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1. Introduction

Semileptonic decays are excellent processes with which to measure Standard Model (SM)
parameters and to test theoretical calculations and models. This article briefly summarizes four
measurements of semileptonic decays of charmed and charmed-strange mesons with data taken
with the CLEO-c detector [[I], ], Bl]. Section P]introduces event reconstruction techniques common
to the measurements. Section | describes measurements of the partial rates of the decays D® —
T € Ve, D? — K—€TVe, DT — 1% Ve, and DT — K0T v, in several bins of the invariant mass
of the lepton-neutrino system, g>. The measured partial rates are compared to the predictions from
lattice quantum chromodynamics (LQCD) and used in fits to models of form factors f+(q2) [H].
Section f| summarizes the measurements of the absolute branching fractions of D semileptonic
decays where the hadron in the final state is one of @, 1, n’, K, K*0(892), or f5(980) [[]. Section
outlines a detailed study of the decays DI — (980)e™ Ve and DI — @€' ve. The decay rates are
studied as functions of g2, and the mass and width of the f;(980) are measured [f]]. Section
reviews the measurements of the inclusive semileptonic branching fractions of D?, D*, and D&
mesons [[7]]. Unless otherwise stated, charge conjugate modes are implied throughout this article.

2. Event reconstruction techniques

The measurements described in this article used two open charm data samples collected with
the CLEO-c detector. Measurements of semileptonic decays of D and D™ mesons (Sections
and f]) are based on the /(3770) — DD sample. The measurements of semileptonic decays of D
mesons (Sections E, , and E[) are based on a sample collected in e"e~ collisions at a center of
mass (CM) energy near 4170 MeV. At this CM energy, the cross section for €€~ annihilation into
DEDST is approximately 0.9nb [§]].

Each of the measurements relied on a tagging technique in which one of the charm mesons
in the event, designated the ‘tag’, was fully reconstructed in one of a set of decay modes. The
semileptonic decay under study was reconstructed in the system recoiling from the tag. In addition
to low levels of backgrounds, the resulting tagged sample has a known number of D°DO, D*D, or
DZ DT that provides an absolute normalization for semileptonic branching fractions.

The details of the tag selection for each measurement are fully described in their respective
publications [H, B, 8, [ll. After basic reconstruction and particle identification criteria, backgrounds
in the reconstruction of D~ and DO tags were reduced with cuts on the difference between the
reconstructed tag energy Eg,, and the beam energy Epeam, AE = Epeam — Erag, and on the beam con-
strained mass, Mpc = (EZ,,,/C* — |Pug|?/C?)!/2, where Py, is the reconstructed tag momentum.
Figure shows the distributions of Mgc for the three DO tag modes and the six D™ tag modes
used in the partial rate measurements of D — K /7" ve (Section [, Ref. [f]]). The inclusive D°
and D' semileptonic branching fraction measurements each used a single very clean tag mode,
DO — Kt and D~ — K+ 7 1T respectively (Section f. Ref. [[D.

A tag Dy in the 4170 MeV sample may have been directly produced in a DT Dy event, or it
may have been the product of a D~ decay in a DI D%~ event. For the latter, Mpc peaks broadly
due to the photon in the tag side, so it was used as a coarse selection variable. More general
background discrimination was obtained by identifying candidate photons produced by DT decays
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Figure 1: Mass distributions used in the measurement of tag yields. A) D™ and DO tags at (3770).
Mg distributions in data (points), with fits (solid lines) and background contributions to fits (dotted
lines). The vertical lines show the limits of the Mpc signal regions [E]. B) Dg tags at 4170 MeV.
The MM*2 distribution from events with a photon in addition to the Dg tag for the modes: (a)
KTK=m, (b) KEK™, () nrr—, (d) n'mr, (e) KTK—m 0, () mhm -, (g) K*~(892)K*0(892),
(h) np~, () n'm, n’ — " y. The curves are fits to Crystal-Ball functions and two 5th order
Chebychev background functions [P]].

and measuring the missing mass-squared recoiling against the y-tag system MM*2,

MM*? = (Ec. — Ep, —Ey)® — (Pec — Po. — Py)°, 2.1)

where (Eee,Pee) is the net four-momentum of the €€ interaction taking the beam crossing angle
into account, (Ep,, pp,) is the four-momentum of the tag Dg, and (Ey, py) is the four-momentum of
the candidate DT daughter photon. Regardless of whether the photon was produced with the tag
or signal meson, MM*2 peaks at the DJ mass squared for correctly reconstructed DZDZT events.
Figure shows the MM*2 distributions for the nine tag modes used in the DS+ — f0(980)€et ve
study (Section [, Ref. [A]). The absolute branching fraction measurements (Section [l Ref. [f]))
used the same nine tag modes, but approximately half of the full data sample. The inclusive Dg
semileptonic branching fraction measurement used a single clean tag mode, Dy — @1~ (Section fi,

Ref. [f7]).

3. Partial rates of D meson semileptonic decaysto rmand K

We measured the partial rates of the four charm decays D — et ve, DY — K—et v, DT —
et Ve, and DT — KOe" v as functions of P [H]. For semileptonic decays in which the initial and
final state hadrons are pseudoscalars and the lepton mass is negligibly small, the strong interaction
dynamics can be described by a single form factor f, (g?). The rate for a D semileptonic decay
with final state meson P is given by

dr (D — Peve) _ XG% Veus)

o7 oyl LA C ] 3.1)
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Figure 2: 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 [ff].

where G is the Fermi constant, Veq(g) is the relevant CKM matrix element, p is the momentum of
the daughter meson in the rest frame of the parent D, and X is a multiplicative factor due to isospin.
The isospin factor X in Equation is equal to 1 for each of the modes except D — et v,
where itis 1/2.

In the full 818pb~! CLEO-c W@(3770) data set, we selected tagged events by reconstructing
three DO tag modes and the six D~ tag modes as described in Section P Semileptonic signal
candidates were formed from positron and hadron candidate pairs in the system recoiling against
the tag. Although the neutrino daughter is not detected, its energy and momentum, and hence g7,
can be inferred from the missing four-momentum of the event (Ep;gs, Pmiss). We partitioned the
candidates into bins of g and extracted the signal yields independently for each ¢ bin and tag
mode with a fit to the variable U = Eyjss — C|Phiss|, which peaks at zero for correctly reconstructed
signal events. Figure P] shows the resulting partial rates for each tag mode and averaged over the
tag modes.

To extract form factor parameters, branching fractions, and the magnitudes of CKM elements
Vg and Vs we fit the partial rate results using Equation 3.1 and a parameterization of the form factor
f, (g?). We performed x? fits using each of five parameterizations: the simple pole model [[[0]], the
modified pole model [], the series expansion of [E] carried out to first order in the expansion
variable z(Q?,ty), the series expansion carried out to second order in z(g?,ty), and the ISGW2
model [[[J]. We took the second order series expansion as our nominal fit for further analysis.
The fits with the other parameterizations test the underlying assumptions of the respective models
and facilitate comparisons of our results with previous analyses. As long as the normalization
Ved(s)| f+-(0) and at least one shape parameter were allowed to float, all models described the data
well. Integrating our nominal fit over ¢° we obtained branching fractions for each mode

(D% — e ve) = (0.28840.008 +0.003)%, (3.2)
(D" — K~ e"ve) = (3.50-£0.03£0.04)%, (3.3)
(DT — e ve) = (0.40540.016 40.009)%, (3.4)
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Figure 3: f, (g?) comparison between isospin conjugate modes and with LQCD calculations (3,
]. The solid lines represent LQCD fits to the modified pole model [E]. The inner bands show
LQCD statistical uncertainties, and the outer bands the sum in quadrature of LQCD statistical and
systematic uncertainties [.

and (DT — K" ve) = (8.83+£0.100.20)%, (3.5)

where the first uncertainty is statistical and the second is systematic.

If isospin is an exact symmetry, the form factors for D® — 7T~ €"ve and DT — 1" v, are ex-
pected to be identical, as are those for D® — K~ et vg and DT — K%' ve. We performed combined
second order series fits to these isospin conjugate pairs and extracted magnitudes of the CKM
matrix elements [Veg| and |Ves| from the resulting [Veq()| f1(0). Using LQCD measurements of

f1(0) (13, [4]l, we found

Ved| = 0.2344+0.007 £0.002 £0.025, 3.6)
and |Vgs| = 0.985+0.009 4+ 0.006 £ 0.103, 3.7

where the third uncertainties are from f, (0). These are in agreement with those reported by the
Particle Data Group based on the assumption of CKM unitarity [[[3]. Lastly, we obtained f, (g?)
at the center of each of our g* bins using the Particle Data Group values for Ved(s)| and compared
these to the results of LQCD calculations [[13, f]. Figure B| shows that they are in good agreement,
but that our measurements have significantly smaller uncertainties.

4. Absolute branching fraction measurementsfor exclusive Dg semileptonic decays

We measured the absolute branching fractions of D semileptonic decays where the hadron in
the final state was one of @, n, ', K, K**(892), or f(980) [§]. Tagged events were selected in a
data sample of 310pb~! collected at a CM energy near 4170 MeV by reconstructing nine Dg tag
modes as described in Section . For any given tag-photon combination, we sought a candidate €™
and a candidate from the set of hadrons in the recoiling system. In each case we required that the
event had no unused tracks, and that the tag and semileptonic candidate had opposite charge.

For each y candidate in each event, we performed two kinematic fits, one assuming that the y
combines with the tag to form a D™, the other assuming that the semileptonic decay comes from
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Signal Mode P (%) Signal Mode B (%)
DS — petve 229 +0.37 £ 0.11 DI — K%t v, 0.37 £ 0.10 £ 0.02
D — netve 248 +£0.29 £0.13 DS — K*0(892)e" ve 0.18 £ 0.07 £ 0.01
D — n'etve 0.91 +0.33 £ 0.05 DS — f0(980)e" ve 0.13 +0.04 + 0.01

Table 1: The derived branching fractions including the systematic errors for the six semileptonic
channels studied. The D — f((980)e" ve branching fraction quoted represents the product branch-
ing fraction (D¢ — (980)e™ ve) x AB(f((980) — 1" 11 ), which is the dominant decay mode

in [[[3].

a DZ*parent. We chose the photon and hypothesis with the smallest x> and calculated the event
missing mass squared MM? defined as

MM? = (Eéy — Ep, — Ej — B — Efaa)” — (—Pb, — Pi— P5 — Piaa) 4.1)

where (Eg, pg) is the four-momentum of the positron candidate and (E;,;, P;.,q) is the four-momentum

of the hadron candidate in the CM system. For signal events, MM? is the Ve invariant mass squared
and thus it peaks at zero. The signal yield nio“Sig were determined for each signal decay i and
each tag mode @ by subtracting the background under the signal peak in [MM?| < 0.05 GeV2. We
[

evaluated exclusive branching fractions from ng, .

through the relationship

i
. ZOI na,sig
- i ad ’
& (Y aNa) B

[ 4.2)
where siSL represents the average efficiency for finding the exclusive semileptonic decay in the tag
sample used (estimated from Monte Carlo), Ny is the number of tags in mode a, and %ihad is the
branching fraction for the final state in which the hadron i was reconstructed. The resulting absolute
branching fraction measurements with statistical and systematic uncertainties appear in Table [I.

5. Semileptonic decays D — (980)e* ve and DI — @et ve

We studied the semileptonic decays D — f((980)e" Ve and D — @e™ Ve in more detail with
the full 600pb~—! CLEO-c data set near CM energy 4170 MeV [A]. Our measurements include
improved branching fractions, a form factor fit for the decay D — f;(980)e™ Ve, and a measure-
ment of the mass and width of f((980). Section [ describes the selection of tags. The final states
f0(980)e™ Ve and @e’ Ve were reconstructed opposite to these tags with selection criteria similar to
those for the absolute branching fraction measurements of Section fi}

For the form factor measurements, we combined the tag modes and separated the data into
five ¢ bins on which we performed fits to the mass distributions. After correcting the yields for
reconstruction efficiencies, we fit the resulting fo(980)e Ve partial rates using a modified form of
Equation B.1] to account for the finite width of the f;(980) [[[]. A simple pole model was assumed
for f..(¢?). The fit appears in Figure fla, and the estimated pole mass is (1.77¢3 +0.2)GeV. For
@e’ Ve, we used fixed form factors measured by BABAR [[[7]], and fit to determine independently
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Figure 4: The ¢f distributions for (a) D — fo(980)e* Ve fit to a function allowing a varying
pole mass and (b) DI — @e™ ve fit to a function with form factors fixed to those measured by

BABAR [[[7] [B].

our decay rate at ¢ equal to zero (Figure Ab):

& (DS — f0(980)€" Ve, fo(980) — 11" 1) |p_g

de?
o (DS — get Ve, 9 — KHK-)]

= (424 11)%. (5.1)
q*=0

Stone and Zhang to have predicted that this ratio is equal to the ratio I' (Bs — J /¢ f5(980), fo(980) —
) /T (Bs— J/Y@,@ — KTK™) [[[§]. Our measurement is encouraging for the prospects of
CP violation measurements with Bs — J/ ¢ f,(980).

Our updated absolute branching fraction measurement for D — f;(980)e" ve is

B(Dd — 10(980)e" ve) B (((980) — 1" 1) = (0.2040.034+0.01)%, (5.2)

which is consistent with, though somewhat larger than, the result from Section ff] (Table [[)) measured
with half of the amount of data. Taking a ¢ — K"K~ branching fraction of (49.2+0.6)% [[[3], we
obtained

B(Dd — et ve) = (2.364+0.23+0.13)%, (5.3)

which is consistent with the previous result (Table [I)). Finally, we fit the 717 77~ invariant mass
distribution for the collected f;(980)e" Ve data with a relativistic Breit-Wigner function modified
by phase space effects to measure the mass and width of f((980) to be

Mi,(980) = (97755 £1)MeV,
and To = (91739+3)MeV. (5.4)
6. Inclusive semileptonic decays of charm and char med-strange mesons

We used the complete CLEO-c open charm data sets, 818 pb~! near the Y(3770) resonance
and 602pb~! at CM energy 4170 MeV, to measure the inclusive semileptonic branching fractions
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Figure 5: 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 D spectrum plot is the
expected contribution from T™ — e€*vgV; from leptonic D — T v; decays [[]].

D% — Xe"ve, D — Xe' Ve, and D — XeTve [[Al. As described in Section P, three very clean
single tag modes composed of only charged particles were used: DO —K*tm,D —Ktmm,
and Dg — @m.

Double tag events for further analysis were identified by adding a recoiling charged track
opposite to the reconstructed tag. We required the momentum of the track to be p > 200MeV and
the angle with respect to the beam to be |cos 8| < 0.80 so that all charged-particle identification
(PID) information (dE/dx, RICH, and E/p) was available. The track was also required to be
identified as an electron, a charged pion, or a charged kaon.

The D or Dg semileptonic inclusive spectrum (or differential decay rate) can be measured as

ldFSL_ 1 An_ 1 Ay/ESL

rdp nmpAp ngt Ap

6.1

where Np is the number of D mesons produced, n is the number of primary electrons in bins of
momentum P, Nst is the number of single tags (ST), y is the electron candidate yield in double
tag events in bins of momentum, and &g, is the electron detection efficiency. We measured the
yields y with a generalized unfolding method that corrects for resolution and misidentification
effects. After additional corrections for doubly Cabibbo-suppressed tag decays in the D — Xet v
analysis, for the expected contributions from Dzrs) — 17Ty, 77 — etveU; in DY — XeT v, and
Dg — Xe've, and for possible biases produced by the double tagging method in all modes, we
obtained the inclusive laboratory frame semileptonic spectra show in Figure f| The curves used
to extrapolate the spectra below the 200 MeV momentum cutoff were obtained with a fit using the
sum of measurements of exclusive channels together with form-factor models and adding higher-
resonance and non-resonant channels to match the sum of the exclusive channels with our observed
inclusive branching fraction.
Our measured inclusive semileptonic branching fractions for charm and charmed-strange mesons

are

B(D° — XeVe) = (6.46+0.094+0.11)%, (6.2)
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RB(DT — Xetve) = (16.13+£0.1040.29)%, (6.3)
and (DI — XeVe) = (6.5240.3940.15)%. (6.4)

Using known [[[3] lifetimes Tpo, Tp+, and Tps We obtained the ratios of semileptonic decay widths

(DT — Xetve)
(DY — Xefve)
(
(

= 0.985£0.015+0.024 (6.5)

DO
(D4 — Xetve)

d
M T (DO = Xeve)

= 0.828 £0.051+0.025. (6.6)

The first ratio shows that charged and neutral charm meson semileptonic decay widths are con-
sistent with isospin symmetry. The second indicates that there is a difference between charm and
charmed-strange mesons semileptonic decay widths.

7. Conclusion

Quantum correlated production of charm and charmed-strange mesons at CLEO-c provide
excellent conditions under which to measure properties of semileptonic decays and test the predic-
tions of LQCD. This article has reviewed four of our recent results with this superb data set.
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