








































Flavour Mixing in the Charm Sector
Mass eigenstates ≠ flavour eigenstates

|D1, 2> = p | D0 > ± q | D0 >

Mixing parameters

Time evolution of a D0
−D0 system

x =
m1 − m2

ΓD
, y =

Γ1 − Γ2

2ΓD

Short−distance contributions ,
GIM and CKM suppressed in SM

with M and Γ being hermitian

Solutions

Long−distance contributions dominant ,
affected by large theoretical uncertainties

|D0 ( t)> = e−(Γ /2 + i m) t [cosh (
y + ix

2
Γ t)| D0 > +

q
p

sinh (
y + ix

2
Γ t)| D0 >]

|D0
( t)> = e−(Γ /2 + i m) t

[
p
q

sinh (
y + ix

2
Γ t) | D0 > + cosh (

y + ix
2

Γ t)| D0 >]

p /q ≠ 1 ⇒ CP violation

m1, 2 and Γ1, 2 are mass
and width of |D1, 2 >

ΓD = (Γ1 + Γ2)/2



D0 - D0 mixing

∘ Since D0 mixing is small (| x | , | y | << 1):

|D0( t)> = e−(Γ/2 + i m) t [ |D0 > +
p
q
(
y+ix

2
Γ t) |D0 >]

∘ Time dependent decay rates of D0→f :

d ND0
→f

dt
∝ |< f | H | D0

(t)>|2 = e−Γ t |< f |H |D0 > +
q
p
(
y+ix

2
Γ t) |< f |H | D0> |2

∘ Exponential decay modulated with x and y

x and y can be obtained from measured time dependence of
d ND0

→f

dt

∘ Shape is final state dependent

different final states sensitive to different combinations of x and y



D0 - D0 mixing − SM estimates
Can express

y =
1

2ΓD
∑n

ρn [<D0 | H | n ><n |H |D0 > + < D0 | H| n >< n |H | D0> ]

x =
1
ΓD

[<D0 | H | D0 > + P ∑n

<D0 | H |n ><n | H| D0 > + < D0 | H|n >< n | H | D0 >

MD
2
− En

2 ]

' ' Inclusive approach ' ' :

∘ OPE expansion in powers of ' 'Λ/mc ' '

∘ x ∼ y < 10−3 [Georgi 1992 ; Ohl et al 1993 ; Bigi et al 2000 ]
∘ Cannot exclude y ∼ 10−2 [Bobrowski et al 2010 ]
∘ Violation of quark - hadron duality

' ' Exclusive approach ' ' :

∘ Sum over on-shell intermediate states
∘ Mainly D→PP , PV leads to x ∼ y <10−3 [Cheng et al 2010 ]
∘ SU(3)F breaking in phase space alone leads to y ∼ 10−2 [Falk et al 2002]

∘ Get x ∼ 10−2 from a dispersion relation [Falk et al 2004 ]

(Joachim Brod)



Results discussed in this talk ...
From HFAG page:

D0 → K+ π−

D0
→ h+ h−

D0 → K+ π−π0

D0 → K+ π+ 2π−

D0
→ K S

0 h+ h−

D0
→ K+ l− ν

ψ(3770) → D0 D0

E791

E791

E791

= mixing probability >3σ



Decays to CP - even eigenstates D0
→ K+ K− , π+

π
−

Measurement of lifetime difference between D → K−π+ and D0 → K+ K− , π+ π−

Timing distributions are exponential (if CP is conserved)

∘ mixing parameter : yCP =
τ(K− π+ )

τ (h+ h−
)
− 1

∘ if CP conserved : yCP = y

If CP is violated → difference in lifetimes of D0/D0→K+ K− , π+ π−

∘ lifetime asymmetry : AΓ =
τ(D0

→ h− h+
) − τ(D0

→ h− h+
)

τ (D0
→ h− h+

) + τ(D0
→ h− h+

)

∘ yCP = y cosϕ−
1
2

AM x sinϕ

∘ AΓ =
1
2

AM y cosϕ− x sinϕ
[S. Bergmann et al , PLB 486, 418 (2000)]

ϕ= arg (q /p)
AM = 1 − | q /p |2



Experimental method (update with 976 fb−1
)

using D*+ → π+ D0

∘ flavor tagging by the charge of πslow

∘ background suppression

D0 proper decay time measurement :

t =
ldec

cβγ
, βγ =

pD0

MD0

∘ decay time uncertainty σ t (calculated from vtx err matrices)

To reject D*+ from B decays: pD*+

CMS
> 2.5 (3.1) GeV /c Υ(4 S) (Υ(5S))

Observables :

∘ m = m (K π)
∘ q = m (K ππs) − m(K π) − mπ

[arXiv :1212.3478; M .Staric et al , PRL98, 211803 (2007)]

extrapolate production vtx



Charm mixing in D0
→ K+

π
−

D0

D0

D*+ → π+ D0

D*+ → π+ D0

DCSmixing

CF

DCS

CF
K−π+

K+ π−

Right- Sign (RS) decay (π with the same charge)

Wrong- Sign (WS) decay (π with the opposite charge)

The ratio R ( t) of WS D*+
→ D0

π
+

s → K+
π
−
π
+

s to RS D*+
→ D0

π
+

s → K−
π
+
π
+

s

decay rates can be approximated (assuming | x | , | y |<< 1 and no CPV) by :

R ( t) = RD + √RD y ' t +
x '2 +y ' 2

4
t2

mixing

DCS to CF ratio mixing rate

x ' = x cosδK π + y sin δKπ

y '
= y cosδK π − x sinδK π

δK π : strong phase difference btw DCS and CF amplitudes

D0 is tagged by D*+
→ D0

π
+

s decay



Charm mixing in D0
→ K+

π
−

http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf

Time - integrated yields (9.6 fb−1)

RS: D0
→ K−

π
+

7.6 M decays
WS: D0

→ K+
π
−

33 k decays



Time - dependent fit strategy

In each decay - time bin

fit RS sample to determine
signal shape ' s parameters

fit WS sample with signal shape
fixed to RS

Calculate WS/RS ratio from
measured yields

∘ charm mesons from b - hadron decays
∘ backgrounds from mis - identified charm decays peaking in M(D0

πs)

⇒ accounted for in the time - dependent fit

Charm mixing in D0
→ K+

π
−

http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf



Charm mixing in D0
→ K+

π
−

http://www-cdf.fnal.gov/physics/new/bottom/130408.blessed-DMix_9.6fb/public_note_CDF_D_mix.pdf

Prompt production D0 from PV

Secondary production D0

from B decay

Rm( t ) =
NWS( t ) + NB

WS( t)

NRS( t ) + NB
RS(t)

Calculate the WS/RS ratio from measured
D* yields in each decay time bin (20 bins)

Apply d0(D
0
)<60μm

to reduce secondary D



Charm mixing in D0
→ K+

π
−

Projection of the prompt
component of the fit , i . e . R ( t)

Best fit , including the effect
of D* from B decays

No - mixing fit (x '2 = y ' = 0)

contribution from B hadron decays
is included in the WS /RS ratio fit :

No mixing hypothesis
is excluded at 6σ

Fit type Parameter Fit result Correlation coefficient

(χ
2
/ndf) (10−3

) RD y ' x ' 2

Mixing RD 3.51 ± 0.35 1 −0.967 0.900

(16.9 /17) y ' 4.3 ± 4.3 1 −0.975

x ' 2
+0.08 ± 0.18 1

RD =(3.04 ± 0.55) × 10−3

y ' = (8.5 ± 7.6)% , x ' 2
= (−0.12 ± 0.35)%

CDF (2007)
PRL 100 (2008) 121802



Charm mixing in D0
→ K+

π
−

Experiment RD y ' x ' 2 No - mixing

(10−3
) (10−3

) (10−3
) exclusion

significance
Belle 3.64 ± 0.17 0.6−3.9

+4.0 +0.18 −0.23
+0.21 2.0

PRL 96 (2006 ) 151801

BaBar 3.03 ± 0.19 9.7 ± 5.4 −0.22 ± 0.37 3.9
PRL 98 (2007) 211802

LHCb 3.52 ± 0.15 7.2 ± 2.4 −0.09 ± 0.13 9.1
PRL 110 (2013) 101802

CDF 3.51 ± 0.35 4.3 ± 4.3 +0.08 ± 0.18 6.1
preliminary (2013)

LHCb
CDF
BaBar
Belle



Charm mixing in D0
→ K+

π
−

Exp RD y' x '2
Σ

(10−3) (10−3) (10−3)

Belle 3.53 ± 0.13 4.6 ± 3.4 +0.09 ± 0.22 5.1
PRL112 ( 2014) 111801

BaBar 3.03 ± 0.19 9.7 ± 5.4 −0.22 ± 0.37 3.9
PRL 98 (2007) 211802

LHCb 3.57 ± 0.07 4.8 ± 1.0 +0.055 ± 0.049 ?
PRL111 ( 2013) 251801

CDF 3.51 ± 0.35 4.3 ± 4.3 +0.08 ± 0.18 6.1
preliminary (2013)

LHCb
CDF
BaBar
Belle

The ratio R (t) of WS D*+ → D0π+

s → K+ π− π+

s to RS D*+ → D0π+

s → K−π+ π+

s

decay rates can be approximated (assuming | x | , | y |<< 1 and no CPV) by :

R ( t) = RD + √RD y ' t +
x '2 +y ' 2

4
t2

DCS to CF ratio mixing rate

x' = x cosδKπ + y sin δKπ

y ' = y cosδK π − x sin δKπ

δK π : strong phase difference
btw DCS and CF amplitudes

[winter 2014 ]

[FPCP 2013 ]



D0
−D0 mixing

χ 2 /ndf = 66.8 / 41

FPCP 2012 :
x = (0.63 −0.20

+0.19
)%

y = (0.75 ± 0.12)%

No mixing point

x≤0 excluded at 2.1σ y≤0 excluded at 7.2σ

FPCP 2013
x = (0.49 −0.18

+0.17
)%

y = (0.75 ± 0.09)%

HFAG charm : A . Schwartz , B. Golob , M . Gersabeck



Charm mixing in D0
→ K+

π
−

[PRL 110, 101802 (2013), arXiv :1211.1230 ]

RS: D0
→ K−

π
+

8.4 M decays
WS: D0

→ K+
π
−

36 k decays

Time - integrated yields (1 fb−1)



Charm mixing in D0
→ K+

π
−

[PRL 110, 101802 (2013), arXiv :1211.1230 ]

Rm
(t) =

NWS
( t) + NB

WS
( t)

NRS( t) + NB
RS(t)

= R ( t) {1 − fB
RS
( t) [1−RB( t)

R ( t) ] }
measured WS/RS ratio :

where :

fB
RS
(t) =

NB
RS
(t)

NRS(t) + NB
RS( t)

RB( t) =
NB

WS(t)

NB
RS(t)

bias from secondary D decays

c τ(B) ≈ 450 μm , D from B have
non - zero impact parameter

cut on χ2(IP), remaining (3 %):
included in the fit , shape estimated
from evts reconstructed as
B→D*

(3)π , B→D*
μX , D0

μX



Charm mixing in D0
→ K+

π
−
(1 fb−1

)
[PRL 110, 101802 (2013), arXiv :1211.1230 ]

No mixing hypothesis
is excluded at 9σ

Fit type Parameter Fit result Correlation coefficient

(χ2/ndf) (10−3) RD y' x ' 2

Mixing RD 3.52 ± 0.15 1 −0.954 0.882

(9.5 /10) y ' 7.2 ± 2.4 1 −0.973

x' 2
−0.09 ± 0.13 1

1st  observation of charm mixing from a single expt



Effect of D-D mixing on γ

∘ M.Rama , arXiv :1307.4384

∘ R∓ = rB
2 + rD

2 + 2rBrDcos(δB∓γ+δD)

→ R∓ = rB
2 + rD

2 + 2rB rDcos(δB∓γ+δD) − yrDcosδD − y rBcos(δB∓γ) +

xrDsin δD − x rBsin(δB∓γ)

∘ tried on the current LHCb average (DK): ∼ 1 degree difference

∘ (R+ , R− ) instead of (RADS , AADS) whenever available

ADS observables



CP violation in charm



CP violation in charm



CP violation in charm
ΔACP π - tagged



CP violation in charm



Quantum correlated D mesons at CLEO-c



CLEO-c data sample



CP content (F+)
F+ = fractional CP-even content



CP content (F+) for D→π+ π− π0 [arXiv :1410.3964]

tagged by CP-even eigenstates tagged by CP-odd eigenstates

double tagged by π
+
π
−
π

0

⇒ F+ = 0.968± 0.017± 0.006

ACP+=
2rBsinδBsin γ

RCP+

RCP+=1+rB
2+2rBcos δBcos γ

AF+=(2F+−1) .
2rBsinδBsin γ

RF+

RF+=1+rB
2+(2F+−1).2rBcosδBcos γ

dilution factor of 0.936



D→K+ π− π0 [arXiv :0903.4853]

≠K π , amplitude ratio and vary phase space



D→K+ π− π0 [arXiv :0903.4853]



BD*K* Dalitz analysis
Reconstruction of three−body final states D0, D0

KS



−

Amplitude for each Dalitz point is described as:

D0
KS




−
~ f m

2 ,m−
2


D0
KS




−
~ f m−

2 ,m
2


B
KS




−
DK : f m

2 ,m−
2
  reiBf m−

2 ,m
2


Simultaneous fit of B and B− to extract parameters rB , 3 and B

B−
KS




−
DK− : f m−

2 ,m
2
  rei−f m

2 ,m−
2


m
2m

2

m−
2

m−
2

D0
D0

m−=M KS
−

m=M KS



Note: 2 fold ambiguity on  :  , B   , B



γ and D→KS
0
π

+
π

−

internal structure in the Dalitz plot :
∘ nonresonant contributions
∘ resonant contributions , as D0

→AR (→BC)

where R is short - lived intermediate resonance

best standalone meas. of γ
especially in B-factory
KS

0
π
+
π
− is KS

0
ρ

0
(GLW ), K*+

π
− ...

∘ aNR and δNR are magnitude and phase of nonresonant component
∘ aR and δR are magnitude and phase of each resonance

⇒ isobar formalism used to model D→KSπ
+
π
− decays: resonances approximated with relativistic

Breit -Wigner functions , with factors to account for spins of the particles and form factors
to account of the relative momenta of the decay products

m+ = m(KS
0
π
+
)

m−= m(KS
0
π
−
)



Two methods for accessing the D decay information

∘ D dalitz plot from B decay is superposition of D0 and D0

∘ it will differ between B+ and B−

∘ differences are related to rB , δB and γ (or x± , y±)

⇒ two ways to deal with the varying rD and δD:



γ and D→KS
0
π

+
π

−

amplitudes for the CP-conjugate D→KS
0 h+ h− decays:

AD(m−

2 , m+

2
) = AD(m+

2 , m−

2
) occurs because final state has spin zero

amplitude of the cascade decay B−→DK− with D→KS
0 h+ h− at the coordinate (m−

2 , m+

2) is:

partial width for the B− decay is given by:



define the strong-phase difference between the D0 and D0 amplitudes:

Similarly , amplitude for B+ decay :

in presence of CP violation and when rB ≠0, D → KS
0π+ π− DP distribution no longer same

for B−→DK− and B+→DK+ decays under transformation m+
2 ⇔m-

2 , asymmetry depends of
Dalitz plot coordinate



strategy : measure asymmetries in integrated regions of the Dalit plot

interference term AD(m-
2,m+

2
)AD

*
(m+

2 ,m-
2
) is symmetric

under exchange (m-
2 ,m+

2 )⇔(m+
2 ,m-

2) ⇒ define bin

regions which are symmetric around the line m-
2 = m+

2

an example with 2k bins ⇒

defining integrals over the region of the Dalitz plot labelled bin i :

terms ci and si contain cosδD and sinδD



equations for the rate of events in bins i and −i of the Dalitz plots
for B− and B+ decays :

parameters T±i can be determined by measuring decay rates of flavour - tagged

D0 →KS
0π+ π− decays , i .e . where D meson can be identified as D0 or D0

measuring B→DK decay rates in each bin , 2k+3 unknowns = ci , si , rB , δB and γ

k ≥ 2: greater number of equations than unknowns and γ can be determined

preferable to perform dedicated measurements of ci and si , use them as inputs



ci and si at charm factory

at ψ(3770) , JPC = 1- - , decays to a DD pair (decay are quantum related)
D mesons decay to final states f a and f b with CP eigenvalues ηa and ηb

CP conservation requires that ηa ηb (−1)L = 1, hence ηa / ηb =−1
⇒ if one D meson is reconstructed in a CP even (odd) eigenstate ,

other D meson must be CP odd (even) eigenstate

measurements of ci and si require that one of the D mesons decays to

KS
0π+ π− final state and the other decays to final state XD

if XD is CP even (odd) eigenstate, D meson decaying to KS
0π+ π− must be CP-odd (even)

amplitude and partial width of D± at Dalitz plot coordinate (m−

2 ,m+

2) :

decay rate to bin i of the D± Dalitz plot :

if XD is KS
0
π
+
π
− :



D→KSππ and D→KS
0 KK: different binning , DK+ and DK*0 different binning...

ci and si at charm factory

model of the amplitude AD(m-
2 ,m+

2 ) determined using flavour - tagged D→KS
0π+ π− decays

⇒ provides prediction of δD(m-
2 ,m+

2
) and can be used to determine binning scheme

binning : started with rectangular binning, better sensitivity to γ obtained by partionning
Dalit plot into regions over which variation in δD(m-

2 ,m+
2 ) is small

produce large non-zero
values of ci andsi



as an example , Belle arXiv :1204.6561, first model - indep γ result
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