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Charmʼs role in flavor physics

Flavor physics:
• Overconstrain VCKM

• Inconsistency  new physics
Unitarity Triangle Constraints
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Charm decay measurements can validate QCD corrections needed to extract weak physics 
parameters from experimental observables: New physics or QCD?

• sin 2β is theoretically clean
• |Vub| is not
• B mixing is not
Hadronic uncertainties confound
extraction of weak physics
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|Vub| from semileptonic B decay

• Rate goes like |Vub|2

• But quarks always in hadrons
• QCD form factor f+(q2) 

needed to extract weak 
interaction physics
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If quarks were like leptons:

π

Γ b→ ueν( ) = GF
2mb
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192π 3 Vub
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UT Constraint from |Vub|

• Dπlν to Bπlν are both “heavy to light” decays
• Precise measurement of Dπlν can calibrate LQCD and 

allow a precise extraction of |Vub| from Bπlν
• Absolute rate and shape is a stringent test of theory

4

|Vub| from Bπ l ν:

Form factor f(q2):
• Hard to calculate
• Limits |Vub| precision
• Lattice QCD can do 
from first principles
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Semileptonic Decays

� 

dΓ
dq2

=
GF
2

24π 3 Vcx
2 pX

3 f+(q
2)
2

Decay rate depends on 
kinematics and VCKM 

Form factor encapsulates 
QCD bound-state effects 

Consider Pseudoscalar final 
states: K, π
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D
q

c
d,sV*cx

 

q2 = (pD − pX )
2

= MD
2 + MX

2 − 2EXMD + 2 pD ⋅
pX
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Charm Semileptonic Form Factors
• Pole ansatz:

• dominated by lowest lying vector 
meson H* with correct flavor

• e.g. D* for D→π
• Ds* for  D→K

• Modified pole:

• Analyticity expansions:

• expand in z around t0
• better convergence
• 2 or 3 parameters 

6

f+ q2( ) = f+ 0( )
1− q2

mH *
2

⎛
⎝⎜

⎞
⎠⎟
1−α q2

mH *
2

⎛
⎝⎜

⎞
⎠⎟

f+ q2( ) = f+ 0( )
1− q2

mH *
2

⎛
⎝⎜

⎞
⎠⎟

z(q2 ,t0 ) =
t+ − q

2 − t+ − t0
t+ − q

2 + t+ − t0

t± = (mD ± mX )
2

Becirevic & Kaidalov PLB 478, 417 (2000)

Becher & Hill PLB 633, 61 (2006) f+ q2( ) = 1
P(q2 )φ(q2 ,t0 )

ak (t0 ) z(q
2 ,t0 )⎡⎣ ⎤⎦

k=0

∞

∑
k



26 May 10 Charm Semileptonic Decays - Karl.Ecklund@rice.edu 7

Belle D0π-l+ν & D0K-l+ν

Uses fully reconstructed 
! e+e-D(*)D*X events 

√s=10.6 GeV
Allows direct count of # D0

Tag side:
• D0K-(nπ)+, n=1,2,3
• Also use D*->D0π tags
Signal side:
• D*+D0π+

o Kinematic fit to event
oReconstruct mass of D0

oNo decay products needed

PRL 97 061804(2006)

# D0 = 56,461±309±830
• Look for SL decays:

o D0π/K-l+ν
o Neutrino inferred from missing 
E,p

• ~2500 Klν candidates
BF = (3.45±0.07±0.20 )%
• ~230 πlν candidates
BF = (25.5±1.9±1.6 )×10-4
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Belle D0π-l+ν & D0K-l+ν

Excellent q2 resolution: 
	

 σ(q2)=0.017 GeV2

Measure rate directly in q2 
bins

Compare to 
LQCD Form Factor
Simple Pole parameterization
Modified Pole Model
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Lattice Form Factors
2Aubin et al. PRL 94, 011601 (2005) 
3Abada et al. Nucl. Phys. B619, 565 (2001)
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π

ν

K

e
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BaBar D0K-e+ν

e+e-cc at √s=10.6 GeV
• Reconstruct D*+π+D0 and 

signal D0Keν
• Estimate pD and Eν with 

remaining event & kinematic 
fits

• Use Neural Nets to 
suppress backgrounds

• high statistics: ~74,000 
• good S/N

PRD 76 052005 (2007)
75 fb-1

δm=M(D*)-M(D)
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BaBar f+(q2) D0K-e+ν

85k signal/11k background

• Corrected spectrum compared to 
LQCD1, FOCUS2

1 Aubin et al. PRL 94, 011601 (2005)
2 PLB607, 233 (2005)

PRD 76 052005 (2007)
75 fb-1
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CLEO-c D→Keν and πeν
• Analysis of full CLEO-c 
ψ(3770) dataset 818 pb-1

• D tag reconstruction
o 9 hadronic decay modes
o exceptionally clean events
o excellent kinematic 

resolution
• Semileptonic modes

o D0→K-e+ν
o D+→K0e+ν
o D0→π-e+ν
o D+→π0e+ν FIG. 1: MBC distributions in data (points), with fits (solid lines) and background contributions to

fits (dotted lines). The vertical lines show the limits of the MBC signal regions.

undetected neutrino, are expected to peak at U = 0, with the shape of the distribution being
approximately Gaussian due to detector resolution. Misreconstructed events and background
modes generally have non-zero U values. Properly reconstructed decays are separated from
backgrounds using an unbinned maximum-likelihood fit, executed independently for each
semileptonic mode, each tag mode, and each q2 bin. A sample of the U distributions is
shown in Figs. 2 – 5.

For the fit, the U distribution of signal candidates is taken from signal MC samples.
While the U resolution in data is approximately 12 MeV for the modes with only charged

8

11

150K 234K 75K

285K 70K 49K

228K 34K 20K

1.15 Million D tags
3 D0 modes, 6 D+ modes

PRD 80 032005 (2009)
CLEO-c 818 pb-1
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Signal Side Reconstruction
• Against the tagged D

o pion candidate
• with dE/dx and RICH

o positron candidate
• Fit U for signal

• Peaks at 0 for signal
o kinematic separation for 

backgrounds
• Ke+ν cross feed to πe+ν
• ρe+ν from known BF

• Fit four modes in q2 bins
FIG. 2: U distributions in data (points) for D0 → π−e+νe, with fit results (histograms) showing
signal (clear) and background components: D0 → ρ−e+νe (darkest gray), D0 → K−e+νe (lightest

gray), other DD̄ (medium gray), and non-DD̄ (black).

FIG. 3: U distributions in data (points) for D0 → K−e+νe, with fit results (histograms) showing

signal (clear) and background components: DD̄ (gray) and non-DD̄ (black).

efficiencies include the K0
S fraction of the K0 and K0

S → π+π− branching fraction [19]. In
total, there are eighteen efficiency matrices – one for each tag and semileptonic mode combi-
nation. Tables III and IV provide four examples of these matrices. The diagonal elements,
giving the efficiency for the tag and semileptonic decays to be reconstructed in the correct
q2 bin, vary from 5% – 50% depending on semileptonic mode, tag mode, and q2. The neigh-
boring off-diagonal elements, giving the efficiencies for the tag and semileptonic decay to

10

12

D0→π-e+ν

U ≡ Emiss − pmiss

Ke+ν
DD

PRD 80 032005 (2009)
CLEO-c 818 pb-1
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Signal Side Reconstruction
• Against the tagged D

o kaon candidate
• with dE/dx and RICH

o positron candidate
• Compared to pi mode

o Higher statistics
o DD background

• Fit four modes in q2 bins
o more q2 bins in K e+ν

• Also include K0 and π0

FIG. 2: U distributions in data (points) for D0 → π−e+νe, with fit results (histograms) showing
signal (clear) and background components: D0 → ρ−e+νe (darkest gray), D0 → K−e+νe (lightest

gray), other DD̄ (medium gray), and non-DD̄ (black).

FIG. 3: U distributions in data (points) for D0 → K−e+νe, with fit results (histograms) showing

signal (clear) and background components: DD̄ (gray) and non-DD̄ (black).

efficiencies include the K0
S fraction of the K0 and K0

S → π+π− branching fraction [19]. In
total, there are eighteen efficiency matrices – one for each tag and semileptonic mode combi-
nation. Tables III and IV provide four examples of these matrices. The diagonal elements,
giving the efficiency for the tag and semileptonic decays to be reconstructed in the correct
q2 bin, vary from 5% – 50% depending on semileptonic mode, tag mode, and q2. The neigh-
boring off-diagonal elements, giving the efficiencies for the tag and semileptonic decay to

10

13

D0→K-e+ν

PRD 80 032005 (2009)
CLEO-c 818 pb-1
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Partial Rates

• Extract rates from yields in q2 bins, eff. matrix, # tags
• Good agreement across tag modes

FIG. 6: Partial rates for each semileptonic mode. The points show measurements in each tag
mode; the histograms show the partial rates averaged over all tag modes.

TABLE VI: χ2 of partial rates across tag modes, with number of degrees of freedom and χ2

probability.

Semileptonic mode χ2 ndof P (χ2)

D0 → π−e+νe 12 14 61%
D0 → K−e+νe 21 18 28%

D+ → π0e+νe 36 35 42%
D+ → K̄0e+νe 37 45 80%

We also check consistency between isospin conjugate pairs. Isospin symmetry implies
that total rates for D0 → K−e+νe and D+ → K̄0e+νe are approximately equal, while the
total rate for D0 → π−e+νe is approximately twice that of D+ → π0e+νe. After correcting
for phase space differences, our partial rates summed over all q2 bins agree with these
expectations within 1.4 standard deviations. Because there are small differences in phase
space, it is convienient to compare not rates, but form factors, as shown in Fig. 8. We obtain
the f+(q2) at the center of q2 bin i using

f+(q2
i ) =

1

|Vcd(s)|
·
√

∆Γi

∆q2
i

24π3

G2
F p3

i

, (11)

where ∆q2
i is the size of q2 bin i, |Vcd| = 0.2256 ± 0.0010 and |Vcs| = 0.97334 ± 0.00023 are

14

14

PRD 80 032005 (2009)
CLEO-c 818 pb-1
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Form factors

• Extract f+(q2) using Vcd, Vcs from CKM Unitarity (PDG)
• Compare to Lattice QCD

o Aubin et al. PRL 94, 011601 (2005), C. Bernard et al. PRD 80 034026 (2009) 
o Experimental stat+syst uncertainties smaller than LQCD shown in bands
o Better agreement at low q2

o Isospin symmetry appears to be good

• Curve is modified pole parameterization BK PLB 478 417 (2000)

15

PRD 80 032005 (2009)
CLEO-c 818 pb-1

FIG. 8: f+(q2) comparison between isospin conjugate modes and with LQCD calculations [21].
The solid lines represent LQCD fits to the modified pole model [15]. The inner bands show LQCD
statistical uncertainties, and the outer bands the sum in quadrature of LQCD statistical and

systematic uncertainties.

The procedure for measuring partial rates is tested using the generic MC sample, from
which events are drawn randomly to form mock data samples, each equivalent in size to the
data sample. In each case, the measured partial rates are consistent with the input rates
and the distributions of the deviations are consistent with Gaussian statistics.

IV. SYSTEMATIC UNCERTAINTIES IN PARTIAL RATES

Our determinations of the ∆Γi are subject to a variety of systematic uncertainties. Ta-
bles VII and VIII list each source of systematic uncertainty and its contribution to the total
uncertainty in each of the partial rates. Because we are interested in measuring form factor
shapes that vary with q2, it is important that we not only understand the uncertainties in
the individual partial rates but also their correlations across q2. For each semileptonic mode
and each significant source of systematic uncertainty, we construct an m × m (where m is
the number of q2 bins studied for the mode in question) covariance matrix that encapsulates
both of these pieces of information. We now describe how each of the covariance matrices
is estimated.

Tag reconstruction biases enter both the numerator and denominator of our partial rate
formulation in Eq. (9), and therefore largely cancel. However, there are two sources of
systematic uncertainty related to tag yields. One source originates in the line shapes used
to extract tag yields in data; we estimate this by using alternate line shapes and find an
uncertainty of 0.4% for partial rates in both D0 and D− modes. The selection of one tag
per mode also introduces a systematic uncertainty, primarily due to possible mismodeling
of MC π0 fake rates. Based on estimates of tag-fake rates in data and MC samples, we
assign a systematic uncertainty of 0.4% to the partial rates in D0 modes and 0.7% to those
in D− modes, where a greater fraction of tags contain π0’s. As the uncertainties associated
with tag yields are independent of the kinematics of the semileptonic decay, they are fully
correlated across q2 bins.

Systematic uncertainties associated with semileptonic track, π−, K−, π0, and K0
S recon-

struction are all studied in a similar manner: we choose fully hadronic events containing

16



• Take f+(q2) from LQCD, determine VCKM

• Agreement with CKM unitarity, neutrino scattering, Ds→lν
• LQCD uncertainty >> experimental stat+syst uncertainty

o

26 May 10 Charm Semileptonic Decays - Karl.Ecklund@rice.edu

CKM Measurements

16

PRD 80 032005 (2009)
CLEO-c 818 pb-1
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Form Factor Parameterizations

• Comparison of 2 (dashed) and 3 (solid) parameter fits to Becher Hill series
o There is a slight preference for 3 parameters in D0→π-e+ν

• BK, modified pole, simple pole models give similar quality fits
o when normalization and shape parameter float

17

FIG. 9: Individual form factor fits to data (points) using 2-parameter (dashed) and 3-parameter
(solid) series expansions.

FIG. 10: Isospin-combined form factor fits to data (points) using 2-parameter (dashed) and 3-
parameter (solid) series expansions.

23
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Study of D+→K-π+l+ν
• Full CLEO-c ψ(3770) dataset

o Using hadronic D decay tags to fully reconstruct DD event
• excellent resolution on ν from E, p conservation

• Detailed study including resonant K* and non-resonant Kπ
o All 5 kinematic variables used to study 4 helicity 

amplitudes completely free of model dependence
• invariant masses: m(Kπ), q2=m2(lν)
• θV &  θl helicity angles in K* & W rest frames 
• angle χ between decay planes

o projective weighting technique
• model independent measurement of form factors
• pioneered by FOCUS: PLB 633, 183 (2006)
• exploit the fine kinematic resolution possible at charm threshold

18

arXiv:1004.1954 to appear PRD 
CLEO-c 818 pb-1

I. INTRODUCTION

We present new measurements of the D+ → K
∗0
e+νe and D+ → K

∗0
µ+νµ absolute

branching fractions, their ratio, and measurements of the semileptonic form factors control-
ling these decays.1,2 Exclusive charm semileptonic decays provide particularly simple tests
of over decay dynamics since long distance effects only enter through the hadronic form
factors [1]. A wide variety of theoretical methods have been brought to bear on the calcula-
tion of these form factors including quark models [2], QCD sum rules [3], Lattice QCD [4],
analyticity [5], and others [6]. Using a technique developed by FOCUS [7], we present non-
parametric measurements of the q2 dependence of the helicity basis form factors that give an
amplitude for the K−π+ system to be in any one of its possible angular momentum states
where q2 is the invariant mass squared of the lepton pair in the decay. The ultimate goal of
this study is to obtain a better understanding of the semileptonic decay intensity.

CLEO-c produces D mesons at the ψ(3770), which ensures a pure DD final state with no
additional final state hadrons. In events where the D+ → K−π+$+ν! is produced against a
fully reconstructed D− the missing neutrino can be reconstructed with unparalleled precision
using energy-momentum balance. Hence, CLEO-c data offer unparalleled q2 and decay angle
resolution allowing one to resolve fine details in the structure of these form factors without
the complications of a deconvolution procedure. The various helicity basis form factors are
distinguished based on their contributions to the decay angular distribution.

FIG. 1: Definition of the θV , θ!, and χ angles.

The amplitude A for the semileptonic decay D+ → K−π+$+ν! is described by five kine-
matic quantities: q2; the kaon-pion mass (mKπ); the kaon helicity angle (θV), which is
computed as the angle between the π and the D direction in the K−π+ rest frame; the lep-
ton helicity angle (θ!), which is computed as the angle between the ν! and the D direction in
the $+νe rest frame; and the acoplanarity angle between the two decay planes (χ). The decay
angles are illustrated in Fig. 1. The amplitude A can be expressed in terms of four helicity
amplitudes representing the transition to the vector K

∗0
: H+(q2), H−(q2), H0(q2), Ht(q2)

1 Throughout this paper the charge conjugate is implied when a decay mode of a specific charge is stated.
2 We reconstruct D+ → K

∗0
#+ν! modes as D+ → K−π+#+ν! decays, and use the Clebsch-Gordan factor

1.5 to correct for K
∗0 → K

0
π0 decays, which we do not detect.

3
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BF(D+→K-π+l+ν)

• Six hadronic tag modes: 
o D-→K+π-π-, K+π-π-π0, KSπ-, KSπ-π0, KSπ-π-π+, K+K-π-

• Signal selected with cut on
• Both muons and electrons used (novel for CLEO-c)

o µʻs give sensitivity to mass-suppressed form factors

o BF reduced by phase space factor
o Most precise results, consistent with previous measurements

19

arXiv:1004.1954 to appear PRD 
CLEO-c 818 pb-1

Emiss − pmiss < 20MeV

Lint (pb-1) Be (%)
CLEO-c 818 5.52±0.07±0.13
CLEO-c 56 5.56±0.27±0.23
World Average PDG 2008 5.49±0.31

Bµ (%)
CLEO-c 818 5.27±0.07±0.14
World Average PDG 2008 5.40±0.40

Bµ Be = 0.9598 ± 0.0193 ± 0.0130

Branching Fraction Results
o full range of m(Kπ)



Curves: pole-dominance model
points: data (□e, △µ, ●combined)
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D+→K-π+l+ν Form Factors
• Analyze 6 helicity FF
• Plot products vs q2:

o H+2(q2), H-2(q2), H02(q2) 
o Ht2(q2), HtH0(q2), h0H0(q2)

• General agreement with 
spectroscopic pole-
dominated model (curve)
o (a)-(c) dominant H0 H+ H-

• Confirmed NR s-wave 
interference with K* (d)
o no evidence for d- or f-wave

• (e),(f) suggest smaller Ht than 
expected from LQCD

20

arXiv:1004.1954 to appear PRD 
CLEO-c 818 pb-1

FIG. 10: We show uncorrected plots of the h0(q2)H0(q2) for data with D+ → K−π+µ+νµ and

D+ → K−π+e+νe combined. (a) is for events below the nominal K∗0 pole: 0.8 < mKπ <
0.9 GeV/c2. (b) is for events above the nominal pole: 0.9 < mKπ < 1.0 GeV/c2. There is a
strong h0(q2)H0(q2) signal below the nominal pole but no evidence for a non-zero h0(q2)H0(q2)

form factor above the pole. Note the order of magnitude difference in the y-axis scales between
the left and right plots.

FIG. 11: Non-parametric form factor products obtained for the data (multiplied by q2) for ten
evenly spaced q2 bins. The reconstructed form factor products are shown as the points with error

bars, where the error bars represent the statistical uncertainties. The three points at each q2 value
are: filled circles a combined D+ → K−π+µ+νµ & D+ → K−π+e+νe sample, empty squares D+ →
K−π+e+νe only, and empty triangles D+ → K−π+µ+νµ only. The solid curves show our SPD

model. The histogram plots are: (a) q2H2
+(q

2), (b) q2H2
−(q

2), (c) q2H2
0 (q

2), (d) q2h0(q2)H0(q2),
(e) q2H2

t (q
2), and (f) q2H0(q2)Ht(q2).

18



• Full CLEO-c open charm samples:
o 818 pb-1 ψ(3770) for D0D0 and D+D-

o 602 pb-1 √s=4.17 GeV for Ds D*s

• Use hadronic D(s) decay on one side as a tag
o 3 cleanest tags: D0→K-π+, D+→K-π+ π+, Ds+→ϕ π+

• Accompanying electron spectrum gives inclusive S.L. 
branching fraction
o fit spectrum to extrapolate below p = 200 MeV/c

26 May 10 Charm Semileptonic Decays - Karl.Ecklund@rice.edu

Inclusive D and Ds SL decays

21

PRD 81 052007 (2010)
CLEO-c 818+602 pb-1

net four-momentum of the eþe" beam taking the finite
beam crossing angle into account, and ðEDs

;pDs
Þ is the

four-momentum of the tag, with EDs
computed from pDs

and the nominal mass [17] of theDs meson. We require the
recoil mass to be within 55 MeVof the D%

s mass [17]. This
loose window allows both primary and secondary (from
D%"

s ! D"
s ! or D%"

s ! D"
s "

0) Ds tags to be selected. We
veto tag candidates with track momenta below 100 MeV
to reduce the background from D !D% decays (through
D% ! "D).

The "E and "M distributions obtained from data are
shown in Fig. 1. To estimate the backgrounds from the
wrong tag combinations, we use the sidebands of the "E
distribution or the tag mass difference "M ¼ MðDsÞ "

mDs
distribution, where mDs

is the nominal mass [17] of
theDs meson. We define the signal and sideband regions in
Table I. We fit the distributions to a sum of a double-
Gaussian function (for signal) and a second order
Chebyshev polynomial function (for background) to deter-
mine the tag sideband scaling factor stag, which is the ratio
of areas in the signal and sideband regions described by the
background polynomial function. Obtained ST yields and
tag sideband scaling factors are listed in Table II.

B. Signal selection

We form DT candidates from ST candidates by adding a
recoiling charged track that is consistent with coming from
the nominal interaction point. Specifically, the recoiling
track’s point of closest approach to the origin must be
within 5 cm of the interaction point along the beam line
and within 5 mm of the interaction point in the plane
transverse to the beam line. We require the momentum of
the track to be p ' 200 MeV and the angle with respect to
the beam to be j cos#j< 0:80 so that all charged-particle
identification (PID) information (dE=dx, RICH, and E=p)
is available. The signal track in the DT candidate is also
required to be identified as an electron, a charged pion, or a
charged kaon, for further analysis. This is discussed in the
next section.

IV. ANALYSIS

The D (or Ds) semileptonic inclusive spectrum (or
differential decay rate) can be expressed as

dBSL

dp
¼ 1

nD

"ne
"p

¼ 1

nST

"nDT=$SL
"p

; (1)

where nD is the number of D mesons produced, ne is the
number of produced primary electrons in bins of momen-
tum p, nST is the number of ST, "nDT is the electron
candidate yield in bins of momentum, and $SL is the
(momentum-dependent) electron detection efficiency.

FIG. 1 (color online). Tag "E and "M distributions in data (histograms) with fits (solid curves) and background contributions
(dashed lines).

TABLE I. Signal and sideband regions of "E and"M for each
tag mode.

Tag mode Signal (MeV) Sideband (MeV)

!D0 ! Kþ"" "30 ( "E<þ30 "80 ( "E <"50
þ50 ( "E <þ80

D" ! Kþ"""" "25 ( "E<þ25 "65 ( "E <"40
þ40 ( "E <þ65

D"
s ! %"" "20 ( "M<þ20 "55 ( "M<"35

þ35 ( "M<þ55

TABLE II. ST yields and statistical uncertainties in data,
where nSST is the yield in the tag signal region, nBST is the yield
in the tag sideband region, stag is the tag sideband scaling factor

obtained from a fit to tag "E (or "M) distribution, and nST is the
scaled sideband subtracted ST yield.

Tag mode nSST nBST stag nST

!D0 ! Kþ"" 144 260 2258 1.067 141 851) 383
D" ! Kþ"""" 231 429 7748 1.104 222 872) 490
D"

s ! %"" 10 453 807 0.979 9663) 106

MEASUREMENT OF ABSOLUTE BRANCHING FRACTIONS . . . PHYSICAL REVIEW D 81, 052007 (2010)

052007-3
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Electron Identification
• Tracks above 200 MeV/c and |cos θ|<0.8

o electrons identified with dE/dx, E/p and RICH
o efficiency and fake rates measured using data

• π  from KS→ππ; 
• K from reconstructed D+→K-π+π+ decays
• electrons from radiative Bhabha events embedded in data

o High efficiency and low fake rates

22

Ds-meson) decay. The effect of the tag bias can be express
in terms of a ST efficiency ratio

!SL ¼ !DT
!ST

¼ !DT
!0ST

!0ST
!ST

¼ !e!
0
ST

!0ST

!0ST
!ST

¼ !ebtag; (5)

where !DT is the DT efficiency, !ST is the ST efficiency
against generic decays in the recoiling system, !0ST is the
ST efficiency when the recoiling system is the signal semi-
leptonic decays, !e is the signal electron detection effi-
ciency given the tag in the other side is found, and btag is a
measure of tag bias in the efficiency Thus, btag ¼ !0ST=!ST
and !e ¼ !DT=!

0
ST. We expect this effect to be small due to

chosen clean tag modes and low event multiplicity. We
estimate tag biases in MC simulation: btagðD0 ! eþXÞ ¼
0:9965% 0:0017, btagðDþ ! eþXÞ ¼ 1:0017% 0:0021,
and btagðDþ

s ! eþXÞ ¼ 1:0069% 0:0021, where uncer-
tainties are due to MC statistics.

G. Doubly Cabibbo-suppressed decay correction

Because of the doubly Cabibbo-suppressed decay
(DCSD) and quantum correlation [23,24] in coherent
D0 !D0 production at the c ð3770Þ resonance energy, we
need a correction for the observed semileptonic branching
fraction using the !D0 ! K&"þ tag mode. The observed
branching fraction Bobs requires a correction [23,24]

B ðD0 ! Xeþ#eÞ ¼
1þ RWS

1& r2
BobsðD0 ! Xeþ#eÞ: (6)

Here r2 ¼ jhKþ"&jD0i=hKþ"&j !D0ij2 is the ratio of the
DCSD rate to the Cabibbo-favored decay rate, and RWS ¼
"ðD0 ! Kþ"&Þ="ð !D0 ! Kþ"&Þ is the ratio of the time-
integrated DCSD rate to the Cabibbo-favored decay rate.
Using the world average [17] values of these we need a
correction factor ð1 þ RWSÞ=ð1 & r2Þ ¼ ½1 þ ð3:80 %

0:05Þ ( 10&3)=½1 & ð3:35 % 0:09Þ ( 10&3) ¼ 1:0072 %
0:0001.

V. RESULTS

The final electron candidate yields are summarized in
Table III and efficiency-corrected laboratory momentum
spectra are shown in Fig. 3. Also shown in Fig. 3 are the
spectrum extrapolations below the PID momentum cutoff
(200 MeV). The curves shown are obtained with a fit using
the sum of measurements of exclusive channels together
with form-factor models and adding higher-resonance and
nonresonant channels to match the sum of the exclusive
channels with our measured branching fraction. Further
details of the extrapolation procedure are available in the
Appendix. From the fit results, we obtain fractions below
the momentum cutoff of 7.8% for D0, 8.0% for Dþ, and
7.0% for Dþ

s .
At this point, we also consider the secondary electrons

from leptonic decays of Dþ ! $þ#$ and Dþ
s ! $þ#$ as

they produce electrons through $þ ! eþ#e !#$ decay. This
source of secondary electrons is expected to be large in
Dþ

s , so we have included the expected spectrum compo-
nent in the extrapolation. The expected branching fractions
of these secondary electrons from the leptonic decays of
Dþ and Dþ

s are subtracted from the fully inclusive branch-
ing fraction results to obtain inclusive semileptonic decay
branching fractions. The branching fraction for Dþ

s !
$þ#$ decay is taken from Refs. [25,26], BðDþ

s !
$þ#$Þ ¼ ð5:62% 0:41% 0:16Þ%. The size of the expected
secondary electron contribution from the unobserved lep-
tonic decay Dþ ! $þ#$ is based on the known branching
fraction of Dþ ! %þ#% decay [27] scaled by the standard

model decay rate ratio [17] "ðDþ ! $þ#$Þ="ðDþ !
%þ#%Þ ¼ 2:67. We take the uncertainty in the $ ! e

FIG. 2 (color online). The components of the PID efficiency matrix APIDðbjaÞ obtained from data. The matrix describes the
probability of a particle of type a to be identified as a PID type b. We measured the PID matrix in momentum intervals of 50 MeV
(some bins are wider due to low statistics) above the PID momentum cutoff 200 MeV. The cases with a ! b, conventionally called the
fake rate or mis-PID probability, are shown in points with statistical uncertainties. The cases with a ¼ b, conventionally called the
efficiency, are shown as solid lines. The discontinuities at momentum 700 MeV in fake rates and efficiencies are due to the fact that the
RICH information is used for pion and kaon identifications only above 700 MeV.
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Electron Spectra
• Unfold true electron spectrum from π, K & e spectra using 

PID efficiency matrix binned in momentum
o Matrix accounts for smearing from finite momentum resolution

• Subtract backgrounds (γ→ee, π0→γee) using wrong sign 
candidates (9% correction for D0)

23

FIG. 3 (color online). Inclusive laboratory frame electron spectra obtained from data, shown as points with statistical uncertainties.
The vertical dashed lines indicate the PID momentum cutoff at 200 MeV. Extrapolated spectra are shown as solid curves. The dashed
curve in the Dþ

s spectrum plot is the expected contribution from !þ ! eþ"e !"! from leptonic Dþ
s ! !þ"! decay.

TABLE III. Summary of DTyields, statistical uncertainties, and correction procedure explained in Sec. IV. PID yields (Sec. IVA) for
electron candidates (b ¼ e) are shown in the first group for tag signal region (S), tag sideband region (B), right-sign (R), and wrong-
sign (W) bins, where the yields in the sideband region are scaled by the tag sideband scaling factor (Table II) for each tag mode. PID
unfolded (Sec. IVB) electron yields (a ¼ e) are shown in the second group. Tag sideband subtracted (Sec. IVC) electron yields are
shown in the third group, followed by the wrong-sign subtracted yield (Sec. IVD), tracking efficiency-corrected yield (Sec. IVE), and
remaining tag bias (Sec. IV F) or DCSD (Sec. IVG) corrected yield.

D0 Dþ Dþ
s

PID yield, electron candidates
yðb ¼ e; S; RÞ 6618:0% 81:4 24 834:0% 157:6 553:0% 23:5
yðb ¼ e; B; RÞ 41:6% 6:7 332:4% 19:2 24:5% 4:9
yðb ¼ e; S;WÞ 653:0% 25:6 711:0% 26:7 50:0% 7:1
yðb ¼ e; B;WÞ 19:2% 4:5 55:2% 7:8 9:8% 3:1

PID unfolded yield, electrons
yða ¼ e; S; RÞ 7292:4% 90:7 27 304:5% 174:8 608:9% 26:4
yða ¼ e; B; RÞ 47:1% 7:7 370:4% 21:7 27:7% 5:6
yða ¼ e; S;WÞ 682:4% 31:4 812:8% 33:8 56:7% 8:6
yða ¼ e; B;WÞ 21:3% 5:3 65:2% 9:8 11:7% 3:4

Tag sideband subtracted electrons
yða ¼ e; RÞ 7245:3% 91:0 26 934:1% 176:2 581:2% 27:0
yða ¼ e;WÞ 661:1% 31:9 747:6% 35:2 44:9% 9:2

Wrong-sign subtracted electrons 6584:2% 96:4 26 186:5% 179:6 536:3% 28:5
Tracking efficiency-corrected electrons 8361:0% 123:0 33 182:0% 228:2 681:3% 36:4
Tag bias (and DCSD) corrected electrons 8450:8% 124:3 33 125:6% 227:9 676:6% 36:2

TABLE IV. Summary of semileptonic branching fractions. Here Btrunc is the partial branching fraction above 200 MeV, BðeþXÞ is
the extrapolated full branching fraction, andBðXeþ"eÞ is the semileptonic branching fraction after ! ! e correction (forDþ andDþ

s ).
First uncertainties are statistical and the second are systematic due to uncertainties in BðDþ ! !þ"#Þ [27], BðDþ

s ! !þ"!Þ [25,26],
and Bð!þ ! eþ"e !"!Þ [17].

Tag mode BtruncðeþXÞ (%) BðeþXÞ (%) BðXeþ"eÞ (%)

!D0 ! Kþ$& 5:958% 0:084 6:460% 0:091 6:460% 0:091
D& ! Kþ$&$& 14:863% 0:092 16:147% 0:100 16:129% 0:100% 0:000
D&

s ! %$& 7:002% 0:361 7:525% 0:387 6:522% 0:387% 0:079

D.M. ASNER et al. PHYSICAL REVIEW D 81, 052007 (2010)
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Extrapolation & Results
• Sum of exclusive modes used to extrapolate below 

electron ID threshold at 200 MeV
o use BF and Form factors from other measurements

• normalizations float within uncertainties
o higher resonances added to complete inclusive BF

• Use ISGW2 predictions & 100% uncertainties for unobserved modes

• B(eX) is extrapolated to all electron momentum

• B(Xeν) is corrected for D(s)→τν,τ→eνν using measured BFs 

24

B(eX)trunc (%) B(eX) (%) B(Xeν) (%)

D0 5.958±0.084 6.460±0.091 6.46±0.09±0.11

D- 14.863±0.092 16.147±0.100 16.13±0.10±0.29

Ds 7.002±0.361 7.525±0.387 6.52±0.39±0.15

PRD 81 052007 (2010)
CLEO-c 818+602 pb-1



26 May 10 Charm Semileptonic Decays - Karl.Ecklund@rice.edu

Interpretation
• Compare decay rates under 

o Isospin D0↔D+

• consistent with unity as expected 
o SU(3) (Ds↔D+)

• Rate not expected to be equal under SU(3)
• May shed light on heavy quark SL decays in Heavy Quark expansion
• Weak Annihilation* contributions impact extraction of Vub from inclusive 

b→ulν, estimated ~3% of the total rate concentrated at q2max

• Voloshin suggested                      can constrain B+ & B0 differences in 
the kinematic regions used to measure b→ulν and Vub

• Expectations for WA in Ds are larger by ~(mb/mc)3

• CLEO-c measurement suggests the WA contribution to B decays is 
smaller than 3%, perhaps < 1%

o Recent analysis in 
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Γ(D+ → Xe+ν)
Γ(D0 → Xe+ν)

= 0.985 ± 0.015 ± 0.024

Γ(Ds
+ → Xe+ν)

Γ(D0 → Xe+ν)
= 0.828 ± 0.051± 0.025

Γ(Ds
+ → Xe+ν)

Γ(D0 → Xe+ν)

PRD 81 052007 (2010)
CLEO-c 818+602 pb-1
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Summary & Outlook for Charm SL
• Full CLEO-c statistics are partially analyzed

o Form factors and BF in D→Keν, D→πeν, D+→K-π+l+ν
• D→πeν gives a challenge for LQCD FF needed for Vub from B→πeν
• Vcs and Vcd consistent with CKM unitarity (leading uncertainty from LQCD FF)

o Inclusive D0, D+, Ds branching fraction & electron spectrum
• provides some constraints on weak annihilation in Vub extraction

• Additional analysis underway at CLEO-c
o D→ρeν,ηeν,ωeν with full statistics
o Ds exclusive decays: ϕeν,ηeν,ηʼeν,KSeν,K*0eν,f0eν

• (not shown: 310 pb-1 published PRD 80, 052007 (2009); 600 pb-1 on tape)

• B factories have potential to add here
o not shown: preliminary D+→K-π+lν form factors from BaBar

• BES III is now running at ψ(3770) with upgraded detector
o Lint>700 pb-1, aiming for 1 fb-1 by June 2010 ψ(3770) 
o See BES III status talk by H. Li: goal of ~4xCLEO-c statistics
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