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Outline of the lectures
Introduction 
Leptonic D/DS decays and decay constants
Semileptonic D decay and form factor
Rare and forbidden Charm decays

Thanks to my colleagues from CLEO, BABAR and Belle: 
R. Breire, S. T’Jampens, Ian Shipsey, D.M.Asner,
D. Cronin-Hennessy, R. Poling, Peter Zweber,  K.M. Ecklund,  S.Stone, 
MM.. PappagalloPappagallo, D. G. , D. G. CasselCassel and many others. and many others. 

Theorists:  D.N. Gao, J. F. Kamenik, Z.z.Xing, M.Z.Yang
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Why Charm?
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Why Charm is unique to test QCD in 
low energy? 

Why Charm allows us to overconstrain
CKM in B decays?   

Why Charm can be used to probe New 
Physics beyond Standard Model? 

In this lecture, I will mention the experimental
techniques and systematic analysis in detail. 
Challenging BESIII data to reach high precision.
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Charm in 1974: 

Broad band probe, clean final state

Ting

xep ++→+ −+eBe

measuring −+eem

J/ψ:    M=3.1GeV, Γ≤1.3MeV

Charm discovery at BNL in 1974
Normal 
magnet 
current

-10% 
reduction
of current
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Charm in November 1974

SPEAR in 1974

J/ψ
 

width << 2 MeV
 

(beam width)
Goldhaber, Perl, Richter 1974

Charm discovery at SLAC in November 1974

L,,hadrons, −+−+−+ →+ μμeeee

Hadron
cross-section

Di-electron
cross-section

μ+μ−

ππ,
KK
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Charm in November 1974
The ADONE e+e- collider at Frascati in Italy was designed at

a maximum center-of-mass energy 3.0GeV.

That was badly unfortunate, the energy was

just below the edge of discovering this particle.

Immediately after receiving the news of J/ψobservation, 

they boosted the energy beyond design limits, …

Phys. Rev. Lett. 33 (1974) 1404;
Phys. Rev. Lett. 33 (1974) 1406;
Phys. Rev. Lett. 33 (1974) 1408;

November Revolution! 
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Charmonium family

Ψ(2S) --
 

3.686 GeV

Open
Charm

L=0 L=1
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D  meson in 1976

0 0'' ,D D D D+ −Ψ →
0

0

,D K

D K

π

π

− +

+ −

→

→

D meson discovered 1976 Goldhaber/Trilling
At Ψ’’ = Ψ(3S) = Ψ(3770)

1L′′Ψ → =
0D

0D

( 1)L+ −

0D
0D PRL37(1976)255

mD0  = 1864.84 ±0.17 MeV; m D+ = 1869.62±0.20 MeV

D0 (cu)
D+ (cd)
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Theoretical side
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Originally there are three quarks in the quark model , a theory 
based on the SU(3) symmetry of hadrons, in 1960s.  

But there are at least two leptons and  two neutrinos 
since 1962 when people knew        and        are not 
the same. μν

The number of quarks and 
leptons are unsymmetrical. 

Jack Steinberger

From Mao-zhi Yang

http://translate.googleusercontent.com/translate_c?hl=zh-CN&langpair=en%7Czh-CN&u=http://nobelprize.org/nobel_prizes/physics/laureates/1988/steinberger.html&rurl=translate.google.com.hk&usg=ALkJrhidtdqROY7yiN06B2VpuRjmMQgYWw
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Predicted charm quark 

A theory of weak interaction with four quarks was proposed by 
Bjorken, Glashow, Illiopoulos and Maiani in the mid-1960 and early 
1970s Phys. Lett. 11 (1964) 255;

Phys. Rev. D2 (1970) 1285

Sheldon Glashow

From Mao-zhi Yang
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The fourth quark 
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The fourth quark charm was introduced.

Then two families are formed due to the structure of the charged

current of  weak interaction of quarks.

The properties of charm quark are the same as up, except for the mass.

The weak interactions of quarks and leptons are highly symmetric in this theory.

Charge: +2/3
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From Mao-zhi Yang
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Weak interaction and CKM in Standard Model
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益川敏英

小林诚
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The Wolfenstein parameterizations
L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983)

λ=0.23
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CKM determination

From S. T’Jampens ICHEP2010
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Precision theory + charm

Theoretical errors
dominate width of
bands

precision QCD calculations tested with precision charm
data at threshold

theory errors of a few % on B system decay 
constants & semileptonic

 
form factors

From S. T’Jampens ICHEP2010
For CKM fitter group

New Physics

2017?
year
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Charm Physics: The Context
Flavor physics is in the “sin 2β

 
era’

 
akin to precision Z. 

Over constrain CKM matrix with precision measurements
Discovery potential is limited by systematic errors 
from non-pert. QCD

LHC may uncover the physics Beyond the Standard Model. 
an outstanding challenge to theory. 
Critical need: reliable theoretical techniques
& detailed data to calibrate them

Complete definition of pert. and non-pert. QCD  
Calculate B, D, Y, ψ

 
to a few % in a few years.

Charm can provide the data to test and calibrate non-pert. QCD 
techniques (especially true at charm threshold)

This  
Decade

The 
Future

The 
Lattice
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Lifetimes

Naïve spectator model for charm 

Muon
 

decay:
3
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Scaling from the muon:
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τ(D+) ~1,000 fs
 

τ
 

(D0) ~400 fs. Not too bad. Including baryons 
lifetimes vary between ~100 and 1000 fs, non-spectator processes 
and  higher order corrections

(700 fs)

μ
μv

e
ev

,e μ x 3 colorsud

sc

, , 3e uμ ×
, , 3ev v dμ ×

演示者
演示文稿备注
How long shoud a charm meosn live? 

We can scael form muon decay

Rate goes like 5th power of the mass

For cahrm we have two lepton final states and  one hadron state ignorimg cabbibo suppression this

Comes in 3 colors .

So I have a factor of five in the number of channels and I have a mas factor which is a 15

And goes and the fifth power using the muon liftime

I get a cahrm lifetim of 700 fs  not so bad 

including baryons  liftemes vary by 100 to 1,000

Femtosecsond  so non-specataor proceses and higher odrd corectsion play a role/
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Charm Lifetimes

Charm quarks more 
influenced by hadronic
environment  than 
beauty quarks.

Errors on lifetimes are not a  limiting factor in the measurement of absolute rates.

D+ 7 ‰,
 

D0 4 ‰,
 

Ds

 

8 ‰,
 

Λc

 

3%, Ξ 0 10%,
 

Ξ+
c

 

6 %, Ω c

 

17%
some lifetimes known as precisely as kaon

 
lifetimes. 

x10
x1.3

PDG2004
Dominated
By FOCUS
2002 results

SELEX, FOCUS, 
CLEO E791 E687
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Charm beauty
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D
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τ
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( ) 1.1
( )
B
B

τ
τ

+

≈ PDG2004

( )psτ ( )psτLifetimes are PDG2004 except Ds
which is a PDG2004 + FOCUS average.
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# events

Charm meson lifetime measurements are still being improved. 

Charm baryon lifetimes, less well known new measurements from SELEX 
τ(Ωc)= 69.3 ±14.4±8.6 fs

 
Nucl. Phys. A755 180 (2005)

New average
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D Nonleptonic Decays
Nonleptonic

 
decays dominate the total rate

fsucD

fsdcD
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Quarks or hadrons? ….in between

Compare to kaons
 

and B-mesons:

psdsK
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Like free quarks0
0
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B bu fs

B bd fs
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τ

+
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演示者
演示文稿备注
We can looks at this a slightly different wy.

Let’s ask the question does charm quarks  behave as quarks or hadrons

Kaons are definitle hadrons 

They have a big lifteime ratio

Note I useds twic the Kshort lifteime here

The b’s are definatly behaving almost like free quarks

Charm at a ratio of 2.5 is somwhere in between



-------------------------------------------------------------------------------------

The D numbers are from ICHEP (FOCUS) the K liftetimes from PDG 2000

(note  to avoid the CP complication

I’m using twice the Ks lifetime here)

The B numbers need to be updated for ICHEP
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Questions to you

Why Vts and Vtd can not be accessed at tree 
level? 
Why b quark is less influenced by hadronic

environment? 
If the forth generation of quark exists, what’s 
the unitarity relations?    
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The Landscape for open charm

B factories:
--BABAR, Belle

-- Super-B factories ?

Hadronic Production: 
--Fixed target: FOCUS dominates
--LHCb: on-going now! 
--ATLAS and CMS

e+e− Colliders@threshold:
-- Precision results dominated by CLEO-c
-- Quantum correlations and CP-tagging are unique

The BEPCII machine overcomes the key limit of CLEO-c: luminosity 
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Open charm data

BEPCII/BESIII (5 month data taking) 
Integrated online luminosity: 975 pb−1 @ψ(3770)
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Leptonic  D/DS
 

decays
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Charged Pion and Kaon leptonic decays

( )
( )/

e e
e

thR
μ

π ν π νγ
π μν π μνγ

Γ → + →

Γ → + →
=

8exp 10)13(9 −×−=− K
th
K RR

NA46, A. Winhart ICHEP2010
0.5% precision

exp 8
/ /R R 43(37) 10   th

e e xμ μ
−− =

Helicity suppression 

Precise test of lepton universality 
probe New Physics

PIEMU @TRIUMF in Canada

Gaoldhaber et al PR 109,1015(1958)

演示者
演示文稿备注
Neutrino is left-handed and helicity = -1 

Antineutrino is right handed and helicity = +1 
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Test physics beyond SM

This can be also tested in D/Ds/B+ leptonic decays
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CLEO-c detector
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D+
 

leptonic
 

decays
 

and decay constant fD+

SM predicts :  (D+

 

→ l+ ν)  =  2.35×10-5 : 1 : 2.65  (l = e :μ:τ
 

)   

CLEO-c [PRD 78, 052003 (2008)]:
B(D+

 

→ μ+ν) = (3.82 ±
 

0.32 ±
 

0.09) ×10-4

B(D+
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ν) < 1.2 x10-3  (τ+→π+ν

 
only) 

B(D+ →

 
e+ν) <8.8×10−6
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0.33) x10-3
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Tagging techniques at ψ(3770)

:D beamE E⇒

Dbeam EEE −=Δ

D−→K+π−π− D−→K+π−π−π0

D−→Ksπ− D−→Ksπ−π−π+

D−→Ksπ−π0 D−→K+K−π−

CLEO-c [PRD 78, 052003 (2008)]:
2 2| |BC beam DM E p= −

Pure DD, no additional particles (ED = Ebeam).
Low multiplicity ~ 5-6 charged particles/event
Good coverage:  ν reconstruction 
Pure JPC = 1- - (mixing, CP, strong phase)

• Common to all analyses, fully 
reconstruct one D  as “the tag”

 
then

analyze decay of  2nd

 

D to extract 
exclusive or inclusive properties

Tagging creates a single D beam 
of known 4-momentum

Unique to charm: high tagging efficiency: 
~22% of all D’s produced are reconstructed.
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D−
 tags

From CLEO-c at ψ(3770) 
Total of 460,000 
Background 89,400
Typical tag rate per D: 
15% / 10% / 5%
D0 / D−

 

/Ds

CLEO-c [PRD 78, 052003 (2008)]:
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Missing mass squared

For D+→μ+ν
 

1 additional track  (consistent with a 
muon) is used to compute missing mass2:  

If close to zero then almost certainly we have a missing ν

CLEO-c [PRD 78, 052003 (2008)]:

2 2 2( ) ( )beam Dtag
MM E E P Pμ μ+= − − − −

uuuuur uur
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The resolution for the MM2

Signal lineshape from MC, and fit with double Gaussian.  

The average resolution is defined as Proper mix of tag modes 

Among different of tag modes, 
the resolution is:   

in the fitting range:

While in the fitting range of 

the resolution is: 
CLEO-c [PRD 78, 052003 (2008)]:

MC
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Validate of signal lineshape MM2

Can we trust the MC simulation?
From the same tagged sample as D+→μ+ν,  D+→Ksπ+ are selected, 
with requirement of on additional Ks, and the ignore the Ks, looking
at the MM2 (peak at 0.25 GeV2): 

Data MC
0.0247±0.0012 GeV2 0.0235±0.0007 GeV2

Consistent value of resolution! 

CLEO-c [PRD 78, 052003 (2008)]
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Final data
Case i:  E(μ)<300MeV, reject 45% of D + →π+π0,  and D+→τν, τ→π+ν

98.8%  D+→ μν left. 
Case  ii:  E(μ) > 300MeV

1.2% D+→ μν, 45% D+ →π+π0 and D+→τν, τ→π+ν

Case I 
Case ii 

For both cases, no extra photon with energy > 250 MeV to reject D+ →π+π0
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Source of backgrounds 
Sources of background: 
1)  background from D+ decays: 

D+ →π+π0, D+ →τ+ν, τ+→π+νν
D+→K0π+

 

(far away from signal) 

E(μ)<300MeV, reject 45% of D + →π+π0

no extra γ
 

> 250 MeV, to veto π0

D + →π+π0:  expected 9.5 events 
2)  background D0D0bar :  0.3  
3) Background from continuum and 

“radiative return” e+e−→γψ(2S): 0.8 

In the fit,  signal shapes, shapes for 
D+ →π+π0, D+ →τ+ν, τ+→π+νν

D+→K0π+ are considered. 

CLEO-c [PRD 78, 052003 (2008)]:
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CLEO-c [PRD 78, 052003 (2008)]:
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Measurement of D+→μ+ν
818fb-1 from CLEO-cCLEO-c [PRD 78, 052003 (2008)]:
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Absolute branching fraction 
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Ntagged-D :  the number of single tag candidates,
εD->μν

 

:  the selection efficiency for signal D decay to μν.
Nobserved : the number of signal observed from tagged D. 

This branching ratio does not depend on the total 
number of D mesons. 
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If we neglect the correlation between
tag side and signal side
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BR(D+→μ+ν) and fD+ from CLEO-c

This is best number in context of SM.

These are final number from CLEO-c with 818 fb−1

The error is still dominated by statistical error (4.3%).

|Vcd|=|Vcs|=0.2245(12)  and τD+ =1.040(7)ps 818fb-1 from CLEO-c

CLEO-c [PRD 78, 052003 (2008)]
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Measurement of D+→τ+ν, e+ ν
Case 1:  E(μ)<300 MeV

Case 1:  E(μ)>300 MeV

D+→τ+ν, τ+→π+ν
 

: 
Fit to samples of case 1 and 2: 
27.8±16.4 signal events.  

give branching fraction 
@90% C.L.: 

Requiring the track as electron using energy 
deposit in EMC and dE/dx information:

Standard Model predictions: 
B(D+ → τ+ ν) = (1.01 ± 0.33) x10-3

B(D+ →e+ ν) = 1×10−8

818fb-1 from CLEO-c

CLEO-c [PRD 78, 052003 (2008)]
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Radiative correction – D−
 →μ−νγ

For D+→τ+ν

 
, no sizable 

suppression  since tau only
acquires 9.3 MeV of  kinetic 
energy. So the radiative
correction is too small.  

For D+→μ+ν, radiative correction could 
play a role due to the process of 
D+→γD*+→γμ+ν. The transition D*+→μ+ν
is not helicity-suppressed: 
this indicates a 1% correction (reduction)

G.Burdman et al  PRD51,111
B.A. Dobrescu and A.S. Kronfeld
PRL100, 241802 
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A precision test of QCD
The fD

+

 

can be precisely calculated in the Lattice QCD!

4.3%

2.0%

It is BESIII’s job to reduce the statistical and systematic errors, 
1.0 fb−1@ψ(3770) is just a start point.



2010-08-30 Hai-Bo Li (IHEP) 44

818fb-1 from CLEO-c

CLEO-c [PRD 78, 052003 (2008)]:
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Prospect for fD+ at BESIII 

D+ decay constant can be only measured at   
ψ(3770) peak with high precision
The final number from CLEO-c with 

statistical error 4.3%
With 3 fb−1 to 5fb−1 at BESIII, the error can  

be reached 2.3% or less 
The accuracy of best LQCD prediction is 

2.0% now.  

818fb-1 from CLEO-c
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Prospect for D+→τ+ν
 

at BESIII

SM predicts :  (D+

 
→ l+ ν)  =  2.35×10-5 : 1 : 2.65  (l = e :

 
μ :

 
τ)   

CLEO-c [PRD 78, 052003 (2008)]:
B(D+

 
→ μ+

 
ν) = (3.82 ± 0.32 ± 0.09)x10-4

B(D+

 
→ τ+

 
ν) < 1.2 x10-3  (τ+

 
→ π+ν only) 

SM: B(D+

 
→ τ+

 
ν) = (1.01 ± 0.33) x10-3
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fDs measurements
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Production cross sections for DsDs(*)

σ(DsDs) = 0.269±0.030±0.015 nb @ 4010 MeV

Maximum production rates: 

σ(DsDs*) = 0.916±0.011±0.049 nb @ 4170 MeV

CLEO-c took 600 pb-1data @ 4170MeV 

Data@4170 MeV
e+e−→Ds+Ds*−

 

, Ds−* →γDs+

on top of uds *plus* other* charm
continuum (DDbar, DD*bar, D*D*bar)

CLEO-c PRD 80, 072001 (2009)
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Ds tag modes 
Fully reconstruct Ds γ,  to look for another Ds.

Invariant mass 
of 9 tag modes

In the fit: 
Signal:  Double 
Gaussian center 
at zero; 
Bakgrd:  
linear Poly. 

CLEO: PRD 79, 052001 (2009) 
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Combined Ds tag
CLEO: PRD 79, 052001 (2009) 

In the fit: 
Signal:  Double 
Gaussian center 
at zero; 
Bakgrd:  
linear Poly. 
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Missing-mass*2 against Ds+γ
 

system – Ds γ
 

tag

Look at missing mass after adding photon (from Ds*→Dsγ)
Plot missing-mass2 against Ds γ

 
system. 

Need photon to 
fully constrain the
other Ds….

CLEO: PRD 79, 052001 (2009) 

Signal: CB function
Backg:  Chebychev
Poly.; 

Peak at (MDs )2
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Combined Ds *plus* γ
 

tag
The sum of 9
tag modes 

43859±936 events
In 3.872<MM*2<4.0 GeV2

Ds sideband
background

Multi-γ
background

CLEO: PRD 79, 052001 (2009) 

Peak at (MDs )2
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Clean double tag – control sample
From data: 

Fully reconstruct both sides for “zero” background
Ignore one Ds to see resolution of MM*2

To see the signal lineshape in the fit to MM*2 in previous slides  
Tail is mostly independent of tag mode 
(depends on ISR, photon detection, beam spread )

Crystal ball function for signal; 
Resolution from data: 

0.035±0.001 GeV2

e+e−→Ds*−Ds+ +c.c. Ds+Ds−γ
both Ds’ are fully reconstructed. 

Peak at (MDs )2
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Ds tag samples

CLEO: PRD 79, 052001 (2009) 



2010-08-30 Hai-Bo Li (IHEP) 55

Reconstruction of signal Ds→μν
One additional charged track, μ, is reconstructed and the missing mass
is calculated by consider the Ds, γ, and μ,  the signal should be peak at
zero for the single missing neutrino:  

MC for 
Ds→μν

Kinematical constraint fits: 

Double Gaussian center at zero for signal: 

Resolution of MM2 from MC: 

CLEO: PRD 79, 052001 (2009) 
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Resolution from data:

From MC:
σ

 
= 0.0344±

 
0.0003 GeV2
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Final dataset 

Case i

Case ii

Case iii

Three cases datasets: 
For the signal track deposits in CsI:
case i:   E <300 MeV; 

dominated by Ds μν
98.8% muons, 
55% pions (Ds→π++X)

but ½ Ds τν (τ→πν ) 

case ii:  E> 300 MeV; 
1.2% muons, 45% pions

dominated by another ½
Ds τν (τ→πν )

(very little Ds μν )

If the signal track is identified as 
electron:  

case iii:  Ds e ν measurement. 

CLEO: PRD 79, 052001 (2009) 

Signal peak at zero
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Combined case i and case ii 
data: 

Fix the ratio τν/ μν

 
=9.76 to SM: 

Ds→μν: 235.5±13.8

Case i&ii
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Ds→μν
 

& Ds→τν
 

(πν): case i&ii
CLEO: PRD 79, 052001 (2009) 

Case i

Case ii

Fix τν/ μν
 

at SM ratio of 9.76 : 

Float τν/ μν
 

: 

SM prediction: 9.76 

Absolute branching fraction: 

SS

S

DtaggedlD

observed
lD

S N
N

lDBr
−→

→+

×
=→

ν

ν
μ ε

ν )(

@90% C.L.

½ Ds τν
(τ→πν

 
)
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CP violation 

Ds− tag: 21807± 581 
Ds+ tag: 21370± 581
μ−ν events: 124 ±9.9  
μ+ν events: 110.8 ±9.6

CLEO: PRD 79, 052001 (2009) 
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nST = 26334±

 
213 CLEO-c PRD79, 052002(2009) 

600pb-1
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Another method Eextra Ds→τν,τ→eνe ντ

Always have >1 neutrino! Abandon use of MM2 

Technique is to find single tag candidates with an electron with
momentum >200 MeV & no other tracks,  with extra energy in 
calorimeter: Eextra <400 MeV (we get our DT sample). 

Extra energy is sum of neutral shower energy (>30 MeV) in EMC, 
these showers must not be associated with any of the ST decay 
tracks, or the signal electron.  

Semileptonic events tend to have hadronic Energy in CsI
(but careful re: KL !) 

No need to find γ
 

from Ds* decays: 
e+e− D*sDs Ds+Ds− γ : only one Ds is fully reconstructed and look
at the other Ds in signal side. 

CLEO-c PRD79, 052002(2009) 
600pb-1
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Plot of Eextra
CLEO-c PRD79, 052002(2009) 
600pb-1

Signal region: <400 MeV

Extra energy peaks away from zero
Eextra can include γ

 
from Ds* decay

Ds→ τνγ is also included as signal 
however, this is expected to be very
small, as the kinetic energy of τ

 
in 

the Ds rest frame is only 9.3 MeV. 

The peaking background 
Ds →KL eν

 
which can be simulated 

and determined by using expected
number from MC simulation. 
Normalized to the measured: 
Br(Ds →Ks eν) = (0.19±0.05±0.01)%
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Measurement of Ds→τν,τ→eνe ντ
 

@CLEO-c
CLEO-c PRD79, 052002(2009) 
600pb−1Summary of DT yield in each

tag mode: 

Average efficiency ε, and tag bias, btag
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A few word on efficiencies in ST and DT
CLEO-c PRD79, 052002(2009) 
600pb-1
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Tag bias due to the correlation between tag side and 
signal side reconstructions

STε

'
STε Single tag efficiency: the recoiling 

system is signal leptonic decay in the 
other side of tag mode. 

Single tag efficiency: the recoiling 
system is Ds decay to anything. 

STST εε <'

Sizable tag bias could be introduced if the 
multiplicity of the tag mode were high, 
or tag mode were include neutral particles 
in the final state. 
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Tag bias due to the correction between tag 
side and signal side reconstruction

CLEO-c PRD79, 052002(2009) 
600pb-1

btag is almost equal to 1.0, and the tag mode selected is clean 
and tag bias is small.
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Branching fraction from Ds→τν, τ→eνν

Source of systematic error

CLEO-c PRD79, 052002(2009) 
600pb-1
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CLEO, PRD 80, 112004(2009)
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Analysis for Ds→τν, τ→ρ+ν
CLEO, PRD 80, 112004(2009)
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Analysis for Ds→τν, τ→ρ+ν
CLEO, PRD 80, 112004(2009)
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CLEO, PRD 80, 112004(2009)
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CLEO, PRD 80, 112004(2009)
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CLEO, PRD 80, 112004(2009)
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Branching fraction from Ds→τν, τ→ρ+ν
CLEO, PRD 80, 112004(2009)
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Summery on fDs from CLEO-c

HPQCD+UKQCD:  241±3 MeV,  
2.4 sigma deviation from CLEO-c measurements

Consistent with the lepton universality 

600 pb-1 @4170MeV

(3.4%±1.2%)

CLEO, PRD 80, 112004(2009)
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Theoretical prediction for fDs and fD+
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B factories experiments
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Analysis strategy from BABARAnalysis strategy from BABAR

Marco Marco PappagalloPappagallo ICHEP2010ICHEP2010

• Inclusive Ds

 

candidates
• The signal consists of Ds

 

* candidates decaying to Ds

 

γ
• The Ds

 

candidate is reconstructed from the four-momentum recoiling 
against the DKXγ (D = D0(*), D+(*), Λc

+; K = Ks

 

, K+,(p); X = π+, π0)
• Within this sample, the Ds

+ ℓ+νℓ (ℓ = e, µ, τ) events are selected
• One more track, identified as e/µ, is required

Yields corrected by efficiency to obtain the branching fractions:

e+

e-
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D candidate reconstruction

If the D candidate is Λc additional proton is required in X list, 
to ensure the baryon balance
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Most Relevant Selection criteria:

• p*(Ds

 

) > 3.0 GeV/c

• mrecoil

 

(DKX)  within ~2.5σ of the Ds

 

* PDG mass value

• Eγ

 

> 120 MeV

 

+ π0

 

and η vetoes

Fully Inclusive DFully Inclusive Dss SampleSample
Marco Marco PappagalloPappagallo ICHEP2010ICHEP2010

(67.2±1.5)x103

 

events

Result of 2D fit mrecoil

 

(DKX
 

γ) vs. nR
x

 

(nR
x

 

= Number of reconstructed pions

 

in X system)

TotalTotal

521 fb-1

N.B.
mrecoil

 

(DKX) ≡ m(Ds

 

*)

mrecoil

 

(DKX

 

γ) ≡ m(Ds

 

)
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Background

Results from BABARResults from BABAR
Marco Marco PappagalloPappagallo ICHEP2010ICHEP2010

Ds
+ µ+νµ Ds

+ e+νe
Ds

+ τ+
µννντDs

+ τ+
eννντ

HelicityHelicity SuppressedSuppressed

Extra neutral energy in the eventExtra neutral energy in the event

The hadronic

 

Ds
+ K+K-π+ used to cross-check the methodNormalization 

mode of many 
Ds decays!

521 fb-1

Very Competitive 
Measurements!

PHSP SuppressedPHSP Suppressed

(2.5% ±3.0%)

arXiv:1008.4080[hep-ex] 
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Most recent summary of fDs

fDs

 

(τν)/fDs

 

(μν) = 0.98 ±
 

0.05
These results are very important to guide theory, useful to calculate fB+

 

/fBs+

 

!

fDs /fD + = 1.25 ±
 

0.06
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Theoretical predictions & postdictions
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Latest LQCD
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From Kronfeld
 

and his updates

The “puzzle”
 

disappeared, no exciting!
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Questions for you

At ψ(3770), the D mass can be constrained by beam 
energy, why this technique will provide us clean single 
tag sample without peaking background? 
At 4030 MeV, the Ds+Ds− can be produced in pair, 
while at 4170 MeV, Ds+Ds*− will be produced, for the 
measurement of fDs, in which energy point, the 
systematic error can be controlled? 
Can fD+ be measured at B factories by using data at 
Y(4S)? 
Why fDs can be made at B factories?  
Why tau(B+) ≅ tau(B0), while it is not true for D0 and D+?
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Semileptonic  decays
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Semileptonic
 

D decay
Decay rate depends on kinematics and VCKM
Form factor encapsulates QCD bound-state
effects 
Consider Pseudoscalar final states: K, π

Precise measurements of D→π/K
 

lν
 

can calibrate Lattice QCD
and allow a precise extraction of CKM elements in B/D meson
decays.  
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Two Key Kinematic Configurations

2232

3

2

2 )(
24

)( qFPVGPlD
dq
d

Xcq
F

+
+ =→

Γ
π

ν

0 0.5 1 1.5 2 2.5 3

3P

2q

cleanest 
theory

highest 
rate

D lπ ν→

c

q

s

q
+l υ

2
max

2 qq =

s

q 2
min

2 qq =

υ

−l

υ

Form factor
maximum, easy to
form meson

Form factor
minimum, 
favor nonresonant

Zero recoil

J. Richman, Rev. of Mod. Phys. 67, 893(1995) 

Form factor describes the probability to form a meson in the final state.
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The form factor parameterizations

c
q

+l

ν

+l

ν

c
c

q
q*

qcD
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Analysis Overview

0

0 0

0

D K
D K
D K

π

π π

π π π

+ −

+ −

+ − − +

→

→

→

0

0

0 0

0

S

S

S

D K
D K
D K

D K

D K

D K K

π π

π π π

π

π π

π π π

π

− + − −

− + − −

− −

− −

− − − +

− + − −

→

→

→

→

→

→

Cut on ΔE and fit Mbc to extract tag yield Ntag

   D• Tag hadronic  decay in "golden"
     modes :

tag beam  E E EΔ = −

2 2
bc beam tagM E p= −

miss missU E P= −
r

Identify semileptonic D decay with

Fit U to extract signal yield N

miss missU E P= −
r

eKbeammiss EEEE −−=

eKDDbeammiss pppmEp rrr
−−−−= ˆ22
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Selecting D Tags
Standard selection criteria implemented in D tag code

Track quality (good fit, fiducial, vtx cuts, hit fraction) 
Hadron identification

Positively ID’ed π± and K± by dE/dx and RICH (if available); accept 
as π if PID info not available
π0 kinematically fitted from good, photon-like, showers, with 3 σ
mass cut; resolve multiple candidates based on mass
KS reconstructed from vertex-constrained tracks, 3 σ mass cut; 
resolve multiple candidates based on mass

D tags selected with standard cuts, then subjected to 
tighter Mbc and ΔE cuts, optimized mode by mode

Multiple tag candidates in an event: choose one per tag mode 
per flavor based on ΔE

CLEO PRD80, 032005(2009)
818 pb-1
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Counting D Tags
Unbinned likelihood fit

Signal line shape 
developed for and 
parameters fixed by D
hadronic (double-tag vs. 
single-tag) BF analysis

ψ(3770) natural shape, 
beam-energy resolution, 
ISR, p resolution

Fit data for yields and 
MC for tagging efficiency

Lots of MC!

CLEO PRD80, 032005(2009)
818 pb-1
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Selecting Semileptonic Decays
Standard electron ID requirements

E/p + dE/dx + RICH → combined likelihood
p > 200 MeV

 
and |cos

 
θ| < 0.9

Bremsstrahlung recovery
Add good non-track-matched showers with E > 30 MeV if they 
are within 5° of an electron track – reduces systematic 
uncertainty due to FSR simulation

Meson selection: same track and PID cuts as D tags.  
Demand proper charge correlation

D0 – electron and meson oppositely charged
D+ – electron and tag D oppositely charged

CLEO PRD80, 032005(2009)
818 pb-1
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Signal yields from Double tag
CLEO PRD80, 032005(2009)
818 pb-1
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Branching Fraction Results

Kaon modes are systematics limited
Pion modes are statistics-limited.  Without improvement, they 
become systematics limited at ~6 fb-1

But, this is the integral and we’ll need more statistics to nail the 
detailed shape of the distribution

CLEO PRD80, 032005(2009
818 pb-1
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( ) 222
e eq E E p pν ν= + − +

r rMake these yield measurements and determine partial 
widths ΔΓi in bins of  

7 q2 bins for D → πeν and 9 for D → Keν

( ) ( )
2 3 22 2

2 324
F

cq

d D Pe G p V f q
dq

ν
π +

Γ →
=

Integrate for total width (BF) and fit for FF parameters

CLEO PRD80, 032005(2009)
818 pb-1
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q2 resolution

0 0.5 1 1.5 2 2.5 3

3P

2q

cleanest 
theory

highest 
rate

D lπ ν→ Generated events
in one bin

Reconstructed 
events 

q2 resolution 
from MC simulation
0.02 GeV2

The selected bin size is larger than the resolution
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0D K eν+→ - 4 of 27 fits
0
SD K eν+ → - 4 of 54 fits0D eπ ν+ → - 4 of 42 fits0D eπ ν+→ - 4 of 21 fits

Counting Semileptonic Decays in each q^2 bin

Unbinned likelihood fit of U
distributions separately by 
q2 bin and tag mode.

Signal (smeared by 5-13 MeV
Gaussian to match data) and 
BG shapes from MC
Free parameters for signal 
normalization and         BG.  
Non- fixed by luminosity

DD
DD

CLEO PRD80, 032005(2009)
818 pb-1
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Signal Efficiencies

Nonzero off-diagonal elements ⇒ correlation across 
q2 in ΔΓI measurements

(Reconstructed in , Generated in )
(Generated in )ij

N i j
N j

=e

CLEO PRD80, 032005(2009)
818 pb-1
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Partial Rate Results

Averaged over tag modes; verified to be consistent
Consistent with isospin symmetry

CLEO PRD80, 032005(2009)
818 pb-1
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Form Factor Tests

More data, better understood data, can have 
significant impact on these tests, especially at high q2

At BESIII, 2 fb-1 is just the start (but a good start)

( ) ( )
2 3 22 2

2 324
F

cq

d D Pe G p V f q
dq

ν
π +

Γ →
=CLEO PRD80, 032005(2009)

818 pb-1
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Systematics

Evaluation of systematic uncertainties includes determination 
of systematic correlations across q2

 
construction of the full 

covariance matrix for incorporation into FF fits
Note that contributions from tracking and charged hadron/π0/KS 
ID are significant – and reducible with large data sets

CLEO PRD80, 032005(2009)
818 pb-1
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Comments on Systematic Studies
Tracking efficiency

Missing mass technique: fully reconstruct
( ) ( ) ( ) 0 03770 , 2S / 2S /DD J Jψ ψ π π ψ ψ π π ψ+ −→ → → or 

leaving out one particle.  When MM says we should find π±

 

(e±)
 or K±, determine how often we do as function of momentum.  

Data and MC agree well – no correction
Alternative procedure to evaluate uncertainty based on under-
standing of tracking failures (dominated by decays in flight)

0.2% -
 

0.3% for π±

 

0.4% -
 

1.4% for K±

π0 detection efficiency
6% lower in data than MC – apply correction.  Systematic 1.0%-2.1%

KS detection efficiency
Data/MC consistent, no correction.  Systematic 0.8%



2010-08-30 Hai-Bo Li (IHEP) 112

Comments on Systematic Studies
π±/K± PID efficiency

Use
or exclusive ψ(2S)

 
decays

0 0     SD K D Kπ π π π+ − + − + +→ →

Select w/o PID on one track and determine efficiency –
correction required

π±

 

- shift 0.34% ±
 

0.11%
 

K±

 

- shift 0.83% ±
 

0.15% 

Electron ID
Two sources of uncertainty: physics/understanding of e detection 
and complexity of real event environment
Study as function of momentum with eeγ and eeee events
Embed these into hadronic events using the same tools as MC 
noise embedding.  Do it both in data and MC.
Data 1.5% below MC – corrected.  Get covariance matrices by 
varying correction by its uncertainty and remeasuring partial widths

Mismodeling of q2 resolution estimated based on data/MC 
differences in U resolution – smear MC and remeasure
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DD K/K/ππ eeνν results from CLEOresults from CLEO--cc
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Belle, BABAR
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10%

2%
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CLEO, PRL 102,
081801(2009)
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CLEO, PRL 102,
081801(2009)
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From Peter Zweber
phipsi 2009
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From Peter Zweber
phipsi 2009
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From Peter Zweber
phipsi 2009
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BRs for Inclusive D and Ds 

(SU(3): Ds        D)
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Precise test of  CKM and QCD in D decays at 
BESIII

The LQCD impact (in per cent) on the precision of CKM matrix elements.
20fb−1

 

at BES-III.  

In reality, about 5pb-1 data will be collected @ BESIII in the next four years. 
the sensitivity will be 2% or less. 



2010-08-30 Hai-Bo Li (IHEP) 135

Impact on CKM from LQCD and charm data

Gold-plated LQCD processes 
that bear on CKM matrix 
elements:  HPQCD, UKQCD, 
MILC Collaboration: 
PRL, 92, 022001 (2004)
PRL, 95, 122002 (2005)
PRL, 94, 011601 (2005)

I. Shipsey
 

International J. 
of Mod. Phys A V27 5381(2006)
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Charm role in flavor physics

Heavy flavor physics: 
over-constrain VCKM;
Inconsistency → New Physics

Unitarity
 

Triangle Constraints 
sin(2β) is clean 
Vub is “dirty”
B mixing is diluted by hadronic
uncertainties. 

Charm decay measurements
decay constants 
form factors 
VCKM clean extraction 
validate QCD 
extract clean weak physics parameters
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Questions for you
D0→Xe−ν (or D0 →Xe+ν) is allowed? Why 

the form factors only depend on q2 ? 
What’s the physical meaning of the FF? 
Can all of semileptonic decays of D/B be 

used to extract CKM matrix elements? 
Why the weak annihilation processes 

dilute the extraction of Vub in B→Xueν
inclusive decay. 

Z. Ligeti, M.Luke and A.V.Manohar arXiv:1003.1351[hep-ph]  
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Rare & forbidden charm decays
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What’s the rare? 
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Expected rate

G. Burdman, I. Shipsey,
Ann.Rev.Nucl.Part.Sci.53:431-499,2003

http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Burdman%2C%20Gustavo%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Shipsey%2C%20Ian%22
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Expected Rate in SM
Burdman

 
et. al., 

PRD66(2002)
014009

Physics at BESIII
Int. J. Of 
Mod. Phys. A 24
Supp. 1 
Page 679
Edited by 
K.T.Chao
Y.F.Wang



2010-08-30 Hai-Bo Li (IHEP) 142

Experimental limits
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What’s the rare program? 



2010-08-30 Hai-Bo Li (IHEP) 144

CLEO-c for D→Xe+e−
 (281pb−1)

CLEO
PRL 95 (2005) 221802

Rate in SM
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What is special about doing a rare analysis
Experimental perspective
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D→hl+l−
 

Like Rare Decays 
BaBar

 
Input

ICHEP06
288 fb−1 @Y(4S)

CLEO-c 
0.8 M (0.281 fb−1)

960
3.0

288
==

−cCLEO

BaBar

L
L

Background free at a tau
charm factory @3770 peak!
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D→Vγ
 

with CLEO-c full dataset

CLEO-c preliminary results 
from D. Cronin-Hennessy
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D→φγ
 

from Belle 78fb−1

Belle observed the D→φγ

 
for the first time!

PRL92, 101803 (2004) 
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D→Vγ
 

from BABAR (387fb−1)

In VDM, the largest contribution to radiative D 
decays  is expected to come from a virtual ρ
coupling to single photon [PRD52, 6383(1995)]

BABAR, PRD78,071101(R)(2008)
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D Dileptonic decay from Belle  
660 fb−1 @Y(4S)Belle PRD81, 091102 (R ) (2010) 
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Outlook for rare decays at BESIII
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Sensitivities for rare charm decay at BESIII
D→Vγ will be reached at 10−7 

D0→φγ, K*γ
 

will be confirmed and improved 
D0→ργ, ωγ

 
will be improved or found 

D0→γγ can be measured with tag or without tag 
the sensitivity will be 10−7

D→Xl+l− can be reached at 10−7

BESIII will reach contribution from long distance 

D0→l+l− will be reached at 10−7
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Questions for you
Why D+→μν, eν are helicity suppressed, while 
D+→γμν, γeν are not? 
To measure D0 →γγ, double or single tag, 

which method is better at ψ(3770) peak? 
Can we measure D0 →νν, or γνν, the sensitivity 
with 10fb−1 @ψ(3770)?  What’s the main 
backgrounds? 
Can we measure D0 →K/πνν? What’s the main 

backgrounds? @BESIII! 
What’s GIM mechanism? How it works in 
charm rare decays? 



2010-08-30 Hai-Bo Li (IHEP) 154

Charm flavor physics in the future
LHCb forward spectrometer

Rare charm decays, CPV, D mixing. 
For example: D0 →μμ: the reach is 10−9 with 1fb−1
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Charm flavor physics in the future
Upgraded E835 at Fermilab for charm physics 

109 charm meson /year

Rare charm decays, 
New charmonium states
Charmed baryons 
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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 SuperB-Roma

500--1000 times larger data than the designed Lumi. @BEPCII 
Marcello A. Giorgi @ICHEP2010



2010-08-30 Hai-Bo Li (IHEP) 157

SuperB-Roma 

M. A. Giorgi @ICHEP2010
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What’s the next in China?

BESIII:  successful
Charmonium and charm
program in the next 5 years 

What’s our next? 

You are our future! 
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Summary

BESIII maximizes the sensitivity of the worldwide heavy quark 
flavor physics program to new physics. 

In charm’s role as a natural and clean testing ground for QCD techniques there
has been solid progress.  

The precision with which the charm decay constant fD+ (fDs ) is known  has 
already improved to ~4.3% (2.4%). And the D K  semileptonoc
form factor has be checked to 2-3%. A reduction in errors for decay 
constants and form factors to the 1% level is promised.

Recent breakthroughs in precision lattice QCD need detailed data to test against. 
Charm provides that data.  If the lattice passes the charm test it can be used 
with increased confidence by:  
SuperB/LHC-b/ATLAS/CMS to achieve precision determinations of the CKM matrix 
elements Vub, Vcb, Vts, and Vtd thereby maximizing the sensitivity of heavy 
quark flavor physics to physics beyond  the Standard Model. 

New Physics searches in D mixing, D CP violation and in rare decays by 
CLEO-c, BABAR, Belle and CDF have become considerably more sensitive in the 
past year, BES III will undertake complementary studies.
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Jean Paul Sartre
(1905—1980) 
French philosopher.
哲学家、作家，
他曾拒绝1964年
诺贝尔文学奖。

“人是人的未来 ”。

谢谢！
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Back up slides
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Hadronic  D decays  
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D hadronic
 

decays
D hadronic

 
decay can occur by 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



2010-08-30 Hai-Bo Li (IHEP) 165

Absolute branching fractions
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The signal can be extracted by fitting the following variables:

Branching fraction 
is independent of 
the luminosity
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CLEO-c single tag
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Absolute BRs

Zero backgrounds
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Absolute BRs
 

for D/Ds→PP
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U-spin test in D0→KS
 

,L
 

π0
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SU(3) breaking test in D+→
 

KS
 

,L
 

π+
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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

Short distance: Long distance: 
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Neutral D mixing
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CP violation in Charm decays
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Time-dependent results from B 
factories : BABAR and Belle

 as well as CDF & D0
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Study of event distribution as a function of Dalitz
 plot position and time

The time dependent decay amplitudes at t=0 for charm meson tagged as D0 or D0bar:
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Parameterization of DP

DCS decays: K*(892)+, K*0(1430)+, K*2(1430)+

CP=−1 eigenstate : KS ρ0

Ksπ+π− KsK+K−

CP=+1: Ksφ
CP=−1:Ksa0 (980)
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Mixing fit on the Dalitz plot
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Mixing and CP at BESIII
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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 D0s decay into identical final states. 
However if mixing happened: 

))(()3770( 00 mm ππψ ±±−+ →→→ KKDDee

(DH

 

is not identical to DL

 

)

At BESIII, one can look at D mixing by using the correlation in the threshold. 

+e −e

0D

0D
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Mixing rate RM
 

from

2 events in the signal
region due to mis-ID.
(the mis-ID rate for pi
as a Kaon is 1%).

Sensitivity in 20 fb−1 data
at BES-III: RM

 

< 1.5 ×
 

10-4

Beam constraint mass

)])([(
)])([(

2

22

±±

±±

=
+

=
ππ
ππ
mm

mm

KKN
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CP Violation at ψ(3770) at BESIII

−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

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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Sensitivities (20 fb-1  at ψ(3770) peak )
Mixing parameters

RM=(x2+y2)/2 < 10-4 in Kπ
and Keν channels
Probe y:  ΔyCP < 0.7%, 
ΔcosδKπ < 0.06 

CP Violation
ΔACP~10-3 in D+ decays 
(direct CPV),

Improvement to φ3/γ
measurement in B D(*)K <2o 

(CLEO-c: ~5o)

BESIII
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Outline for CP measurement for D-VV
Motivation
T violation in T odd triple-products in D decays
CP violation in coherent process at BESIII
Probes of New Physics at BESIII 
Summary 

X.W.Kang
 

and Hai-Bo Li, Phys. Lett.B684, 137(2010)

J. Charles, S. Descotes-Genon, X.W.Kang, Hai-Bo Li and G.R.Lu

Phys. Rev.D
 

81, 054032(2010)[arXiv:0912.0899 (hep-ph)] 
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Large CP violation in KL
 

→π+π−e+e−

a)
 

Bremsstrahlung
b)

 
CP-conserving M1 γ

 
emission

c)
 

CP-violating E1 γ
 

emission 
d)

 
Charge radius process

L.M.Sehgal and M.Wanninger PRD46, 1035(1992)
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CP observable in KL
 

→π+π−e+e−

T odd observable in KL →π+π−e+e−: 

φ
 

is the angle between π+π−

 

and e+e−

 

plane,
and T-odd term Γ3 sinφcosφ

 
contains 

the interference between M1 and 
bremsstrahlung amplitudes.

CP observable in KL →π+π−e+e−: 

Theoretical predication: 
A = (14.3±1.3)%             [L.M.Sehgal and M.Wanninger PRD46, 1035(1992)]

with BR(KL →π+π−e+e−) = (3.32±0.14±0.28)×10−7 . 
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Measurement of CP in KL
 

→π+π−e+e−

A = (13.6±1.4±1.5)%  [KTeV: arXiv:hep-ex/050801] 
which agrees well with theoretical prediction: 

A = (14.3±1.3)%    
[L.M.Sehgal

 
and M.Wanninger

 
PRD46, 1035(1992)]
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CP violation in D VV
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How about in D case?
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Large decay branching fractions in D system
Poor data in PDG !

D0 decay

D+ decay
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Partial waves in D VV decays
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Angular dependence partial waves in D→VV

The triple-product  is connected with angular dependence. Note that 
non-zero T-odd correlation doesn’t necessarily imply CP violation 
since the strong phase may fake it.

Rich final state interaction may induce relatively large CP violation 
in D V1V2 (M1M2)(M3M4) ---- provide T-odd observables:
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Source of CP in D VV

T-odd
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Amplitudes D/D VV

T-odd observable, but not : CP observable: 
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T violating triple-product
Comparing a triple correlation for CP conjugate transitions allows to distinguish 
CP violation from final state interaction effects,

For longitudinal component: 

For parallel component: 
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Sensitivity of T violating triple product at BESIII

The expected errors on T-odd asymmetry at BESIII with 20 fb−1 luminosity 

on ψ(3770) peak (72×106 DDbar
 

pairs). 

X.W.Kang
 

and Hai-Bo Li, Phys. Lett.B684, 137(2010)
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Phys. Rev.D 81, 054032(2010)[arXiv:0912.0899 (hep-ph)]
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Quantum correlation
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Large branching fraction and reconstruction efficiency

Longitudinal   CP+
Parallel            CP+
Perpendicular CP−

Efficiencies 
At BESIII
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CP observables in the correlation

fi
fff e αδηρ )1( +=
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CP observables in combined rates
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For example,  both D VV in the longitudinal polarizations, we 
construct the angular dependence CP observable: 
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Sensitivity at BESIII with 20fb−1 luminosity
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CP violating rate and phase difference

 D and Dbetween  difference phase :
decayin   violationCP of  term:

parity  CP of  value:

)1(

f

f

f

v
α

δ
η

δηρ α fi
fff e+=

From the following combined CP violating decay rate 

with the parameterization:  

As an example for                                       , the above formula can be 
written as: ))(( 00*0000 ρρρ KDD →

Combining the CP violating rate and polarization fractions, one can 
extract the phase difference (αa -αb ). 
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Extracting phase difference
From the following formula, if the CP violating rate on the left and 
polarization fractions on the right side are measured, the strong phase 
difference can be determined: 
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