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Rare & forbidden charm decays
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What’s the rare?

FCNC processes are very rare in SM being suppressed by absence of tree level 
diagrams and by GIM mechanism; 
FCNC in Charm are even more suppressed due to absence of high mass
down-type quark;
Many new physics scenarios can therefore contribute enhancing these processes
with new particles running in the loops or even at tree level
Some models predict enhancements in the up sector only

Lepton flavour, lepton number and baryon number violating decays are essentially
forbidden in the Standard Model
No theoretical uncertainties
However in some new physics models they can be allowed at sizeable levels
If not seen can put strong constraints on NP parameters
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FCNC in Charm
PRD66,(2002)014009
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Overview of charm rare decays
LFV LNV

LFV LNV

FCNC

FCNC

FCNC LNVLFV
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FCNC of charm  from BABAR

2.6 σ
 

significance
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D0→μ+μ−  at LHCb
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LFV in charm decay

u
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Overview of LFV in charm
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LNV in charm mesons
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Limits on LNV in charm from BABAR
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Sensitivities for rare charm decay at BESIII 
and super-B

D→Xl+l− can be reached at 10−6  at BESIII

D0→l+l− and γ γ will be reached at 10−7 at BESIII

BESIII may reach contribution from long distance

Sensitivities will be improved by order of two (10-8 -10-9)
at Super-B factories, and models can be tested. 
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Questions

• Can we measure D0 →νν, or γνν
 

? 
• Can we measure D →K/πνν

 
? 
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Charm hadronic decays
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D hadronic decays 

D hadronic decay can occur  through 
Cabibbo favored (CF), 
Doubly Cabibbo suppressed( DCS) and 
Singly Cabibbo suppressed (SCS) :

CF DCS

SCS CF:SCS:DCS = 1: λ: λ2

λ=tan(θc) = 0.2317  
θc is Cabibbo angle 
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D  tags
e+ e−

0D

0D

K+
π−

iX
e+ e−

0D

0D

K+
π−

π+

K-

Single tags Double tag

High net tag efficiency: 25%
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Absolute branching fractions 
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Typical branching fractions
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Ds→pnbar only mode to baryon pairs

mDs = 1.968 GeV , mD+ = 1.869 GeV
mp +mnbar = 1.878 GeV

312.0
16.0 10)36.030.1()( −+

−
+ ×±=→ npDBr S

Chen, Cheng, Hsiao: Phys.Lett.B663:326-329,2008
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D0-D0 mixing

1) Introduction and general definitions

2) Time-dependent measurements of D0—D0 mixing

3) Measurements of D0 mixing at charm threshold
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and       can transform into each under weak interaction0D 0D

c

u

u

c

bsd ,,

udV

*
cdV udV

*
cdV

0D 0D

0D 0D

and       can not be separated absolutely0D 0D

I  Introduction
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The D0-D0 mixing occurs via loop diagrams involving intermediate 
down-type quarks, it provides unique information about weak 
interaction

In the standard model, the mixing amplitude is quite small

It is severely suppressed by the GIM mechanisms
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The b-quark contribution is highly suppressed by the 
CKM factor
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)103(||/|| 4** −×= OVVVV csuscbub

The CKM suppression factor

The b-quark contribution in the loop diagram can be 
neglected

The mixing amplitude vanishes in the limit of SU(3) flavor 
symmetry , ms =md , due to the GIM suppression.

Mixing is only the effect of SU(3) breaking

Thus, the mixing in D0 system involves only the first 
two generations. CP violation is absent in both the 
mixing and decay amplitudes, and therefore can be 
neglected.

breaking])3([sin~ 2 SUT Cmixing ×θ
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In general the neutral D meson exists as a mixture 
state of D0 and D0

00 DbDaD +=

Assume there is a neutral D state at t=0:
00 )0()0()0( DbDa +=ψ

Then at any time t, the state evolves into

L++++= 2211
00 )()()()()( ftcftcDtbDtatψ

Oscillation within 
neutral D state

States D decays into

II  The basic formulas
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00 )()()( DtbDtatD +=

If we only consider the oscillation within the neutral 
D state, then we can consider the evolution of the 
following state

which can be written in the form of matrix product

( ) ⎟⎟
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⎞
⎜⎜
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⎛
=

)(
)(

)( 00

tb
ta

DDtD

then we can use
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
)(
)(

tb
ta to stand for the wave

function of the neutral D meson state
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The Shrödinger equation for the evolution of the 
wave function is
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H needs not be Hermite because D meson can 
decay in the evolution

Γ−≡
2
iMH
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The matrix H expressed explicitly in term of the matrix 
elements

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

Γ−Γ−

Γ−Γ−
=

22222121

12121111

22

22
iMiM

iMiM
H

The matrix elements are determined by the Hamiltonians 
of strong, electromagnetic and weak interactions

wemsttotal HHHH ++=

The magnitude of weak interaction is greatly smaller 
than the strong and electromagnetic interaction

emstw HHH +<<
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The eigen-equation
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Solve the equation, one can get the eigenvalues
 

and  
 eigenfunctions
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①
 

If CPT is conserved, then  M11 =M22 , and Γ11 =Γ22 .
Theorems:

② If T is conserved, then Γ12
* M12

*

Γ12 M12
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The real parts of         are masses m1 and m2 of 
the two eigenstates

2,1μ

The imaginary parts are decay widths of the two 
eigenstates: 21 and, ΓΓ

2,12,12,1 2
Γ−≡

imμ

That is
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If CPT is conserved: 

Then

00
2

00
1

DqDpD

DqDpD

−=

+=

p and q satisfy the normalization condition

122 =+ qp

1212

2121

2

2
Γ−

Γ−
= iM

iM

p
q

111 2
Γ−=

imμ

222 2
Γ−=

imμ
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III   The mixing parameters

Two physical parameters that characterize the mixing are

Γ
Γ−Γ

=
Γ

ΔΓ
≡

Γ
−

=
Γ

Δ
≡

22
12

12

y

mmmx

2
21 Γ+Γ

=Γ

Where Γis the average decay widths of the two eigenstates 
D1 and D2
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Numerically, the box diagram contribution to the 
mixing rate: 

which leads to 
5box 106.1 −×≈x

The bare quark loop contribution to       is even further 
suppressed by additional powers of cs mm /

ΔΓ

Numerically, one finds

-7box 10few~ ×y

Short distance contributions to the D0 mixing
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The small result of box diagram can be enhanced  by 
various long-distance effects, or by contributions of higher- 
dimension operator in the OPE

Long-distance effects

0D 0D
K

π

.,,,,, etcKKKKK πππππππππππ

wH

0D 0D

wH

L),1830(),1800(),1760(),1460( KK πη

Long distance contributions to the D0 mixing
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J.F. Donoghue et.al, Phys. Rev. D33, 179 (1986)

Long-distance contributions can severely enhance the 
mixing parameters, although it is difficult to calculate them 
accurately.

E. Golowich, A.A. Petrov, Phys. Lett. B427, 172 (1998)

It is estimated that long-distance dynamics can 
enhance the mixing parameters to be

34 1010~, −− −yx
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Time-dependent results from B 
factories : BABAR, Belle

 CDF and D0
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Remind: right sign-> Cabibbo-favord decays
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HFAG 2012 averaged results

CPV in mixing
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CP violation in charm
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Three types of CP violation in meson

D f

1
1

δieA

2
2

δieA

D f

1*
1

δieA

2*
2

δieA

≠

2 weak amplitudes with phase difference

0000 DDDD ⇒≠⇒   
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Direct CP violation
* *

2 4 3
2

Im
sin sin 10cd ud cs us

PT PT

V V V V P PAcp A
T T

δ ηλ δ
λ

−
⎡ ⎤⎣ ⎦≈ ≤�

In SM Direct CPV only for 
Singly Cabibbo suppressed 
decays.  

1) Consider D0

 

→ π+π−

(same for K+K−,

 

K+K−π+, φπ+,K*K
K+K−π0,

 

π+π−π+,
 

π+π−π0, etc...)

Standard Model Contribution ACP ~ 10-3 

New Physics  up to ~1%
If CP~1% observed:is it NP or hadronic 
enhancement of SM? Strategy: analyze
many channels to elucidate source of CPV.

CP asymmetry: 

=
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Direct CP violation:  example results from Belle
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Direct CP violation:  prospect at Belle-II
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Direct CP violation in D0→π+π-, K+K-

Is this a sign of New Physics? 
LHCb
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Direct CP on D+→Ks π+
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Mixing and CP violation at threshold
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The Lure of Phases
Interference is fascinating, but not new: classical waves interfere…
We may be surprised that it happens for “particles”,
that’s the core of the surprise of wave-particle duality.

“Wave mechanics” is made simpler with complex notation:

Interference is always the key to accessing phases !
For us, the key quantum effects are:
EPR-like correlations of D meson pairs
Multiple amplitudes (diagrams) for a given final state.

http://en.wikipedia.org/wiki/File:Abraham_de_moivre.jpg
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Phases everywhere
Phases in time evolution: eiHt ( eimt in rest frame )
These are relevant to D0 oscillations, due to mass difference
Relative phases of components of multi-body decays ( Dalitz plots ),
phases in BW as energy varies: ( unstable: m → m - iΓ/2 )
Lifetime (complex mass) in time dep. --> transformed to E-dependence
Dramatic interference patterns when resonance bands cross

“Discrete phases”: +,−
 

eigenvalues of C, P and CP:
Lead to dramatic effects at the ψ(3770)

CKM (weak) phases:
One clear source of CP violation in SM

Strong Final-state Interaction (FSI) Phases:
Interact with weak phases to give direct CP violation
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For a physical process producing D0 D0 such as

The decay rate of a correlated state

00'' DDee →→−+ ψ
The D0 D0 pair  will be a quantum- 
correlated state+e −e

0D

0D

The quantum number of        is ''ψ −−=1PCJ

∴ The C number of D0 D0 pair in this 
process is −=C

For a correlated state with −=C

)(
2

1 0000 DDDD −=−ψ
00

00

ˆ

ˆ

DDC

DDC

=

=



2012-10-23 Hai-Bo Li 57

Measure D0 mixing  and quantum correlation

LHLH KKDDee )()()3770( 00 mm ππψ ±±−+ →→→

))(( mm ππ ±± KK
is in P wave and C odd since 
ψ(3770) is 1−−

 

state; 
Bose-Einstein statistics does not allow 
both D0 decay into identical final states. 
However if mixing happened: 

))(()3770( 00 mm ππψ ±±−+ →→→ KKDDee

(DH is not identical to DL )

One can look at D mixing by using the correlation in the threshold. 

+e −e

0D

0D



2012-10-23 Hai-Bo Li 58

D0 Mixing @ ψ(3770)
There’s a very nice well-known D0 mixing signature at 3770
>> No DCSD: cancels with these correlated D pairs
>> Like-sign (K−π+)(K−π+) (+ c.c.) are pure mixing !

But it’s HARD in practice :

Result: #events = 0.2 / fb-1

The only number we have control over is the efficiency, εKπ

But PID needs to be tight, to avoid background from Kπ
 swaps …
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CP Violation at ψ(3770)

−K

+K

+π
−π

0D

0D

π+π−,
 

K+K-, π0 π0, Ksπ0 ,

+=′′
−=−⋅⋅=

→′′

)ψCP(
1)()CP()CP()CP(

ψ  ofdecay     for  the
L

2121

21

ffff
ff

At BESIII, ACP sensitivity : ΔA ~10-3

CP violating asymmetries can be measured by
searching for events with two

 
CP odd or two CP 

even final states: 
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Access strong phase at threshold
If CP violation in charm is neglected:  mass eigenstates = CP eigenstates

CP tag at threshold 

πδ
π

π

π
Ki

KCF

DCS

er
DK

DK
−

+−

+−

−≡
0

0
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Quantum Correlation Analysis

Notice how
clean even
SCS modes
can be !
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Quantum Correlation Analysis
Correlated D pairs are produced at the ψ(3770):
Produces a C = -1 initial state.

CLEO-c Results
vs. theory

πδ
π

π

π
Ki

KCF

DCS

er
DK

DK
−

+−

+−

−≡
0

0
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CLEO-c QCA: Modes Used
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CLEO-c QCA: Results
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φ3 /γ  
extraction
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Status of direct determination of γ/φ3
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CP-tagged D-decays: the essential idea
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CP-tagged D0→Ks π+π-Dalitz plots
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First CLEO-c results and γ/φ3 impact
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Charm at Super-flavor factories
Machine 
project

CMS 
Energy
(GeV)

Mode Polarization
of e−

 

beam 
>80% for τ

Lumi.
(cm-2 s-1)

Super c-τ
BINP (Russia)

3.0÷4.5 Symmetric Yes 1÷2 1035

SuperKEKB
(Japan)

10.58 Asymmetric No 2÷8 1035

SuperB-
Roma

10.58
4.0

Asymmetric Yes 1÷4 1036

1 1035

500-1000 fb−1 /year at ψ(3770)  from Super-B-Roma

500--1000 times larger data than the designed Lumi. @BEPCII 
Marcello A. Giorgi @ICHEP2010
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Summary
Theoretical uncertainties are large due to long-distance contribution to rare charm 
FCNC and neutral D mixing ; 

New Physics searches in rare and forbidden charm decays have become 
considerably more sensitive; 

CPV at percent level may indicate New Physics; 

We expect to get more from experimental side: 
measurements of as many  CP asymmetries as possible;
LHC will soon play leading role in charm mixing and CPV measurements;
measurements at the charm threshold as pioneered by CLEO-c
are needed to determine strong phases and coherence factors; 
Super-B factory will settle down the charm mixing and see observable CPV
effects in many decay modes. 

Global fit to those observables will improve development of theoretical tools in 
charm . 
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