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D0 – D0 mixing



The mass eigenstates | D1〉 and | D2〉 have different masses and lifetimes
D0- D0 mixing in the SM

x = ∆M/Γ| D1,2〉 = p | D0〉 ± q | D0〉 ,   |p|2 + |q|2 = 1 
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SM: box diagram is negligibly small 
• CKM suppression
• GIM   suppression y = ∆Γ/2Γ ~ sin2 θC × [SU(3) breaking]2 ~0.1-1%
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Int.J.Mod.Phys.A21, 5686(2006)

Long distance effects contribute to x as well!

Wide range of SM predictions 
x, y ~ 10-6 − 10-2



D0-D0 mixing and New Physics
“box” mixing can be enhanced by:
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and increase x (but not y)

• If  find x >> y, it might be a hint of New Physics
• If CPV in mixing is found, it is an indication of New Physics



All methods use D*+ tag:
• tag flavour
• suppress backgrounds

Measure proper time by decay distance
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Strong phase difference between CF and DCS

• Wrong sign (WS) hadronic decays
e.g. K+π - ( K+π -π 0, K+π -π -π + )
t-dependent analysis required to disentangle 
mixing and DCS contributions

yCP= y  if no CP violation

• Lifetime difference
e.g. D0→ K+K- (τ+) vs D0→ K-π + (τ0)
τ0/ τ+ = 1 + yCP

RM = 1/2(x2 + y2)( ) ( )( )2tRet M
t

WS Γ∝Γ Γ−

• Wrong sign (WS) semileptonic decays
D0→ K+l-ν
t-dependent analysis is NOT required 
but t-cut useful to reduce background

• New: Dalitz plot analysis
D0→ KS π -π +

t-dependent analysis: 
interference of  DCS and mixing 
e.g. D0→ K*+π-

CP final states e.g. D0→ KS ρ0 (τ+)

RD   ratio of DCS/CF decay rates

D0-D0 mixing: experimental methods



No mixing: ~2.3σ (x,y) away (0,0)

D0-D0 mixing: status in 2006

Phys.Rev.Lett.97: 221803,2006. 

D0→ K+π- π0 

D0→ K+π- π+π-

230.4fb-1

Wrong sign (WS) hadronic decays: 
K+π -, K+π -π 0, K+π -π -π +

t-dependent analysis
to disentangle mixing and DCS

RM<0.040 %

D0→ K+π- Phys.Rev.Lett.96:151801,2006. 

400fb-1

No mixing: ~2.1σ (x,y) away (0,0)

PDG’06

Many hints of D0 D0 mixing:
~2.1σ Belle   D0→Kπ
~2.3σ BaBar D0→K2π/K3π
~2.2σ Average yCP (PDG’06)



New D0→K+π- study at BaBar

Strategy to determine mixing parameters x’2, y’, RD

unbinned maximum-likelihood fit to RS and WS data 
over m(Kπ) , ∆m= m(Kπ πtag) - m(Kπ) , t and δt

• RS and WS signal and bckg shape parameters
• fit  to m(Kπ) and ∆m distributions

• D0 proper time resolution function and life time (t) 
• fit to RS data using m(Kπ) and ∆m

to separate signal and background
• Fit to WS data with three different models

• CP conservation and absence of mixing
• CP conservation and  mixing
• CP violation and  mixing

Blind analysis of D*+ →D0 (→K+π- )π+
tag

384fb-1

hep-ex/0703020v1

4030±90
candidates



Decay time analysisRS

WS
Fit to WS  proper time distribution:
resolution function from RS proper time fit

points:  data – no-mixing fit
curve : ”mixing fit” – “no mixing fit”

Fit with mixing is better match to data!

Fit to RS  proper time distribution:
exp convoluted with resolution function 
(sum of three Gaussian with width ∼ δt)

D0 lifetime:  (410.3 ± 0.3) fs
PDG2006:       (410.1 ± 1.5) fs



mixing CL contours

3.9σ
no-mixing point

No CPV

Mixing contours

x’2  and y’2  CL contours 
• calculated from the change in 
log likelihood 
• include systematic errors

Fit type RD×10-3 x’2×10-3 y’2×10-3 AD×10-3

No CPV , no mix 3.53±0.08±0.04

No CPV 3.03±0.16±0.10 -0.22±0.30±0.21 9.7±4.4±3.1

CPV  (+) -0.24±0.43±0.30 9.8±6.4±4.5

CPV  (-) -0.20±0.41±0.29 9.6±6.1±4.3

No evidence for CPV

-21±52±153.03±0.16±0.10



Study self-conjugate decay  D0→ K0
S π-π+

t-dependence of Dalitz plot distribution provide direct access to x and y!!! 

New Dalitz analysis  D0→ K0
S π-π+

3-body final state K0
Sπ+π- consists:

• CF-modes + DCS-modes mixing e.g. D0→ K*-π +

• DCS-modes + CF-modes mixing e.g. D0→ K*+π -

• CP-final states (color suppressed)      e.g. D0→ KS
0ρ0 Interference of all these

Decay amplitude assuming M = M (no CPV):

t - dependence is contained in 

for D0    m2
±= m2(KSπ±)  ,     for D0    m2

±= m2(KSπ ) 

tag is required to know what is m+ and m-

D0 decay vertex from π+π-

Strong phase difference between CF and DCS amplitudes fixed by Dalitz fit!



Dalitz fit

540fb-1
hep-ex/0704.1000
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• Dalitz model:  18 resonances + non-resonant
• Results with this model consistent with φ3 measurements  by Belle : PRD73 112009 (2006)



Result of  Dalitz plot analysis  D0→ K0
S π-π+

x = (0.80 ± 0.29 ± 0.17) % 
y = (0.33 ± 0.24  ± 0.15)%
τ =  (410.3 ± 0.3) fs 540fb-1

Time fit  (in projection)

hep-ex/0704.1000

Most sensitive measurements of x
Cleo PRD72, 012001(2005) 

x = (1.80 ± 3.4 ± 0.6) % 
y = (-1.4 ± 2.5 ± 0.9) %

95% CL contour 

disfavor no-mixing x=y=0 point
with significance 2.7 σ



Measure relative lifetime difference: D0→ K-π+ and D0→ K+K- (π+ π-)

mixing parameter

yCP= y· cosφ - 1/2AMx· sinφ
CP conservation: AM = sinφ = 0 ; yCP= y  = ∆Γ/ Γ

Search for  CPV by measuring
AΓ = 1/2AMy· cosφ - x· sinφ

New yCP study at Belle World average’06:
yCP = (1.09 ± 0.46)%

540fb-1

hep-ex/0703036v2

D0 lifetime  408.7 ± 0.6 fs



540fb-1

hep-ex/0707036v2
Mixing  results

yCP (%) AΓ (%)
KK 1.25±0.39±0.28 0.15±0.34±0.16
ππ 1.44±0.57±0.42 -0.28±0.52±0.30

KK + ππ 1.31±0.32±0.25 0.01±0.30±0.15

No evidence 
for CP violation

3.2σ above zero
Evidence of D0 - D0 mixing !!!



D0-D0 mixing summary

• This year results :
• New D0→K+π- study at BaBar: 3.9σ of (x’,y’) ≠(0,0)
• New Dalitz analysis  D0→ K0

S π-π+ at Belle: 2.7σ of (x,y) ≠(0,0)
• New yCP measurement at Belle: 3.2σ of y ≠0 

• Past years (independent) results:
• D0→K+π- study at Belle: 2.1σ of (x’,y’) ≠(0,0)
• D0→K+2π/ K+3π study at Babar: 2.3σ of (x’,y’) ≠(0,0)
• yCP measurement at BaBar: 1.9σ of y ≠0 

• Still x and y and not well constrained.
• New measurements/updates coming soon.



Semileptonic D decays



Form Factors in semileptonic D decays

D0 π-

l+

ν
c

d
u u

q2W

Modified pole model
q2 = ( Pl + Pν )2 = (PD - P K,π )2

• Single form factor FD(q2)
• Calculated in LQCD 

• checking from data 
• Can be applied in B physics 

• extraction of CKM parameters

Simple pole model

ISGW2

Event topology 
and reconstruction methods



Rest event full reconstruction tag: 
• Low statistics/clean tag
• Good q2 resolution
• D→πlν/D→Klν separation using kinematics

BRs(%) PDG
2006

BaBar Keν 3.554±0.027±0.045 ± 0.065 3.51±0.11
Belle     Keν 3.45±0.10±0.19 3.51±0.11
Belle     Kµν 3.45±0.10±0.21 3.19±0.16
Belle     πeν 0.279±0.027±0.016 0.281±0.019±0.10
Belle     πµν 0.231±0.027±0.019 0.24±0.04

75 fb-1
preliminary

282fb-1

Phys. Rev. Lett. 97, 061804 (2006)
D*+ tag: 
• Huge statistics
• Poor q2 resolution
• Poor D→πlν/D→Klν

BR of the semileptonic D decays



D0→K(π)lν Form Factor

LQCD shape agrees with the data

Phys. Rev. Lett. 97, 061804 (2006) 

D0→Klν

D0→πlν 282 fb-1

mpole(GeV/c2) αpole
BaBar Klν 1.884±0.012±0.015 0.377±0.023±0.029
Belle   Klν 1.82 ±0.04 ± 0.03 0.52±0.08±0.06
Belle πlν 1.97±0.08±0.04 0.10±0.21±0.10
Lattice 0.50±0.04

D0→Klν

75 fb-1

f+(0)= 0.730±0.007±0.005±0.007

preliminary 



Charmed Baryon 
Spectroscopy



No isospin partner found  in D+p

Λ c(2940)+ new charm baryon 
Λc(2880)+ new decay mode

BR(→D0p)/ BR(→ Σcπ) = ?
to be obtained in the same experiment  

Belle confirms 
in Σc(2455) π

Λc(2880)+

Λc(2940)+ ? 7.2σ

Λc(2765)+

sidebands

553fb-1

hep-ex/0608043v2

Σ c(2940)?D0 mass sidebands

Wrong sign  D0p

Λc(2940)+?
8.7σ

Phys.Rev.Lett.98:012001 
287 fb-1

M(D0p)

Λc(2880)+

New baryon in D0p

Σ c(2940)?

8.7σ



New charm strange  baryons

BaBar confirms
good agreement! 

Ξcx(2980)+

6.3σ

Ξcx(3077)+
9.7σ

Mass (Λc
+ K-π+)

Isopartner

Ξcx(3077)0
5.1σ

Ξcx(2980)0

2.0σ

Mass (Λc
+ Ksπ+)

hep/ex 0607042v1

Phys. Rev. Lett. 97, 162001 (2006)

450 fb-1

Interpretation as
excited charmed strange baryons, Ξc

New baryons decay into separate 
charmed (Λc

+) and strange (K) hadrons 



Λc(2880)+ angular analysis

5/2 is strongly favored over 1/2 
and 3/2

M(Ξc (2815)+ ) (MeV/c2) 2816.7±0.6±0.8
M(Ξc (2815)0 ) (MeV/c2) 2819.7±0.8±0.9
M(Ξc (2815)+ )  - M( Ξc (2815)0 ) -3.0±1.0±0.8

414fb-1
Ξc (2815)+ Ξc (2815)0

Ξcx (2980)+  ?Ξcx (2980)0 ?

Mass of  Ξc (2815)
hep-ex/0608012

J=1/2

hep-ex/0608043v2

553fb-1

J=3/2

J=5/2

The yield of Σc(2455) 0,++π+,-

as a function of cos θ

Λc(2880)+→Σcπ

First observation of  Ξc (2815) →Ξc (2645)π

Better precision than world average



Production and decays Ωc
0

230.5fb-1

yield from B decays (p*<2GeV/c2) 
yield  from continuum (p*>2GeV/c2)

are comparable

hep-ex/0703030v1

Substantially improvement 
of previous measurements

First observation of Ωc
* (css) , JP = 3/2 +

M(Ωc
*) - M(Ω c

0) = (70.8 ± 1.0  ± 1.1)MeV/c2

5.2σ

Ωc
*→Ωc

0γ

Phys.Rev.Lett.97:232001,2006. 

230.7fb-1

50-100 MeV/c2In agreement with expectations



ISR Study



Y(4260)

PDG 2006
e+e- machines at √s ~(4 -5) GeV

• inclusive e+e- → hadrons
cross-section 

• complicated structure 
• no satisfactory 

explanation of peaks and 
dips

no exclusive studies e+e- →
specific final states until 
last year

• CLEO-c energy scan for 
D(s)

(*)D(s)
(*) final states 

Last years new interest both in experiment  and  theory
Mostly initiated  by observation of Y(4260) by BaBar
Confirmed by 
• CLEOc Phys.Rev.Lett. 96, 162003 (2006)
• Cleo           hep-ex/0611021 
• Belle          hep-ex/0601206                     

R-study around open charm threshold
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Phys.Rev.Lett. 95, 142001 (2005) 



Method 
ISR at B-factories comparable with  energy scan (CLEOc, BES)
• Hard ISR photon takes away significant fraction of energy
• Continuous ISR spectrum: access to whole √s interval
• αem suppression,  but  ~ 500/fb (~ 60/pb CLEO-c)

Exclusive e+e-→D(*)D(*) cross-sections with ISR

BaBar: D+D-, D0D0 with full reconstruction
• small background

Belle: D*+D*-, D+D*- with partial reconstruction
• small background, increase eff ~10 times
• narrow peak in recoil mass difference! 

• mass resolution 

e+ee++

e-e-e-

D*

D(*)

γ

s=(Ecm-Eγ)2-pγ
2

D

π

reconstructed

not reconstructed 
but constrained

D*+D*- partial reconstruction

Mrec(D*+γISR) - Mrec(D*+π-γISR)

σ RMD~
1 MeV



D*+D*-

D+D*-

550/fb

ψ(4040)

ψ(4415)

Phys. Rev. Lett. 98, 092001 (2007)

ψ(4160)

Y(4260)

Charged D(*)D(*)

½ from CLEOc

hep-ex/0607083v1

ψ(4415)

ψ(4160)

ψ(4040)

Y(4260)

M(DD)

Exclusive e+e-→D(*)D(* )cross-sections using ISR

ψ(4160)

Y(4260)

ψ(4040)

hep-ex/0702008v2

CLEOc

Y(4260) signal
D*D  :   hint
D*D* :   clear dip (similar to incl. R) 
DD   :   no signal



Conclusion
• Evidence for DD-mixing is observed

• D (semileptonic) decays: huge luminosities make 
the B-factories competitive with CLEO-c in purity, 
statistics and precision

• Many new charmed hadrons observed in the last 5 years
• 8 charmonium(like) states, 6 charmed mesons

• New era for charmed baryon spectroscopy has arrived

• ISR studies at B-factories provide access to near-threshold
exclusive open charm cross-sections
• key to unraveling the complicated inclusive structures
• hopefully help our understanding of the Y(4260)/Y(4325)
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