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CLEO-c D Semileptonic Decays 
Results and Prospects
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Semileptonic decays
• Semileptonic decays are the principal 

process to determine CKM matrix elements: 
• Strong interaction effects are confined to the 

hadronic current and are parameterized by 
form factors In the massless lepton limit 
– for P to P transitions: 
– for P to V transitions three form factors 

are needed:    

• Theory predicts absolute form factor 
normalization needed for VCKM
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As |Vcs| & |Vcd| are tightly constrained by the unitarity of the CKM matrix. 
measurements of charm semileptonic rates and form factors are a rigorous theory test. 

Validated theory can then be applied to B decay to determine Vub
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Tagged Semileptonic Decay Reconstruction at ψ(3770)

• The ψ(3770) is about 40 MeV above the DD pair 
threshold (             )

• One of the two D’s is reconstructed in a hadronic
“tag” mode (e.g., K+π - ).  Two key variables:

–
–

• From the remaining tracks and showers the 
semileptonic decay is reconstructed                                         

• U ≡ Emiss − |Pmiss| is used to identify signal, 
Emiss and Pmiss are the missing energy and 
momentum  approximating the neutrino  E and P.  
A correctly reconstructed semileptonic decay 
satiisfies U ~ 0.

•
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D0 and D+ tag yields in DATA  (56 pb-1)

eventsK
KD

19~

00 ππ +−→

eventsK
KD
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000 πππ +−→

eventsK
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10~

0 +−→ π

eventsK
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15~

++−+ → ππ

eventsK
KD

5.3~

0 −+++ → πππ
eventsK

KD
0.5~

0πππ ++−+ →

~30% event 
tagging efficiency

~20% event 
tagging efficiency

:
~ 32
All D tags

K

+0 :
~ 60
All D tags

K

Examples of Mbc fits for in the data
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Semileptonic Reconstruction at ψ(3770) 56pb-1

Tagging creates a single D beam 
of known 4-momentum

Semileptonic decays are 
reconstructed with no
kinematic ambiguity

Hadronic Tags: 32K  D+ 60K D0
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More Cabibbo allowed modes
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ν++ → eKD 0

(~550 events)

U = Emiss– |Pmiss| (GeV)

U = Emiss– |Pmiss| (GeV)

c s Cabibbo Favored 56 pb-1 Data

(~90 events)
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→

(~420 events)

Historically Cabibbo allowed 
modes: provide a significant
background to Cabibbo
suppressed modes, making
the latter particularly
challenging…..
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Cabibbo suppressed modes
0D eπ ν− +→

state of the 
art measurement
at 10 GeV (CLEO III)
PRL 94, 11802
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Cabibbo suppressed modes
0D eπ ν− +→

0D eπ ν− +→

U = Emiss– |Pmiss| (GeV)
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Compare to:
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at 10 GeV (CLEO III)
PRL 94, 11802

Note:
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Cabibbo suppressed modes
0D eπ ν− +→

0D eπ ν− +→

U = Emiss– |Pmiss| (GeV)
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(~65 events)

U = Emiss– |Pmiss| (GeV)

56 pb-1 Data

Compare to:
state of the 
art measurement
at 10 GeV (CLEO III)
PRL 94, 11802

Note:
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*0D K e ν+ +→

E791 
PLB 397
325
(1997)

S/N ~1/2

More Cabibbo supressed modes
Only measurements
untl now

FOCUS
Hep-ex
/0511022
(Nov 2005)

Relative
Rate:

0D eρ ν+ +→

S/N ~1/2
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*0D K e ν+ +→
0
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Γ →

0D eρ ν+ +→

56 pb-1 Data
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PLB 397
325
(1997)

S/N ~1/2

More Cabibbo supressed modes
Only measurements
untl now

FOCUS
Hep-ex
/0511022
(Nov 2005)

Relative
Rate:

S/N ~1/2

S/N ~15/1

0D eρ ν+ +→

U = Emiss– |Pmiss| (GeV)

0D eρ ν+ +→

(~30 events)
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*0D K e ν+ +→0
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D e
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+ +
Γ →
Γ →

U = Emiss– |Pmiss| (GeV)

0D eρ ν+ +→

(~30 events)

U = Emiss– |Pmiss| (GeV)

0 *D K e ν− +→

(~30 events)

56 pb-1 Data

1st Observation.

E791 
PLB 397
325
(1997)
Relative rate:

S/N ~1/2
S/N ~15/1

0D eρ ν− +→

More Cabibbo supressed modes
Only measurement
untl now

*

( ) ( )/
( ) ( )
B e D e
B K D Ke

ρ ν ρ ν
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+ +

+
Γ → Γ →
Γ → Γ →

Useful for Grinstein’s
Double ratio Vub2/ Vcb2
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Absolute branching fractions for D semileptonic decays with 56 pb−1

• The following two modes  D0 → ρ −e+ν and   D+ 

→ ωe+ν are observed for the first time

• Most systematic uncertainties are measured in 
data and will be reduced with a larger data 
sample.

References: 
PRL 95, 181801 (2005);
PRL 95, 181802 (2005)

CLEO-c results are the most precise for ALL modes

Phys.Lett.B
608,24 (2005)

Phys.Lett.B, 
597, 39 (2004)

Normalized to PDG
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Isospin Conjugation Test.
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Results are consistent with isospin invariance within  experimental  precision
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Results from the two 
samples agree well
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numbers 
today
aiming for
ICHEP

Preliminary
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Searching for additional decays: First Observation of D+ →ηe+ν

• Search for D+→ ηeν, η’e ν and φeν (allows to study η-η’ and ω-φ

mixing): eventsYield 0.48.13: ±eventsYield 7.66.32: ±
γγη → 0πππη −+→

ργη →′

All other plots [η’(ηππ), φ(KK)] are empty!
A first 
observation + 2 
limits 2 orders 
of magnitude 
more 
restrictive  
than PDG;

3

4

4

( ) ~1 10
( ) a few 10 (90% . .)
( ) a few 10 (90% . .)

D e
D e C L
D e C L

η ν

η ν

φ ν

+ + −

+ + −

+ + −

Β → ×

′Β → < ×

Β → < × .).%90%(09.2)(
.).%90%(1.1)'(
.).%90(105)( 3

LCeD
LCD
LClD

<→Β

<→Β

×<→Β

++

++

−++

νφ

νµη

νη

CLEO-c PRELIMINARY                       PDG-2004                            

• Search for D+→ ηeν, η’e ν and φeν (allows to study η-η’ and ω-φ mixing):

Only approximate  numbers today aiming for ICHEP

Preliminary Preliminary Preliminary
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Raw q2 distr.
D0→K−e+ν

Raw q2 distr.
D0→π−e+ν

700 events
S/B ~20/1

Note the background in blue

7000 events
S/B > 300/1

Form Factors in P → P e ν transitions

• P → P (P=K,π) semileptonic transitions are gold-
plated: the simplest modes for both theory (LQCD) 
& experiment:

• Main goals:

– Measure efficiency-corrected absolutely-normalized
decay rate distributions and form factors 

– Measure form factor shape parameters to test LQCD 
and model predictions

• Measure both D0 and D+ decays .  As they are 
related by isospin ⇒ a nice cross-check and 
improves precision                                              
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Two analyses, tagged and untagged. Tagged dΓ/dq2 distributions in data

Preliminary

Preliminary
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Form Factors as a Stringent Test of LQCD

• LQCD (blue)  
FNAL+MILC 
unquenched three flavor 
LQCD [C. Aubin et al., PRL
94 011601 (2005)] updated

– Lattice systematic 
uncertainties dominate: 

• The green lines are our 
fits to CLEO-c data

• The dashed lines show 
1σ (stat+syst) regions

νπ +−→ eD 0

DATA FIT

LQCD

ν+−→ eKD 0
DATA FIT

LQCD

PRELIMINARY 
(tagged)

.07.004.050.0
;07.003.073.0)0(

:)(

±±=
±±=

→
+
α

ν
f

KeDLQCD

.07.004.044.0
;06.003.064.0)0(

:)(

±±=
±±=

→
+
α

νπ
f

eDLQCD

Preliminary

f + (q 2 ) =
f + (0)

1 − q 2 m pole
2( ) f + (q 2 ) =

f + (0)
1 − q 2 m pole

2( ) 1 − α q 2 m pole
2( )

Simple Pole 
Model

Modified Pole 
Model

CLEO-c

CLEO-c
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D→Peν Branching Fractions &Form Factors 
with ν Reconstruction

No D tag required: reconstruct semileptonic D
decay from its decay products, including the ν.

Pν≡Pmiss=Pevent – Pvisible

q2=(Pe+P’miss)2

P’miss=βPmiss (β gives ∆E=0)

Emiss (GeV) pmiss (GeV) q2 (GeV2)

MC: Reconstructed – True for D0→π+e-ν
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D→Peν Branching Fractions and Form Factors with 
ν Reconstruction

Using the reconstructed ν and a signal K or π, 
reconstruct D in the usual way:

∆E = EK + Ee + |pmiss| - Ebeam

Mbc = √E2
beam – (pK + pe + p’miss)2

Mbc distributions fitted simultaneously in 5 q2 bins to 
obtain d(BF)/dq2.  Integrate to get branching fractions 
and fit to obtain form-factor parameters.
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Mbc fits for the four D→Peν modes (all q2)
D0→K-e+ν

D+→KSe+ν

D0→π-e+ν

D+→π0e+ν
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Yields and Branching Fractions (281pb-1)

450 ± 17

5842 ± 54 

1346 ± 28

14395 ± 78

Yield (Uncorr.) 

5988 ± 385 ± 176

136736 ± 2054 ± 2415

6097 ± 223 ± 139

72076 ± 663 ± 1230

Yield (Eff. Corr.)

0.382 ± 0.025 ± 0.015 %

8.71 ± 0.13 ± 0.27 %

0.301 ± 0.011 ± 0.010 %

3.56 ± 0.03 ± 0.10 %

Br. Frac.D Decay

D0 → K ±e ν

D0 →π±e ν

D± → K 0e ν

D± → π 0e ν

1.03 ± 0.02 ± 0.04

2.00 ± 0.15 ± 0.09

Measured

4.38 ± 0.29 ± 0.13 %

Ratio

8.46 ± 0.32 ± 0.13 %

MeasuredRatio

D0 →π±e ν
D0 → K ±e ν

D± → π 0e ν
D± → K 0e ν

Γ(D0 →π±e ν)
Γ(D± → π 0e ν)

Γ(D0 → K ±e ν)
Γ(D± → K 0e ν)

PRELIMINARY
Untagged neutrino analysis
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Form Factor Fit Plots

1.97 ± 0.07 ± 0.02 0.152 ± 0.007 ± 0.004D± → π0eν
1.87 ± 0.03 ± 0.010.146 ± 0.004 ± 0.003D0 → π±eν

mpole|Vcd| f 
+(0)Decay Mode - Simple Pole

0.12 ± 0.17 ± 0.050.151 ± 0.008 ± 0.004D± → π0eν
0.37 ± 0.09 ± 0.030.142 ± 0.005 ± 0.003D0 → π±eν

α|Vcd| f 
+(0)Decay Mode - Modified Pole

Preliminary

f + (q2 ) =
f + (0)

1− q2 mpole
2( ) f + (q2 ) =

f + (0)
1− q2 mpole

2( )1−α q2 mpole
2( )

Simple Pole 
Model

Modified Pole 
Model

D0→π-e+ν D+→π0e+ν
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Form Factor Fit Plots

1.97 ± 0.05 ± 0.020.720 ± 0.009 ± 0.012D± → K0eν
1.98 ± 0.03 ± 0.020.736 ± 0.005 ± 0.010D0 → K±eν

mpole|Vcs| f 
+(0)Decay Mode

0.20 ± 0.08 ± 0.040.718 ± 0.009 ± 0.012D± → K0eν
0.18 ± 0.05 ± 0.030.734 ± 0.006 ± 0.010D0 → K±eν

α|Vcs| f 
+(0)Decay Mode

f + (q2 ) =
f + (0)

1− q2 mpole
2( ) f + (q2 ) =

f + (0)
1− q2 mpole

2( )1−α q2 mpole
2( )

Simple Pole 
Model

Modified Pole 
Model

Preliminary
D0→K-e+ν D+→KSe+ν
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Compare to previous results & Lattice

2 D 2 2 2
cs( ) |V | |f (q )| dqkD Keν →

+Γ → ∝ ∫
* *

2
2 2 2 2(0) 1 1( )

(1 / ) (1 / )
s s

D K

D D

f q
q m q m

f
α

→
+ +

⎛ ⎞
⎜ ⎟=
⎜ ⎟− −⎝ ⎠

Consistency with previous measurements good.. Belle & CLEO-c data 
has recently improved the precision of the LQCD  normalization test. 

(for lattice 
use
PDG 
Vcs, Vcd)

Constitutes a test of lattice normalization

0D K e− +→ ν
0D e− +→ π ν

This 
Result

This 
Result
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Comparison of experiments for  form factor shape parameter

world average =0.35 0.033Keνα ±

• Only CLEO-c measures D0 &  D+

• BABAR (CLEO-c) is the most precise for 
D→Ke+ν (D→πe+ν)

D → K e+ ν

world average =0.33 0.08eπ να ±

D → π e+ ν

D→Ke+ν CLEO-c  lower than latttice, 
B factories in agreement.
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Vcs and Vcd ResultsPRELIMINARY
Combine |Vcx|f(0) with LQCD value for f(0)PRL 94, 011601 (2005)

Precision ~ CLEO-c  tagged analysis (by ICHEP) much 
independent information: 40% of events are common to the 
two analyses  Combined results will give best precision.

0.996 ± 0.013 (0.976 ± 0.014)

0.224 ± 0.012

0.996 ± 0.013 (0.976 ± 0.014)

0.224 ± 0.012

PDG (HF) Value

0.984 ± 0.042 ± 0.017 ± 0.101D± → K0eν

0.235 ± 0.016 ± 0.006 ± 0.029D± → π0eν

1.006 ± 0.007 ± 0.013 ± 0.103D0 → K±eν

0.221 ± 0.013 ± 0.004 ± 0.028D0 → π±eν

|Vcx| ± (stat) ± (syst) ± (theory)Decay Mode

Since Vcs (W cs LEP) and Vcd (vN) are well measured. Good 
agreement between PDG(HF) and CLEO-c results is  primarily a 
check of the LQCD value for f(0).  Nevertheless, the most precise 
Vcs and Vcd determinations using semileptonic decays to date

Expt. errors  Vcs ~2% Vcd~4% Theory error 10%

Untagged 
neutrino 
analysis
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• A precision determination of Vub is one of the highest priorities in flavor 
physics. Progress has been thwarted by dominant theoretical uncertainty

• A variety of methods are needed
– Heavy Quark Symmetry predicts that form-factor for a Vub decay, say 

B→π ν is the same as for D→π ν at the same invariant 4 velocity, 
modulo corrections

– Double Ratios:
( ) ( )

( ) ( )

/ /

/ /

DB
b

B D
c

K

b

c
Kf f

f

m

m

m

mfπ π

→ →
+ +

→ →
+ +

=

=

Grinstein, 
[hep-ph/9308226]

( ) ( )

( ) ( )

/ 1
/ D

B BK

KD

f f
f f

π

π

→ →
+ +

→ →
+ +

=

As the helicity amplitudes for rare B Vll are related at leading 
order in Λ//mb to P V semileptonic transitions

22

2* 2

( ) /
( ) /

ub

cb

Vd B e dq
d B K dq V

ρ ν+Γ → ∝
Γ →

*Need ,  
form factors  the latter 
are unmeasured

D eD K e ρ νν →→

Grinstein & Pirjol [hep-ph/0404250]

&  ubV D eρ ν→
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D0 → ρ e+ ν

N=131±13

56 pb-1

Tagged analysis 281/pb

56 pb-1

N=173±15

D+ → ρ0 e+ νD+ → ρ- e+ ν

yield                  this work             CLEO-c PRL (56 pb-1)
D0 → ρ-e+ν (0.157±0.017±0.005)% (0.194±0.039±0.013)%
D+ → ρ0e+ν (0.231±0.019±0.006)% ( 0.21 ± 0.04± 0.01)%

No 
numbers 
today

Results 
consistent
with 56/pb  
analysis
aiming for
ICHEP

PreliminaryPreliminary
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Five kinematic variables 
describe the decay rate:

q2, cosθe, cosθπ, χ, mρ

We fit to the decay rate 

Dependence on the form factors 
enters through H+, H− and H0.

Kinematic variables and the decay rate

)(,,cos,cos,2 ππχθθ π mq e

22
2

22
)2(12

)2(1 /1
)0()(;

/1
)0(

)(
VA Mq

VqV
Mq

A
qA

−
=

−
=

)0(
)0(;

)0(
)0(

1

2
2

1 A
AR

A
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Form Factors
• D+ → ρ0eν and D0 → ρ-eν are  fit simultaneously.  

)(2.06.0
)(2.05.1

2 statR
statRV

±=
±=

q2

cos θπ

cos θe
χ

08.088.0
07.050.1

2 ±=
±=

R
RV

Preliminary central values
are consistent with  
K*µν results from FOCUS:

This is the first multidimensional 
fit for form factors in Cabibbo-
suppressed P → V l ν transions

No 
numbers 
today

Preliminary

Preliminary
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Inclusive D→ Xe+ν
281 pb-1 to be submitted to PRL

Motivations:
Cross-check with exclusives: saturation by lightest V & PS modes?
Check equality of charged and neutral – evidence of WA?
Input for others: BF and spectra.

Use only purest tags:
• 47K D0→K-π+ (S/B≈60)
• 74K D+→K-π+π+ (S/B≈25)

e ID by dE/dx and RICH, 
p>200 MeV/c
Unfold right- and wrong-
sign electrons to obtain 
true lab-frame spectra.
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Lab-frame 
momentum spectra 
dΓ/dpe

Fit observed 
spectra to models, 
including FSR.  
Use results to 
correct for p<200 
MeV/c production.  

D→ Xe+ν
Results

BF(D+→Xe+ν)=(16.13±0.20±0.33)%
BF(D0→Xe+ν)=(6.46±0.17±0.13)%

Γ(D+→Xe+ν)=(0.1551±0.0020±0.0035)ps-1

Γ(D0→Xe+ν)=(0.1574±0.0041±0.0032)ps-1
The lightest PS &V resonances
saturate the semileptonic
width. Any additional exclusive
modes will have small 
branching ratios

Consistent with
isospin invariance

( ) (15.1 0.5 0.5)%excl semilB D+ = ± ±∑
( ) (6.2 0.2 0.2)%incl semilB D+ = ± ±∑

The D0/D+ spectra have same shape

0

( ) 0.985 0.028 0.015
( )

sl

sl

D
D

+Γ
= ± ±

Γ

600  e

~11,000 e

’06  CLEO-c
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Summary CLEO-c semileptonic decays
• Goals of CLEO-c semileptonic decay analysis program 
• provide validation and calibration data for LQCD and other 

theoretical approaches in as many processes as possible. Thereby
enabling theory (especially LQCD) to be applied to B physics (Vub)  

• With a validated theory measure Vcs and Vcd
• CLEO-c is providing unique data to meet these goals 

•Most comprehensive and precise measurement of semileptonic decay 
branching fractions (10 modes) to date
• D0 → ρ −e+ν D+ → ωe+ν and D+ → ηe+ν are observed for the first time
Measurement of the absolute form factor magnitude and shape 
for  D0 → Ke+ν and D0 → πe+ν
First measurement of the absolute form factor magnitude and shape 
for  D+ → Ke+ν and D+ → πe+ν
First measurement of the form factors in  for  D0 → ρ −e+ν and D+ → ρ 0e+ν
Measurement of the helicity amplitude in  D→ K*e+ν (not shown) 
Most precise measurement  of  D0 → Xe+ν and D+ → Xe+ν
All measurements consistent with isospin invariance
Lightest PS &V resonances saturate the semileptonic width. 
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Additional Slides


