiparticle mixing phenomenon causes
an initially produced (at proper time t = 0) pure D0

or D0 meson state to evolve in time to a linear combi-
nation of D0 and D0 states. We describe the decay am-
plitudes for a D0 or a D0 into the final state K0

Sπ
+π−,

Af (Af ), as a function of the Dalitz plot (DP) variables
(m2

+,m
2
−) = (m2

K0
S
π+ ,m2

K0
S
π−

). If CP symmetry in the

decays is assumed, i.e., Af = Af = A(m2
−,m

2
+), we can

derive the time dependent decay rates for D0 and D0

decays to the final state f as [11]:

|M(f, t)|2 = e−Γt

2
{(|Af |

2 + | q
p
|2|Af̄ |

2) cosh(Γyt)

+(|Af |
2 − | q

p
|2|Af̄ |

2) cos(Γxt)

+2ℜ( q
p
Af̄Af

∗) sinh(Γyt)− 2ℑ( q
p
Af̄Af

∗) sin(Γxt)},
(1)

|M(f, t)|
2
= e−Γt

2
{(|Af̄ |

2 + |pq |
2|Af |

2) cosh(Γyt)

+(|Af̄ |
2 − |pq |

2|Af |
2) cos(Γxt)

+2ℜ(p
q
AfAf̄

∗) sinh(Γyt)− 2ℑ(p
q
AfAf̄

∗) sin(Γxt)},

(2)
where the two dimensionless parameters that describe
the D0-D0 mixing, x and y, are related to the mass and
width difference of the two mass eigenstates |D1,2⟩ =
p|D0⟩ ± q|D0⟩: x = m1−m2

Γ
, y = Γ1−Γ2

2Γ
. Here Γ is the

mean decay width, Γ = Γ1+Γ2

2
. The coefficients p and q

are complex coefficients, satisfying |p|2 + |q|2 = 1. The
time evolution of neutral D meson decays is exponen-
tial with the lifetime τD0 = 1/Γ, modulated by the mix-
ing parameters x and y. The possible CPV can cause
q/p ̸= 1, which will be considered later. So a time-
dependent amplitude analysis of self-conjugated decays
allows a direct measurement of charm mixing parame-
ters (x, y) and a simultaneous search for the CPV in
mixing, in the decay and in interference between mixing
and decay. This method was developed by CLEO [11]
and extended by Belle [12] and Babar [13]. In this pa-
per, we report a measurement of mixing parameters x
and y and parameters probing CP violation in charm
mixing and interference between mixing and the decay.
The results of this analysis supersede the previous Belle
results given in Ref. [12].
We analyze a data sample of 921 fb−1 recorded at or

near the Υ(nS) (n = 4, 5) resonances produced at the
KEKB collider [14] and collected with the Belle detector
[15]. The detector is a large-solid-angle magnetic spec-
trometer consisting of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC) for charged particle
tracking and specific ionization measurement (dE/dx),
an array of aerogel threshold Cherenkov counters (ACC),
time-of-flight scintillation counters (TOF), and an array
of CsI(Tl) crystals for electromagnetic calorimetry (ECL)
located inside a superconducting solenoid coil that pro-

vides a 1.5 T magnetic field. An iron flux return located
outside the coil is instrumented to detect K0

L mesons
and identify muons (KLM). Two inner detector config-
urations were used. A 2.0 cm diameter beampipe and
a 3-layer silicon vertex detector were used for the first
sample of 156 fb−1, while a 1.5 cm diameter beampipe, a
4-layer silicon detector and a small-cell inner drift cham-
ber were used to record the remaining 765 fb−1.
We reconstruct theD0 mesons through the decay chain

D∗+ → D0π+
s and D0 → K0

Sπ
+π− [16], where πs is re-

ferred to as the slow pion. The charge of πs is used to
tag the flavor of the D meson. We use information from
ACC, TOF and CDC to perform likelihood-based parti-
cle identification in order to select pions from D0 decays.
The K0

S candidates are reconstructed in the π+π− fi-
nal state; we require that the pion candidates are from a
common vertex displaced from the e+e− interaction point
(IP) and have an invariant mass within ±10 MeV/c2 of
the nominal K0

S mass [17]. The D0 candidates are recon-
structed by combining eachK0

S candidate with two oppo-
sitely charged pion candidates. These pions are required
to have at least two SVD hits each in the z and azimuthal
projections. A D∗+ candidate is reconstructed by com-
bining the D0 candidate with a low-momentum charged
track (the π+

s candidate). To suppress the combinatorial
background and BB events, we require the D∗+ momen-
tum in the center-of-mass (CM) frame to be greater than
2.5 GeV/c and 3.1 GeV/c for the data taken at the CM
energy of Υ(4S) and Υ(5S) mass, respectively.
The proper decay time of the D0 candidate is calcu-

lated by projecting the vector joining the production and
decay vertices, l⃗, onto the D0 momentum vector p⃗D in
the lab frame: t = (mD0/pD )⃗l · (p⃗D/pD), where mD0

is the nominal D0 mass. The D0 decay position is de-
termined by fitting the two prompt charged tracks to a
common vertex and the D0 production point is taken to
be the intersection of the trajectory of the D0 candidate
with the IP region. We constrain the πs to originate from
the obtained D0 production vertex. The sum of the fit-
quality values for the vertex fits is required to be lower
than 100. The uncertainty of the proper decay time (σt)
is evaluated from the corresponding covariance matrices.
We require σt < 1 ps to remove events with a poorly de-
termined decay time (the maximum of the σt distribution
is at 0.15 ps).
We select events satisfying 1.81 GeV/c2 < M <

1.92 GeV/c2 and 0 < Q < 20 MeV, where M =
MK0

S
π+π− and Q = (MK0

S
π+π−πs

−MK0
S
π+π− −mπs

) · c2

are the D0 invariant mass and kinetic energy released in
the D∗ decay, respectively. About 3% of selected events
have two or more D∗ candidates. We select the best can-
didate as the one with the lowest fit-quality sum for the
vertex fits. The M and Q distributions of the selected
candidates are shown in Fig. 1.
We determine the signal yield from a two-dimensional

fit to the M −Q distribution. We parameterize the sig-
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TABLE IX: Values of F
(�)i

(%) measured from the flavor-tagged D0 ! K0

S

⇡+⇡� data for the
modified-optimal binning. Predicted values from the BABAR 2008 model of D0 ! K0

S

⇡+⇡� are
also given.

i F
i

(%) F�i

(%)
Measured Predicted Measured Predicted

1 5.4± 0.3 5.1 1.5± 0.2 1.6
2 16.0± 0.5 16.2 2.1± 0.3 2.0
3 22.0± 0.6 21.6 2.3± 0.3 2.1
4 7.8± 0.4 8.8 4.9± 0.5 5.3
5 3.8± 0.3 3.9 3.1± 0.4 2.8
6 8.3± 0.4 8.1 1.1± 0.2 1.2
7 8.7± 0.4 9.0 4.4± 0.5 4.6
8 2.2± 0.2 2.3 6.0± 0.6 5.5

TABLE X: Values of F
(�)i

(%) measured from the flavor-tagged D0 ! K0

S

⇡+⇡� data for the equal
��

D

binning derived from the Belle model. Predicted values from the BABAR 2008 model of
D0 ! K0

S

⇡+⇡� are also given.

i F
i

(%) F�i

(%)
Measured Predicted Measured Predicted

1 16.5± 0.5 16.5 8.8± 0.4 8.0
2 7.7± 0.4 7.6 2.0± 0.2 1.6
3 9.8± 0.4 10.2 3.2± 0.2 2.8
4 3.0± 0.2 3.0 1.3± 0.1 1.2
5 8.0± 0.4 9.2 4.0± 0.3 4.6
6 7.1± 0.3 7.3 1.8± 0.2 1.7
7 9.9± 0.4 10.0 1.6± 0.2 1.3
8 12.4± 0.4 12.2 2.9± 0.2 2.6

to the uncertainties on the measurements. The agreement between measured and predicted
values is reasonable in all cases.

We use the corrected and normalized values of the bin yields to determine c

(0)
i

and s

(0)
i

.
The fits to the K

0

S,L

⇡

+

⇡

� and K

0

S,L

K

+

K

� data are made separately. We perform the
fit to K

0

S,L

⇡

+

⇡

� data first because the K

0

S,L

K

+

K

� fit depends upon the values of the

c

(0)
i

and s

(0)
i

for D

0 ! K

0

S,L

⇡

+

⇡

� decays when including K

0

S

K

+

K

�
vs. K

0

S,L

⇡

+

⇡

� and
K

0

L

K

+

K

�
vs. K

0

S

⇡

+

⇡

� candidates. The fit results from the equal ��

D

binning derived
from the BABAR 2008 model are used in the fit to K

0

S,L

K

+

K

� data; the K0

S,L

⇡

+

⇡

� strong-
phase di↵erence parameters are fixed to the measured values in the nominal fit, these are
then varied within their errors to determine the related systematic uncertainty (Sec. VIB).

In the K

0

S

⇡

+

⇡

� analysis we obtain values of c(0)
i

and s

(0)
i

by minimizing the log-likelihood
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TABLE XV: Statistical correlations (%) among the parameters for N = 3 equal ��
D

binning of
the D0 ! K0

S

K+K� Dalitz plot.

c
2

c
3

s
1

s
2

s
3

c0
1

c0
2

c0
3

s0
1

s0
2

s0
3

c
1

0.6 �2.9 �1.3 �0.6 �0.2 97.6 0.6 �2.1 �1.3 �0.6 �0.1
c
2

0.8 1.1 3.2 �0.0 0.6 98.0 0.4 1.1 3.2 �0.0
c
3

�0.3 0.2 2.5 �2.8 0.8 66.4 �0.3 0.2 2.4
s
1

�2.0 6.1 �1.3 1.1 �0.1 99.4 �2.0 5.8
s
2

�3.3 �0.5 3.2 0.1 �1.9 99.9 �3.0
s
3

�0.2 �0.0 2.2 6.1 �3.3 93.7
c0
1

0.6 �2.0 �1.3 �0.5 �0.1
c0
2

0.4 1.1 3.2 �0.0
c0
3

�0.1 0.1 2.2
s0
1

�1.9 5.8
s0
2

�3.0

TABLE XVI: Measured values of c
i

and s
i

for the di↵erent D0 ! K0

S

⇡+⇡� binnings. The first
uncertainty is statistical, including that related to the �c

i

and �s
i

constraints, and the second
uncertainty is systematic.

Optimal Equal ��
D

BABAR 2008
i c

i

s
i

c
i

s
i

1 �0.009± 0.088± 0.094 �0.438± 0.184± 0.045 0.655± 0.036± 0.042 �0.025± 0.098± 0.043
2 0.900± 0.106± 0.082 �0.490± 0.295± 0.261 0.511± 0.068± 0.063 0.141± 0.183± 0.066
3 0.292± 0.168± 0.139 �1.243± 0.341± 0.123 0.024± 0.140± 0.080 1.111± 0.131± 0.044
4 �0.890± 0.041± 0.044 �0.119± 0.141± 0.038 �0.569± 0.118± 0.098 0.328± 0.202± 0.072
5 �0.208± 0.085± 0.080 0.853± 0.123± 0.035 �0.903± 0.045± 0.042 �0.181± 0.131± 0.026
6 0.258± 0.155± 0.108 0.984± 0.357± 0.165 �0.616± 0.103± 0.072 �0.520± 0.196± 0.059
7 0.869± 0.034± 0.033 �0.041± 0.132± 0.034 0.100± 0.106± 0.124 �1.129± 0.120± 0.096
8 0.798± 0.070± 0.047 �0.107± 0.240± 0.080 0.422± 0.069± 0.075 �0.350± 0.151± 0.045

Modified optimal Equal ��
D

Belle
i c

i

s
i

c
i

s
i

1 �0.216± 0.104± 0.088 �0.399± 0.204± 0.049 0.710± 0.034± 0.038 �0.013± 0.097± 0.031
2 0.827± 0.060± 0.053 �0.031± 0.172± 0.084 0.481± 0.080± 0.070 �0.147± 0.177± 0.107
3 0.101± 0.085± 0.118 �0.558± 0.161± 0.070 0.008± 0.080± 0.087 0.938± 0.120± 0.047
4 �0.955± 0.038± 0.034 �0.204± 0.137± 0.055 �0.757± 0.099± 0.065 0.386± 0.208± 0.067
5 �0.522± 0.095± 0.079 0.911± 0.130± 0.067 �0.884± 0.056± 0.054 �0.162± 0.130± 0.041
6 0.291± 0.102± 0.075 1.030± 0.196± 0.065 �0.462± 0.100± 0.082 �0.616± 0.188± 0.052
7 0.682± 0.051± 0.047 �0.037± 0.146± 0.029 0.106± 0.105± 0.100 �1.063± 0.174± 0.066
8 0.724± 0.071± 0.044 �0.180± 0.194± 0.050 0.365± 0.071± 0.078 �0.179± 0.166± 0.048
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TABLE XV: Statistical correlations (%) among the parameters for N = 3 equal ��
D

binning of
the D0 ! K0

S

K+K� Dalitz plot.
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TABLE XVI: Measured values of c
i

and s
i

for the di↵erent D0 ! K0

S

⇡+⇡� binnings. The first
uncertainty is statistical, including that related to the �c

i

and �s
i

constraints, and the second
uncertainty is systematic.

Optimal Equal ��
D

BABAR 2008
i c

i
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i
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i
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i

1 �0.009± 0.088± 0.094 �0.438± 0.184± 0.045 0.655± 0.036± 0.042 �0.025± 0.098± 0.043
2 0.900± 0.106± 0.082 �0.490± 0.295± 0.261 0.511± 0.068± 0.063 0.141± 0.183± 0.066
3 0.292± 0.168± 0.139 �1.243± 0.341± 0.123 0.024± 0.140± 0.080 1.111± 0.131± 0.044
4 �0.890± 0.041± 0.044 �0.119± 0.141± 0.038 �0.569± 0.118± 0.098 0.328± 0.202± 0.072
5 �0.208± 0.085± 0.080 0.853± 0.123± 0.035 �0.903± 0.045± 0.042 �0.181± 0.131± 0.026
6 0.258± 0.155± 0.108 0.984± 0.357± 0.165 �0.616± 0.103± 0.072 �0.520± 0.196± 0.059
7 0.869± 0.034± 0.033 �0.041± 0.132± 0.034 0.100± 0.106± 0.124 �1.129± 0.120± 0.096
8 0.798± 0.070± 0.047 �0.107± 0.240± 0.080 0.422± 0.069± 0.075 �0.350± 0.151± 0.045

Modified optimal Equal ��
D

Belle
i c

i

s
i

c
i

s
i

1 �0.216± 0.104± 0.088 �0.399± 0.204± 0.049 0.710± 0.034± 0.038 �0.013± 0.097± 0.031
2 0.827± 0.060± 0.053 �0.031± 0.172± 0.084 0.481± 0.080± 0.070 �0.147± 0.177± 0.107
3 0.101± 0.085± 0.118 �0.558± 0.161± 0.070 0.008± 0.080± 0.087 0.938± 0.120± 0.047
4 �0.955± 0.038± 0.034 �0.204± 0.137± 0.055 �0.757± 0.099± 0.065 0.386± 0.208± 0.067
5 �0.522± 0.095± 0.079 0.911± 0.130± 0.067 �0.884± 0.056± 0.054 �0.162± 0.130± 0.041
6 0.291± 0.102± 0.075 1.030± 0.196± 0.065 �0.462± 0.100± 0.082 �0.616± 0.188± 0.052
7 0.682± 0.051± 0.047 �0.037± 0.146± 0.029 0.106± 0.105± 0.100 �1.063± 0.174± 0.066
8 0.724± 0.071± 0.044 �0.180± 0.194± 0.050 0.365± 0.071± 0.078 �0.179± 0.166± 0.048
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Validation with data

● Interference 
parameters (c,s)b

● Consistency with 
MI analyses

– GGSZ

– mixing



CPV  in  multibody  decays  (2)	

•  Model  dependent:  Dali�  analysis  (still  mainly  from  Cleo  and  BaBar)	
            ð  ACP  for  contributing  resonances	
            ð test  SM  with  sum  rules  e.g.  for  amplitudes  in  D0→π+π-‐‑π0	

	
•  Triple-‐‑product  asymmetries  for  4-‐‑body;  complementary  to  other  methods	

                	

              ð Triple  products  for  D0→K+K-‐‑π+π-‐‑:    	
              ð T-‐‑odd  asymmetries	
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1 Introduction

Violation of the CP symmetry in charm decays is expected to be very small in the Standard
Model (SM) [1, 2], however, asymmetries at a few times 10�3 within the SM cannot be
excluded according to recent calculations [3–5]. A significant excess of CP violation (CPV )
with respect to the theoretical predictions would be a signature of physics beyond the
SM. The study of CPV in singly Cabibbo-suppressed charm decays is uniquely sensitive
to physics beyond the SM, in particular through new contributions in strong penguin
and chromomagnetic dipole operators [2]. The analysis of singly Cabibbo-suppressed
D0 ! K+K�⇡+⇡�1 decays allows localised CPV in di↵erent regions of phase space to be
probed. This approach enhances the sensitivity due to several interfering amplitudes with
di↵erent relative strong phases contributing to the decay.

The analysis in Ref. [6] quotes a p-value of 9.1% for the compatibility with the CP
conservation hypothesis, using D⇤-tagged promptly-produced D0 mesons. In the present
analysis, a sample of D0 ! K+K�⇡+⇡� decays, selected from semileptonic B decays, is
used to measure a CP -violating parameter based on T -odd correlations characterised by
di↵erent sensitivity to CPV [7, 8]. Using triple products of final state particle momenta in
the D0 centre-of-mass frame, C

T

⌘ ~p
K

+ · (~p
⇡

+ ⇥ ~p
⇡

�) for D0 and C
T

⌘ ~p
K

� · (~p
⇡

� ⇥ ~p
⇡

+)
for D0 decays, two T -odd observables,

A
T

⌘ �
D

0(C
T

> 0)� �
D

0(C
T

< 0)

�
D

0(C
T

> 0) + �
D

0(C
T

< 0)
, A

T

⌘ �
D

0(�C
T

> 0)� �
D

0(�C
T

< 0)

�
D

0(�C
T

> 0) + �
D

0(�C
T

< 0)
, (1)

can be studied [9], where �
D

0 (�
D

0) is the partial decay width of D0 (D0) decays to
K+K�⇡+⇡� in the indicated C

T

(C
T

) range. However, because final state interaction
(FSI) e↵ects could introduce fake asymmetries [9, 10], these are not theoretically clean
CP -violating observables. A well defined CP -violating observable is

aT -odd

CP

⌘ 1

2
(A

T

� A
T

), (2)

as FSI e↵ects cancel out in the di↵erence. In contrast to the asymmetry between the
phase-space integrated rates in a D0 ! V

1

V
2

decay (where V
i

indicates a vector meson),
aT -odd

CP

is sensitive to CP violation in interference between even- and odd- partial waves of
the V

1

V
2

system [7].
Previous measurements of aT -odd

CP

are compatible with no CPV : FOCUS measured
aT -odd

CP

= (1.0± 5.7± 3.7)% [11], and BaBar measured aT -odd

CP

= (0.10± 0.51± 0.44)% [12].
The physics observables, A

T

, A
T

, and aT -odd

CP

are by construction insensitive to D0/D0

production asymmetries, detector- and reconstruction-induced charge asymmetries. The
measurement described in this paper determines the CP -violating observable aT -odd

CP

with
an improved precision. For the first time, aT -odd

CP

is measured in di↵erent regions of phase
space and in bins of D0 decay time, allowing to probe for CP violation both in the decay
amplitude and in its interference with the mixing amplitude.

1 Throughout this paper the use of charge conjugate reactions is implied, unless otherwise indicated.
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Figure 4: Distributions of the asymmetry parameters (a) A
T

, (b) A
T

and (c) aT -odd

CP

in 32 regions
of the phase space.
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Figure 5: Distributions of the asymmetry parameters (a) A
T

, (b) A
T

and (c) aT -odd

CP

as a function
of the D0 decay time. For aT -odd

CP

, the value of the �2/ndf for the CP conservation hypothesis,
represented by a dashed line, is also quoted. The scale is broken for the first and last bin.

divisions of the decay time in 3 and 5 intervals compatible with the CP conservation
hypothesis with p-values of 92% and 83%, respectively. This result is consistent with the
hypothesis of no indirect CPV . The A

T

and A
T

asymmetry parameters do not show any
significant dependence as a function of the decay time, and the results are compatible
with constant functions with p-values of 80% and 38%, respectively.

5 Systematic uncertainties

The sources of systematic uncertainty and their relative contributions to the total uncer-
tainty are listed in Table 2.

The contamination from prompt D0 decays a↵ects the asymmetry A according to
A ! A(1� f) + fAd, where f is the fraction of the contamination in the selected sample
and Ad is its own asymmetry. The uncertainties are evaluated by using as input the
fraction f

prompt

and the asymmetries of the prompt charm sample. These events correspond

8

Multibody9

•  Individual"contributions"!
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ACP D0→π 0π 0( ) ~ 1%   ACP D0→KSKS( ) ~ 0.6%

A ρ+π −( )+ A ρ−π +( )+ 2A ρ0π 0( )"
#

$
%− A ρ+π −( )+ A ρ−π +( )+ 2A ρ0π 0( )"
#

$
%= 0

SiCP =
Ni D+( )−αNi D−( )
Ni D+( )+α 2Ni D−( )

α =
N D+( )
N D−( )

A D+→π +π 0( )− A D+→π +π 0( ) = 0
1
2
A π +π −( )+ A π 0π 0( )− 1

2
A π +π −( )− A π 0π 0( ) = 0

CT ≡ p
!"
K+ ⋅ p
!"
π+ × p
!"
π−( ) for D0

CT ≡ p
!"
K− ⋅ p
!"
π− × p
!"
π+( ) for D0

CPV"in"multibody"decays9

•  Method"based"on"TLodd"correlations"for"4Lbody"decays!
""""""Triple"products"for"D0�K+KLπ+πL:""!
"""""""! TLodd"observables!
"!
!
"""""""! CPLviolating"observable!
!
!
""""""Complementary"to"other"methods"!
!
•  Model"dependent"method:"Dali}"analysis"!
"""""""(still"Cleo"and"BaBar"domain)!
•  Test"SM"with"sum"rules"using"amplitudes"for"D0�π+πLπ0!
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1 Introduction

Violation of the CP symmetry in charm decays is expected to be very small in the Standard
Model (SM) [1, 2], however, asymmetries at a few times 10�3 within the SM cannot be
excluded according to recent calculations [3–5]. A significant excess of CP violation (CPV )
with respect to the theoretical predictions would be a signature of physics beyond the
SM. The study of CPV in singly Cabibbo-suppressed charm decays is uniquely sensitive
to physics beyond the SM, in particular through new contributions in strong penguin
and chromomagnetic dipole operators [2]. The analysis of singly Cabibbo-suppressed
D0 ! K+K�⇡+⇡�1 decays allows localised CPV in di↵erent regions of phase space to be
probed. This approach enhances the sensitivity due to several interfering amplitudes with
di↵erent relative strong phases contributing to the decay.

The analysis in Ref. [6] quotes a p-value of 9.1% for the compatibility with the CP
conservation hypothesis, using D⇤-tagged promptly-produced D0 mesons. In the present
analysis, a sample of D0 ! K+K�⇡+⇡� decays, selected from semileptonic B decays, is
used to measure a CP -violating parameter based on T -odd correlations characterised by
di↵erent sensitivity to CPV [7, 8]. Using triple products of final state particle momenta in
the D0 centre-of-mass frame, C
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can be studied [9], where �
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0) is the partial decay width of D0 (D0) decays to
K+K�⇡+⇡� in the indicated C
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as FSI e↵ects cancel out in the di↵erence. In contrast to the asymmetry between the
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the V

1

V
2

system [7].
Previous measurements of aT -odd

CP

are compatible with no CPV : FOCUS measured
aT -odd

CP

= (1.0± 5.7± 3.7)% [11], and BaBar measured aT -odd

CP

= (0.10± 0.51± 0.44)% [12].
The physics observables, A

T

, A
T

, and aT -odd

CP

are by construction insensitive to D0/D0

production asymmetries, detector- and reconstruction-induced charge asymmetries. The
measurement described in this paper determines the CP -violating observable aT -odd

CP

with
an improved precision. For the first time, aT -odd

CP

is measured in di↵erent regions of phase
space and in bins of D0 decay time, allowing to probe for CP violation both in the decay
amplitude and in its interference with the mixing amplitude.

1 Throughout this paper the use of charge conjugate reactions is implied, unless otherwise indicated.
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divisions of the decay time in 3 and 5 intervals compatible with the CP conservation
hypothesis with p-values of 92% and 83%, respectively. This result is consistent with the
hypothesis of no indirect CPV . The A

T

and A
T

asymmetry parameters do not show any
significant dependence as a function of the decay time, and the results are compatible
with constant functions with p-values of 80% and 38%, respectively.

5 Systematic uncertainties

The sources of systematic uncertainty and their relative contributions to the total uncer-
tainty are listed in Table 2.

The contamination from prompt D0 decays a↵ects the asymmetry A according to
A ! A(1� f) + fAd, where f is the fraction of the contamination in the selected sample
and Ad is its own asymmetry. The uncertainties are evaluated by using as input the
fraction f

prompt

and the asymmetries of the prompt charm sample. These events correspond
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divisions of the decay time in 3 and 5 intervals compatible with the CP conservation
hypothesis with p-values of 92% and 83%, respectively. This result is consistent with the
hypothesis of no indirect CPV . The A

T

and A
T

asymmetry parameters do not show any
significant dependence as a function of the decay time, and the results are compatible
with constant functions with p-values of 80% and 38%, respectively.

5 Systematic uncertainties

The sources of systematic uncertainty and their relative contributions to the total uncer-
tainty are listed in Table 2.

The contamination from prompt D0 decays a↵ects the asymmetry A according to
A ! A(1� f) + fAd, where f is the fraction of the contamination in the selected sample
and Ad is its own asymmetry. The uncertainties are evaluated by using as input the
fraction f

prompt

and the asymmetries of the prompt charm sample. These events correspond

8

Multibody9

•  Individual"contributions"!

17 Charm@Implications2014 

ACP D0→π 0π 0( ) ~ 1%   ACP D0→KSKS( ) ~ 0.6%

A ρ+π −( )+ A ρ−π +( )+ 2A ρ0π 0( )"
#

$
%− A ρ+π −( )+ A ρ−π +( )+ 2A ρ0π 0( )"
#

$
%= 0

SiCP =
Ni D+( )−αNi D−( )
Ni D+( )+α 2Ni D−( )

α =
N D+( )
N D−( )

A D+→π +π 0( )− A D+→π +π 0( ) = 0
1
2
A π +π −( )+ A π 0π 0( )− 1

2
A π +π −( )− A π 0π 0( ) = 0

aCP
T−odd D0→KKππ( ) = 0.18± 0.29± 0.04( )%

aCP
T−odd ≡

1
2
AT − AT( )

CT ≡ p
!"
K+ ⋅ p
!"
π+ × p
!"
π−( ) for D0

CT ≡ p
!"
K− ⋅ p
!"
π− × p
!"
π+( ) for D0

CPV"in"multibody"decays9

•  Method"based"on"TLodd"correlations"for"4Lbody"decays!
""""""Triple"products"for"D0�K+KLπ+πL:""!
"""""""! TLodd"observables!
"!
!
"""""""! CPLviolating"observable!
!
!
""""""Complementary"to"other"methods"!
!
•  Model"dependent"method:"Dali}"analysis"!
"""""""(still"Cleo"and"BaBar"domain)!
•  Test"SM"with"sum"rules"using"amplitudes"for"D0�π+πLπ0!

15 Charm@Implications2014 

1 Introduction

Violation of the CP symmetry in charm decays is expected to be very small in the Standard
Model (SM) [1, 2], however, asymmetries at a few times 10�3 within the SM cannot be
excluded according to recent calculations [3–5]. A significant excess of CP violation (CPV )
with respect to the theoretical predictions would be a signature of physics beyond the
SM. The study of CPV in singly Cabibbo-suppressed charm decays is uniquely sensitive
to physics beyond the SM, in particular through new contributions in strong penguin
and chromomagnetic dipole operators [2]. The analysis of singly Cabibbo-suppressed
D0 ! K+K�⇡+⇡�1 decays allows localised CPV in di↵erent regions of phase space to be
probed. This approach enhances the sensitivity due to several interfering amplitudes with
di↵erent relative strong phases contributing to the decay.

The analysis in Ref. [6] quotes a p-value of 9.1% for the compatibility with the CP
conservation hypothesis, using D⇤-tagged promptly-produced D0 mesons. In the present
analysis, a sample of D0 ! K+K�⇡+⇡� decays, selected from semileptonic B decays, is
used to measure a CP -violating parameter based on T -odd correlations characterised by
di↵erent sensitivity to CPV [7, 8]. Using triple products of final state particle momenta in
the D0 centre-of-mass frame, C

T

⌘ ~p
K

+ · (~p
⇡

+ ⇥ ~p
⇡

�) for D0 and C
T

⌘ ~p
K

� · (~p
⇡

� ⇥ ~p
⇡

+)
for D0 decays, two T -odd observables,

A
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0(C
T

> 0)� �
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0(C
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�
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�
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0(�C
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> 0) + �
D

0(�C
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, (1)

can be studied [9], where �
D

0 (�
D

0) is the partial decay width of D0 (D0) decays to
K+K�⇡+⇡� in the indicated C

T

(C
T

) range. However, because final state interaction
(FSI) e↵ects could introduce fake asymmetries [9, 10], these are not theoretically clean
CP -violating observables. A well defined CP -violating observable is

aT -odd

CP

⌘ 1

2
(A

T

� A
T

), (2)

as FSI e↵ects cancel out in the di↵erence. In contrast to the asymmetry between the
phase-space integrated rates in a D0 ! V

1

V
2

decay (where V
i

indicates a vector meson),
aT -odd

CP

is sensitive to CP violation in interference between even- and odd- partial waves of
the V

1

V
2

system [7].
Previous measurements of aT -odd

CP

are compatible with no CPV : FOCUS measured
aT -odd

CP

= (1.0± 5.7± 3.7)% [11], and BaBar measured aT -odd

CP

= (0.10± 0.51± 0.44)% [12].
The physics observables, A

T

, A
T

, and aT -odd

CP

are by construction insensitive to D0/D0

production asymmetries, detector- and reconstruction-induced charge asymmetries. The
measurement described in this paper determines the CP -violating observable aT -odd

CP

with
an improved precision. For the first time, aT -odd

CP

is measured in di↵erent regions of phase
space and in bins of D0 decay time, allowing to probe for CP violation both in the decay
amplitude and in its interference with the mixing amplitude.

1 Throughout this paper the use of charge conjugate reactions is implied, unless otherwise indicated.
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Figure 5: Distributions of the asymmetry parameters (a) A
T

, (b) A
T

and (c) aT -odd

CP

as a function
of the D0 decay time. For aT -odd

CP

, the value of the �2/ndf for the CP conservation hypothesis,
represented by a dashed line, is also quoted. The scale is broken for the first and last bin.

divisions of the decay time in 3 and 5 intervals compatible with the CP conservation
hypothesis with p-values of 92% and 83%, respectively. This result is consistent with the
hypothesis of no indirect CPV . The A

T

and A
T

asymmetry parameters do not show any
significant dependence as a function of the decay time, and the results are compatible
with constant functions with p-values of 80% and 38%, respectively.

5 Systematic uncertainties

The sources of systematic uncertainty and their relative contributions to the total uncer-
tainty are listed in Table 2.

The contamination from prompt D0 decays a↵ects the asymmetry A according to
A ! A(1� f) + fAd, where f is the fraction of the contamination in the selected sample
and Ad is its own asymmetry. The uncertainties are evaluated by using as input the
fraction f

prompt

and the asymmetries of the prompt charm sample. These events correspond
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divisions of the decay time in 3 and 5 intervals compatible with the CP conservation
hypothesis with p-values of 92% and 83%, respectively. This result is consistent with the
hypothesis of no indirect CPV . The A

T

and A
T

asymmetry parameters do not show any
significant dependence as a function of the decay time, and the results are compatible
with constant functions with p-values of 80% and 38%, respectively.

5 Systematic uncertainties

The sources of systematic uncertainty and their relative contributions to the total uncer-
tainty are listed in Table 2.

The contamination from prompt D0 decays a↵ects the asymmetry A according to
A ! A(1� f) + fAd, where f is the fraction of the contamination in the selected sample
and Ad is its own asymmetry. The uncertainties are evaluated by using as input the
fraction f

prompt

and the asymmetries of the prompt charm sample. These events correspond

8

Multibody9

•  Individual"contributions"!

17 Charm@Implications2014 

ACP D0→π 0π 0( ) ~ 1%   ACP D0→KSKS( ) ~ 0.6%

A ρ+π −( )+ A ρ−π +( )+ 2A ρ0π 0( )"
#

$
%− A ρ+π −( )+ A ρ−π +( )+ 2A ρ0π 0( )"
#

$
%= 0

SiCP =
Ni D+( )−αNi D−( )
Ni D+( )+α 2Ni D−( )

α =
N D+( )
N D−( )

A D+→π +π 0( )− A D+→π +π 0( ) = 0
1
2
A π +π −( )+ A π 0π 0( )− 1

2
A π +π −( )− A π 0π 0( ) = 0

aCP
T−odd D0→KKππ( ) = 0.18± 0.29± 0.04( )%

aCP
T−odd ≡

1
2
AT − AT( )

CT ≡ p
!"
K+ ⋅ p
!"
π+ × p
!"
π−( ) for D0

CT ≡ p
!"
K− ⋅ p
!"
π− × p
!"
π+( ) for D0JHEP  10  (2014)  005	

1 Introduction

Violation of the CP symmetry in charm decays is expected to be very small in the Standard
Model (SM) [1, 2], however, asymmetries at a few times 10�3 within the SM cannot be
excluded according to recent calculations [3–5]. A significant excess of CP violation (CPV )
with respect to the theoretical predictions would be a signature of physics beyond the
SM. The study of CPV in singly Cabibbo-suppressed charm decays is uniquely sensitive
to physics beyond the SM, in particular through new contributions in strong penguin
and chromomagnetic dipole operators [2]. The analysis of singly Cabibbo-suppressed
D0 ! K+K�⇡+⇡�1 decays allows localised CPV in di↵erent regions of phase space to be
probed. This approach enhances the sensitivity due to several interfering amplitudes with
di↵erent relative strong phases contributing to the decay.

The analysis in Ref. [6] quotes a p-value of 9.1% for the compatibility with the CP
conservation hypothesis, using D⇤-tagged promptly-produced D0 mesons. In the present
analysis, a sample of D0 ! K+K�⇡+⇡� decays, selected from semileptonic B decays, is
used to measure a CP -violating parameter based on T -odd correlations characterised by
di↵erent sensitivity to CPV [7, 8]. Using triple products of final state particle momenta in
the D0 centre-of-mass frame, C
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can be studied [9], where �
D

0 (�
D

0) is the partial decay width of D0 (D0) decays to
K+K�⇡+⇡� in the indicated C
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(C
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) range. However, because final state interaction
(FSI) e↵ects could introduce fake asymmetries [9, 10], these are not theoretically clean
CP -violating observables. A well defined CP -violating observable is
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as FSI e↵ects cancel out in the di↵erence. In contrast to the asymmetry between the
phase-space integrated rates in a D0 ! V

1

V
2

decay (where V
i

indicates a vector meson),
aT -odd

CP

is sensitive to CP violation in interference between even- and odd- partial waves of
the V

1

V
2

system [7].
Previous measurements of aT -odd

CP

are compatible with no CPV : FOCUS measured
aT -odd

CP

= (1.0± 5.7± 3.7)% [11], and BaBar measured aT -odd

CP

= (0.10± 0.51± 0.44)% [12].
The physics observables, A

T

, A
T

, and aT -odd

CP

are by construction insensitive to D0/D0

production asymmetries, detector- and reconstruction-induced charge asymmetries. The
measurement described in this paper determines the CP -violating observable aT -odd

CP

with
an improved precision. For the first time, aT -odd

CP

is measured in di↵erent regions of phase
space and in bins of D0 decay time, allowing to probe for CP violation both in the decay
amplitude and in its interference with the mixing amplitude.

1 Throughout this paper the use of charge conjugate reactions is implied, unless otherwise indicated.
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