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Motivation

Overconstraining the CKM matrix is the principal goal of Heavy Flavor Physics.

• Inconsistencies would suggest New Physics in CP violation.

• Nonperturbative QCD parameters are required to extract |Vub|, |Vtd|, and |Vts|
from measurements in the beauty sector.

• Lattice QCD (LQCD) can provide these parameters.

• Experimental validation of LQCD is essential to ensure reliability.

• Precision charm sector measurements can challenge LQCD calculations.

Providing precise charm data to motivate and validate theoretical progress in
nonperturbative heavy quark physics is a major focus of the CLEO-c program.
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Example: Determining Vtd from B0B̄0 Mixing

The measured mass difference due to B0B̄0 mixing is related to Vtd by:

∆md =
G2

F

6π2
ηQCD MB f2

BBB m2
t F (

m2
t

m2
W

) V 2
td V 2

tb

• Everything in this expression is quite well known, except the decay constant fB

and the bag constant BB.

• Theoretical uncertainties in f2
BBB determine the width of the region in the ρ-η

plane allowed by measurements of ∆md.

• fB could be measured in B− → �−ν̄ decay, but – due to Cabibbo suppression –
the branching fraction is very small for µ or τ and reconstructing
B− → τ−ν̄ is very difficult.

• Analogous parameters fD ( fDs ) can be measured much more easily in
D+ → �+ν (Ds → �+ν) decay, which are less seriously (not) Cabibbo suppressed

• Measurements of fD ( fDs ) constrain or validate LQCD calculations of fB .

Furthermore, measurements of form factors f+(0) for semileptonic D and Ds decay

check or validate theoretical calculations of the form factor f+(0) required to

determine Vub from measurements of semileptonic B decay.
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The CLEO-c Detector

• Excellent Particle Identification (dE/dx and RICH): 0 < p < 1 GeV/c

• Tracking Resolution: σp/p = 0.6% at p = 1 GeV/c

• CsI Calorimeter Resolution: σE/E = 5% at Eγ = 100 MeV and 2.2% at 1 GeV

• Hermetic Tracking and Calorimetry: 93% of 4π

• Acceptance, Resolution, and Particle Identification: Well-Understood

These qualities enable accurate reconstruction of missing νs in semileptonic decays!

Very Clean Events
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Double Tag Technique

Principal D & Ds results depend on Double Tags

• Simple DD̄ states

• ψ(3770) → D0D̄0 or D+D−

• ψ(4170) → DsD̄∗
s → D+

s D
−
s γ

• Reconstruct one D̄(s) to get a clean tagged
sample of D(s) signal decays

• Reconstruct the D(s) in a signal mode

• Enables accurate measurements of absolute
branching fractions (pioneered by MARK III)

• Extremely clean events and tags

(Square root plots make backgrounds visible)

Double Tag Technique

Many CLEO-c D & Ds measurements use Double Tags

• Simple DD̄ states

• e+e− → ψ(3770) → D0D̄0
or D+D−

• e+e− → ψ(4170) → DsD̄∗
s → D+

s D
−
s γ

• Reconstruct one D̄(s) to get a clean tagged sample

of D(s) signal decays

• Reconstruct the D(s) in a signal mode

e.g., leptonic or semileptonic

• Enables accurate measurements of absolute

branching fractions (pioneered by MARK III)

• Very clean events and tags

(Square root plots make backgrounds visible)
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Leptonic Charm Decays

Dq

c

q̄

�+

ν�

The factor fDqVcq occurs in the decay amplitude for the cq̄W vertex

• The decay widths for leptonic D+ and D+
s decays are:

Γ(D+
q → �+ν�) =

1

8π
G2

FMDq m2
�



1 −
m2

�

M2
Dq



 |fDqVcq|2

• Measurements of B(D+ → �+ν�) and B(D+
s → �+ν�)

Determine fD+Vcd and fDsVcs

• We measure fDqVcq and use PDG values of Vcq to get fDq

• Eventually get Vcd and Vcs from semileptonic D decays and QCD form factors

• fD+ and fDs measurements constrain or validate LQCD calculations of fB and fBs

Start with a hadronic D+ or D+
s tag

• The γ from DsD̄∗
s → D+

s D
−
s γ is a nuisance

• Find the γ and include it in reconstruction or

• ignore it and include it in the extra calorimetry energy
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and case (ii) is shown in Fig. 14. The other dimension in the
fit is the invariant mass spectrum. Here we constrain the
!þ"=#þ" ratio to the Standard Model value. From the fit
we extract 235:5" 13:8 #þ" signal events. The efficiency
is given by the product of the tracking and particle identi-
fication efficiencies, equal to 86.7%, the maximum extra
photon energy cut of 300 MeV, equal to 98.7% and the tag
bias of 105.2%, giving an overall efficiency of 90.0%.
Using our tag sample of 43 859" 936 events, we find an
effective branching ratio

B effðDþ
s ! #þ"Þ ¼ ð0:597" 0:037" 0:017Þ%: (8)

The radiative correction of 1% reduces this to

B effðDþ
s ! #þ"Þ ¼ ð0:591" 0:037" 0:018Þ%: (9)

(From now on we will only quote radiatively corrected
results in this paper.) This is our most accurate result within
the context of the Standard Model.
We can also analyze the data by not constraining the

!þ"=#þ" ratio. We then fit the case (i) distribution and
find

FIG. 14 (color online). The results of the two-dimensional fit to the sum of case (i) and case (ii) data. The data are shown as points
with error bars. (a) The projection of the invariant mass distribution; the straight dashed line shows the background while the curve is
the sum of the background and a two-Gaussian signal function. (b) The projection of the MM2 distribution; the dotted (black) curve is
the two-Gaussian signal function for #þ", the long-dashed (purple) curve shows the !þ", !þ ! $þ !" signal, the dashed (red) line
shows the background from non-D&

s events below the signal peak, while the dot-dashed (green) curve shows the background from real
Dþ

s events. The solid (blue) curve represents the sum of all contributions.

FIG. 15 (color online). The results of the two-dimensional fit to the case (i) data. The data are shown as points with error bars.
(a) The projection of the invariant mass distribution; the straight dashed line shows the background while the curve is the sum of the
background and a two-Gaussian signal function. (b) The projection of the MM2 distribution; the dotted (black) curve is the two-
Gaussian signal function for #þ", the long-dashed (purple) curve shows the !þ", !þ ! $þ !" signal, the dashed (red) line shows the
background from non-D&

s events below the signal peak, while the dot-dashed (green) curve shows the background from real Dþ
s

events. The solid (blue) curve represents the sum of all contributions.

J. P. ALEXANDER et al. PHYSICAL REVIEW D 79, 052001 (2009)

052001-10
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fD+ or fDs (MeV)

CLEO-c D+ → µν(τν), τ → πν 205.8 ± 8.5 ± 2.5①
HPQCD Follana et al. 2008 208 ± 4①
Fermilab & MILC Lattice 2010 220.3 ± 8.0 ± 4.8❤
ETMC, nf = 2 2009 197 ± 9①
CLEO-c Ds → τν, τ → πν 278.0 ± 17.5 ± 4.4①
CLEO-c Ds → τν, τ → eνν 252.6 ± 11.2 ± 5.6①
CLEO-c Ds → τν, τ → ρν 257.8 ± 13.3 ± 5.2①
CLEO-c Ds → τν Average 259.7 ± 7.8 ± 3.4①
CLEO-c Ds → µν 257.6 ± 10.3 ± 4.3①
CLEO-c Ds → �ν Average 259.0 ± 6.2 ± 2.9①
Belle Ds → µν 275 ± 16 ± 12

BaBar Ds → τν 233 ± 13 ± 12

HPQCD Lattice 2010 247 ± 2❤
Fermilab & MILC Lattice 2010 261.4 ± 7.7 ± 5.0❤
ETMC, nf = 2 2009 244 ± 8①

fD+ or fDs (MeV)
180 200 220 240 260 280 300 320 340

fD+ & fDs Results and LQCD

• Agreement of the fD+ result with LQCD is excellent

• Agreement of fDs results with LQCD is less certain

• CLEO-c results dominated by statistical errors

• Excellent opportunity for BESIII to contribute with larger data samples

• Would challenge LQCD at a new level of precision
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Exclusive Semileptonic D Decays

Dq

c

q̄

W

e+

νe

s (d)

q̄

µ+

νµ

Xqs(Xqd)

Final States X

q̄ Dq Xqs Vcs Xqd Vcd

ū D0 K−,K∗−, . . . π− , ρ−, . . .

d̄ D+ K̄0 , K̄∗0, . . . π0 , ρ0, . . .

s̄ Ds η ,φ0, . . . K0,K∗0, . . .

• Exclusive semileptonic decays depend on the mass-squared (q2) of the virtual W
through form factors f(q2)

• Decay to a pseudoscalar meson Pqs involves only one form factor

Γ(Dq → Pqs �+ν�)

dq2
=

G2
Fp

3

24π3
|Vcs fqs

+ (q2)|2 (also s → d)

• CLEO-c measures |Vcsfqs
+ (q2)| and |Vcdfqd

+ (q2)| to test QCD theories of f(q2)

• Goal is to validate theories of f+(q2) for application in the B meson sector

• Most important for Vub from b → u transitions where HQET does not apply

• Decay to a vector meson (V ) involves 3 form factors and a more complicated
expression involving 3 decay angles (or 3 other variables) in addition to q2

D+ and Ds Leptonic Decay Signals

D+ → µν

D+ → τν
τ → πν

Ds → τν, τ → πν

Ds → τν, τ → eνν

Ds → τν, τ → ρν

Ds → µν

|Vcs(d)f
qs(d)
+ (q2)|
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D0 → π−e+ν D0 → K−e+ν

D+ → π0e+ν D+ → K̄0e+ν

D0 → π−e+ν D0 → K−e+ν

D+ → π0e+ν D+ → K̄0e+ν

Semileptonic D0 and D+ Decays

Technique

• Find a fully reconstructed
hadronic decay tag

• Find a semileptonic
candidate in the event

• Determine Emiss & Pmiss

from detector hermiticity

• Fit the U ≡ Emiss − cPmiss

distribution for the signal

• Extremely clean signals in
Cabibbo-favored
D → Keν modes

• Clean and robust signals
in Cabibbo-suppressed
D → πeν modes

• Excellent isospin
agreement in branching
fractions and form factors
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D0
and D+

Semileptonic Form Factors

• Excellent form-factor

agreement among tag

modes

• Agreement with LQCD

good at low q2

• Agreement with LQCD

less good at high q2

• Determine f+(0) from fits

of dΓ/dq2
distributions to

the parametrization of

T. Becher and R. J. Hill

• Determine branching

fractions from integration

of the fits over q2
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D0
and D+

Semileptonic Branching Fractions

Results averaged over isospins

f+(0) for D0
and D+

Semileptonic Decays

Results averaged over isospins

Measurements of |Vcd| and |Vcs|

• Require values of f+(0) from LQCD

• Inner error bars are combined experimental

statistical and systematic uncertainties

• Outer error bars include f+(0) uncertainties

from LQCD

• LQCD uncertainties dominate

• Serious challenge for LQCD
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D0 and D+ Semileptonic Branching Fractions
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|Vcs|

PDG (global fit) 0.97334 ± 0.00023

Delphi (W+ → cs̄) 0.94 ± 0.29 ± 0.13①
CLEO-c (818 pb

−1
) 0.985 ± 0.011 ± 0.103①

|Vcs|
0.85 0.89 0.93 0.96 1.00 1.04 1.08 1.11 1.15

|Vcd|

PDG (global fit) 0.2257 ± 0.0010

PDG (neutrino) 0.230 ± 0.011 ± 0.011①
CLEO-c (818 pb

−1
) 0.234 ± 0.007 ± 0.025①

|Vcd|
0.18 0.20 0.22 0.24 0.26 0.28
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Conclusions

Reported leptonic and semileptonic results from the the full

ψ(3770) and ψ(4170) data samples

• fD+ and fDs results are statistics limited

• Agreement of the fD+ result with LQCD is excellent

• Agreement of fDs results with LQCD is less certain

• CLEO-c results dominated by statistical errors

• Excellent opportunity for BESIII to contribute with

larger data samples

• Would challenge LQCD at a new level of precision

• Precision measurements of D → Keν and D → πeν
branching fractions and form factors

• Branching fraction results agree with earlier measurements

• Form factor agreement with LQCD good at low q2

• Form factor agreement with LQCD less good at high q2

• LQCD uncertainties dominate measurements of |Vcd| and |Vcs|
• Significant challenge for LQCD
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