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We report a study of the semileptonic decay D° — K%z~ v, based on a sample of 7.9 fb~! of ete™
annihilation data collected at a center-of-mass energy of 3.773 GeV with the BESIII detector at the BEPCII
collider. The branching fraction of the decay is measured for the first time to be
B(D° — Kz p'v,) = (1.373 + 0.020, & 0.023,)%, where the first uncertainty is statistical and
the second is systematic. Based on the investigation of the decay dynamics, we find that the decay is
dominated by the K*(892)" resonance with the branching fraction measured to be
B(D° - K*(892) " v,) = (1.948 £ 0.033,, & 0.036,y) %. We also determine the hadronic form factors
for the D°— K*(892) uy, decay to be ry=V(0)/A;(0) = 1.46=%0.11g, +0.04,
ry = A5(0)/A;(0) = 0.71 £ 0.084, + 0.034y, and A;(0) = 0.609 + 0.008,, + 0.008,,, where V(0)
is the vector form factor and A, ,(0) are the axial-vector form factors evaluated at g> = 0. The A,(0)
is measured for the first time in D° — K*(892)"u"v, decay. Averaging the form factor parameters
that we reported previously in D° — K*(892)~(— K%z~ )e*v, and D° — K*(892)" (= K~ z%)u"y,
decays, we obtain ry = 1.456 £ 0.0404, & 0.0164y, 1, = 0.715 £0.031 3, + 0.014,, and A;(0) =
0.614 £ 0.0054, + 0.004,. This is the most precise determination of the form factor parameters to date
measured in D — K*(892) transitions, which provide the most stringent test on various theoretical models.

DOI: 10.1103/zfxr-dlzg

Semileptonic (SL) decays of D mesons provide valuable
information on the weak and strong interactions within
hadrons composed of heavy quarks [1,2]. The partial decay
rate is related to the product of the hadronic form factor
(FF) describing the effects of the strong interaction in the
initial and final hadrons, and the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [3] element |V )| parametrizing
the mixing of quarks in the weak interaction. Because of
|V ¢s(a)| being tightly constrained by CKM unitarity, studies
of D meson SL decays provide an ideal laboratory to
extract these hadronic FFs. In recent years, there has
been an accumulation of hadronic FF measurements in
D — V¢ *u, decays [4-15], where V and £ refer to a vector
meson and a lepton, respectively. Furthermore, the SL
decay D° — K*(892)~¢*v, also plays a crucial role in
understanding the standard model (SM), as it provides the
most direct way to experimentally extract the value of |V |.
However, such an extraction requires precise theoretical
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knowledge of the hadronic FFs taking into account non-
perturbative quantum chromodynamic (QCD) effects.

In theory, although the study of the D — K*(892)
transition is very challenging, calculations are extensively
carried out by a series of nonperturbative approaches
including lattice QCD [16], light cone sum rules (LCSR)
[17,18], the constituent quark model (CQM) [19,20], heavy
quark effective theory (HQEFT) [21], the combined heavy
meson and chiral theory (HMyT) [22], the covariant light-
front quark model (CLFQM) [23,24], the large energy
chiral quark model (LEyQM) [25], the covariant confined
quark model (CCQM) [26], the relativistic quark model
(RQM) [27], and holographic QCD [28]. In these theo-
retical calculations, one vector FF V(g?) and two axial-
vector FFs A ,(g?), are introduced to describe the effects
of the strong interactions. However, the FF parameters of
ry = V(0)/A;(0), r, = A,(0)/A,(0), and A;(0) in the
D — K*(892) transition predicted by these models [16-28]
differ significantly and vary in the ranges from 1.36-1.60,
0.50-0.92, and 0.57-0.66, respectively. Currently, the
precision in measuring ry and r, is still poor [29], and
no direct measurement of A;(0) is available in
D° - K*(892)"pu*v, decay [29]. Therefore, precise mea-
surements of these FF parameters can provide stringent
tests and rigorous calibrations on various nonperturbative
calculations. Furthermore, these data also represent a
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valuable motivation for updating lattice QCD -calcula-
tions [16].

In the SM, the SL decays of D mesons offer an excellent
opportunity to test lepton flavor universality (LFU) [30,31].
In Refs. [18,20,32,33], it is suggested that observable LFU
violation effects may occur in SL decays via ¢ = s£v,. In
particular, the multiple polarization states of vector mesons
in D — V£"v, decay provide more physical information,
allowing a more detailed search for potential new physics
effects. In recent years, the branching fraction (BF) of

D’ — K*(892) pu*v, and the ratio R’I‘(/f(wz) ={B[D" -
K*(892) p"v,]/B[D° - K*(892)~e"v,]} have been cal-
culated using various theoretical models, leading to differ-
ing expectations. The predicted BF within the SM

framework varies by (1.82-3.09)% [17-27], and R%iSQZ)
is found to be between 0.92-0.95 in Refs. [17,20,24-27,34]
and 0.99 in Ref. [18]. Furthermore, the ratio of the decay
rates (R ) between the longitudinally and transversely
polarized K* fractions in the D — K*(892) u v, decay is
predicted to be sensitive to the pseudoscalar Wilson

coefficient cg) [33], while no corresponding measurement
has been reported yet [29].

The SL decay D° — K’z p"v, was first measured by
the FOCUS collaboration [10], where only the FF ratios ry,
and r, were reported with limited precision. No other
measurements have been performed in the last two decades.
In this Letter, we report the first measurement of the
absolute BF for D° — K%z~ u*v,, and the most precise
measurements of FF parameters ry, r,, and A;(0) in the
decay D° — K*(892)~¢*v,. Throughout this Letter,
charge-conjugate modes are implied unless explicitly
noted. These measurements are performed using a data
sample corresponding to an integrated luminosity of
7.9 tb~! produced at the center-of-mass energy /s =
3.773 GeV with the BEPCII e*e™ collider and collected
by the BESIII detector [35].

Simulated data samples produced with a Geant4-based
Monte Carlo (MC) package [36], which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate background contributions. The simu-
lation models the beam energy spread and initial state
radiation (ISR) in the e*e™ annihilations with the KKMC
generator [37]. The inclusive MC sample includes the
production of DD pairs, the non-DD decays of the
w(3770), the ISR production of the J/y and w(3686)
states, and the continuum processes incorporated in KKMC
[37]. All particle decays are modeled with EvtGen [38]
using branching fractions either taken from the Particle
Data Group [29], when available, or otherwise estimated
with LUNDCHARM [39]. Final state radiation (FSR)
from charged final state particles is incorporated using
the PHOTOS package [40]. The generation of the signal

TABLE L. The selection requirements on AE, the ST yields Ngr
in data, the ST and DT efficiencies, egt and epr, for each of the
six tag decay modes. For epr, the BF of K — 7tz is not
included.

ST mode AE (GeV)  Nip (x10%) €y (%) el (%)
Kin [-0.027, 0.027] 1449.3 + 1.3 65.34(01) 13.88(02)
Ktnaat  [-0.026, 0.024] 19442+ 1.6 40.83(01) 6.96(02)
Ktna® [<0.062, 0.049] 2913.2 +2.0 35.59(01) 7.15(02)
Kontn [<0.024, 0.024] 447.6 + 0.7 37.49(01) 6.05(02)
K n 2%  [-0.068, 0.053] 690.6+ 1.3 14.83(01) 2.89(01)
K*nrtan® [-0.057,0.051] 4509+ 1.1 16.17(01) 2.40(01)

D’ — K%z p*v, incorporates knowledge of the FFs
obtained in this Letter.

Our analysis makes use of both “single-tag” (ST) and
“double-tag” (DT) samples of D decays. The ST samples
are D" events reconstructed from one of their six
hadronic decays as listed in Table I, while the DT samples
are events with a ST and a D° meson reconstructed as
D° - K%z~ p*v,. The BF for the SL decay is given by [12]

Npr _ Npr
ZiNéT (EET/GQT) Nsrést

By = (1)

where Nprst) is the total yield of DT(ST) events,
est = (3_i Nop X epr/€sr)/ 22 Ngr is the average effi-
ciency of reconstructing the SL decay in a ST event,
weighted by the measured yields of ST modes in the data,
and €k and €l are the efficiencies for finding the ST and
the SL decay in the ith tag mode, respectively.

A detailed description of the selection criteria for 7™,
K*,y, 2% K9, and 7° candidates is given in Ref. [12]. The
ST D° mesons are identified using the beam constrained
mass:

Myc =/ (V5/2)? - [P . 2)

where p o is the momentum of the D candidate in the rest
frame of the initial eTe™ system. A kinematic variable
AE = Epo — +/s/2 for each candidate is used to improve
the signal significance for ST D° mesons, where Ejp is the
energy of the D candidate. The explicit AE requirements
for these six ST modes are listed in Table I. The distribu-
tions of the variable My for the six ST modes are shown in
Fig. 1, where maximum likelihood fits to the Mpc
distributions are performed. The signal function is derived
from the convolution of the MC-simulated signal shape
with a double-Gaussian function to account for resolution
difference between simulation and data, where the param-
eters of the double-Gaussian function are floated. An
ARGUS function [41] is used to describe the combinatorial
background shape. For each tag mode, the ST yield is
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FIG. 1. The Mg distributions of the six ST modes. The points
are data, the solid blue curves are the projection of the sum of all
fit components, and the dashed red curves are the projection of
the background component of the fit.

obtained by integrating the signal function over the D°
signal region within 1.859 < My < 1.873 GeV/c?. The
STyields and the ST efficiencies for six ST modes are listed
in Table I. The total ST yield summed over all six ST modes
is Ngr = (7895.8 + 3.4) x 10°, where the uncertainty is
statistical only.

Candidates for the SL decay D° — Kz pu'v, are
selected from the remaining tracks recoiling against
the ST D° mesons. The K meson is reconstructed as a
K9 — 7tz decay with the same selection criteria used in
the ST side. In addition to the two charged tracks
originating from K% decays, the event must contain exactly
two additional tracks with opposite charges. The track
having the same charge of the kaon on the tagging
side is taken as the muon candidate. For muon particle
identification (PID), the dE/dx and time-of-flight
system (TOF) measurements are combined with shower
properties from the electromagnetic calorimemeter (EMC)
to construct likelihoods for electron, muon, pion,
and kaon hypotheses, L,, L,, L,, and Lg. The muon
candidate must satisfy £, > 0.001, £, > L,, L, > Lk,
and L,/(L, + L, + Lg) > 0.3. Additionally, the depos-
ited EMC energy of the muon candidate (EMC,) should be
within 0.1 < EMC,, < 0.3 GeV. The other charged track is
taken as the pion candidate and must satisfy £ > L%,
where £}, and L are PID likelihoods calculated with
dE/dx and TOF measurements for the pion and kaon
hypotheses, respectively. For the ST mode K%z 7™, it is
possible that two combinations are selected for the muon
and pion candidates. Only the combination with the
maximum product likelihoods £, L7 is retained. The back-
ground candidates from D° — K°z% 7z~ (z°) decays recon-
structed as D° — I_(Oﬂ‘;ﬁy” are rejected by requiring the
KOz~ (2°) invariant mass (Mgo,-,+(,0)) to be less than
1.60 GeV/c?, where the 7’ is reconstructed with the
residual photon pairs in the signal side. Background events
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FIG. 2. (a) Fit of the SL candidate events to the U
distribution. Distributions of the five kinematic variables
(b) Mxo,-, (c) g%, (d) cos 0,+, (€) cosOgo, and (f) y for the SL
decay D° — I_(Oﬂ'_/,l+l/ﬂ, where the green dashed curves show the
contribution of the S-wave component. In these plots, the dots
with error bars are data, the red curve or histograms are the fit

results, and the shaded histograms are the simulated background.

containing additional z° mesons are further suppressed by
requiring the maximum energy of any unused photon
(E, max) to be less than 0.15 GeV.

As the neutrino is not detected, we employ the kinematic
variable U s = Eniss — €| Pmiss| t0 obtain information on the
neutrino, where E, ;s and pps are the missing energy and
momentum carried by the neutrino, respectively, and are
defined in the same way as in Ref. [12]. Figure 2(a)
shows the U, distribution of the accepted candidates for
D’ - K% p*v, in data. To obtain the signal yield, an
unbinned maximum likelihood fit to the U, distribution is
performed. In the fit, the signal is described with a shape
derived from the simulated signal events convolved with a
Gaussian function, where the mean and width of the Gaussian
function are determined by the fit. The peaking background
from D° — K%z~ 7" 7% is modeled using the MC-derived
shape. The other combinatorial background contribution is
described using the shape obtained from the inclusive MC
simulation. The yield of D — K’z u*v, events is
Npt = 6796 + 98, where the uncertainty is statistical only.

The DT efficiency €}y for each tag mode is summarized
in the last column of Table I, and the average efficiency of
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reconstructing SL decay, eg, is estimated to be
(18.98 & 0.01)%. The difference of the K% reconstruction
efficiencies between data and MC is estimated to be
—(1.8 £ 0.6)%, taking into account the systematic uncer-
tainties due to the tracking efficiencies for the charged
pions, the K§ mass window, and decay length require-
ments. The difference due to the u PID efficiency between
data and MC is estimated to be —(2.8 + 0.4)% evaluated
using the control sample of e™e™ — yutu~ decay. Hence,
eqr, 1s further corrected by —1.8% and —2.8%, giving
(18.12 £ 0.01)% [42]. The BF of the decay is measured to
be B(D° - I_(Ozz‘,uﬂ/”) = (1.373 £ 0.0204, ) %.

Because of the DT technique, the BF measurement is
insensitive to the systematic uncertainty in the ST effi-
ciency. The uncertainty on the muon tracking (PID)
efficiency is estimated to be 0.3% (0.4%) by studying a
sample of eTe™ — yuTu~ events. The uncertainty due to
the pion tracking (PID) efficiency is estimated to
be 0.3% (0.3%) using control samples selected from
D’ - K=zt (7% 2t7n") and D' — K-ztz*(z"). The
uncertainty from K9 reconstruction is 0.6%, determined
with control samples selected from D° — K'z% 7™,
Kztn 7% K%%2°, and Dt - Kzt KOzt 7% Kontntn—.
The uncertainty associated with the E, ,,,, requirement is
estimated to be 0.7% by analyzing DT D°D° events where
D° mesons decay to hadronic final states of D° — K=z,
K 7t7°, and K-zt7z*7x~. The uncertainty due to the
M gog-,+ (o) Tequirement is estimated to be 0.9% evaluated

using a control sample from Dt — K~ ztety, with the
positron mass substituted by the y mass. The uncertainty
due to the modeling of the signal in simulated events is
estimated to be 0.7% by varying the input FF parameters
determined in this Letter by +16. The uncertainty asso-
ciated with the fit to the U, distribution is estimated to be
0.6% by varying the fitting ranges and the shapes, which
parametrize the signal and background candidates, where
an asymmetric Gaussian function is used as an alternative
signal function. The uncertainty associated with the fit of
the My distributions used to determine Ngr is 0.1% and is
evaluated by varying the bin size, fit range, and background
distributions. Further systematic uncertainties are assigned
due to the statistical precision of the simulation,
0.3%, and the input BF of the decay K% — z*7~, 0.1%.
The systematic uncertainty contrlbutlons are summed
in quadrature, and the total systematic uncertainty
on the BF measurement is 1.7%. Finally, we obtain
B(D° — I_{Oﬂ‘/ﬁuﬂ) = (1.373 £0.02044, +0.023y) %.
The differential decay rate of D” — K’z u*v, can be
expressed in terms of five kinematic variables: the squared
invariant mass of the Kz~ system (m2 %0.-)» the squared
transfer momentum of 4" and v/, (g%), the angle between 7~
and the D direction in the K%z~ rest frame (f0), the angle
between v, and the DY direction in the ,u*u,l rest frame (6,,),
and the acoplanarity angle (y) between the two decay

planes of K%z~ and yu*v,. The differential decay rate is
expressed as [43,44]

GHV.s|?
dSF_ (471_) Xﬂﬁﬂ ( KO 77q 61(079/4’)()
x dmz, _dqzdcos Ogod cos 0,dy, (3)

where X = pgo,-mpo, f=2p* /mgo,-, f, = (1 = my/q?).
Furthermore, pgo,- is the momentum of the K°z~ system
in the D rest frame, p* is the momentum of K in the Kz~
rest frame, m, (mpo) is the known p (D% mass [29], and G
is the Fermi coupling constant. The detailed expression of
7 is documented in Supplemental Material [45].

To extract the FF parameters, an unbinned five-
dimensional maximum likelihood fit to the distributions
of mgo,-, g%, cos Ogo, cosf,+, and y for the signal
candidates within —0.02 < UmlSS < 0.02 GeV is performed
in the same manner as in Ref. [12]. The parameterization of

the S-wave phase takes the form of §5(m) = 51/2 [12]. In
the fit, the FF ratios ry and r,, the mass M g-(g92)- and width

[+ (392)-» the relative intensity rg, scattering length as,ée’

()

and the dimensionless coefficient rg are set to be free

variables, while the effective range bS sg s fixed to
—0.81 (GeV/c)™!, taken from Ref. [9]. The projected
distributions of the fit onto the fitted variables are shown
in Figs. 2(b)-2(f). The fit results are summarized in
Table II. The goodness of the fit is estimated as in
Ref. [12] and y*/ndof is evaluated to be 115.9/101.

The fit fraction of each component can be determined by
the ratio of the decay intensity of the specific component to
that of the total intensity. The fractions of S wave and P
wave [K*(892)7] are  fgwave = (5.35 £ 0.87 )%
and  f-(392)- = (94.60+0.87,)%, respectively, where
the uncertainty propagation includes correlations among
the underlying parameters. The systematic uncertainties
of the fit parameters and the fractions of S-wave and
K*(892)~ components are defined as the difference
between the nominal fit and the alternative fits with varied
conditions. The systematic uncertainties due to the require-
ments on E, yac, M go,-,,+(,9), fpip, background subtraction,
tracking and PID, the possible D-wave component, and the
fixed bé,/éc are evaluated in the same way as in Ref. [12].
The systematic uncertainty for each source is documented
in Supplemental Material [45]. The total absolute system-
atic uncertainty for each fit parameter is also listed in
Table II.

The value of A,(0) is obtained by integrating Eq. (3),
restricted to the K*(892)~ contribution, over the three
angles:
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TABLE II. The fit results, where the first uncertainty is
statistical and the second is systematic.
Variable Value
MK 892 (MeV/Cz) 8927 + 0.5 + 01
FK (892)~ (MCV) 45.6 £ 0.8 £ 0.1
rg (GeV)™! —12.44 £2.40 £ 3.04
aé/éG (GeV/c)_l 3.33 £0.53 £ 1.06
(Sl) 0.06 =0.20 £+ 0.26
ry 1.46 £0.11 £ 0.04
7 0.71 £0.08 + 0.03
a’r 2X, G2|V,?
I 7171(0
dqzde0 _ 9 (4z)°m mo, 4
X B(|F 1> + 1 Ful* + 1 Ful?).
(4)
where X, = (1 —m3/q*)*[1 + m;/(2¢%)]. The formulas

for the FFs Fj,;3, are given in Ref. [12]. The two-
dimensional integration over m>2 %o, and g®> in Eq. (4) is
constrained by the decay width I'[D° — K*(892) u"v,],
which is derived by the measured B[D° — K*(892)~u'tv,]

and the DO lifetime 7,0 = 410.3 4+ 1.0 fs [29]. We then
obtain  A;(0) = 0.623 + 0.008, 4 0.008,, which is

measured for the first time using the decay
DY - K*(892) utv
In summary, with 7.9 fb=! of e*e~ annihilation

data collected at +/s =3.773 GeV by the BESII
detector, the absolute BF of D° — K%z~p"v, is measured
for the first time to be B(D°— Kz p'v,)= (1373 £
0.0204, £0.023,,)%. By analyzing the dynamics of the
D’ = K Oﬂ‘/ﬁyﬂ decay, the S-wave component is measured
with a fraction fgyae = (5.35 4 0.874, £ 0.714y4) %,
leading  to  B[D" = (K7 )gyaet v,) = (0.073 £
0.0124 £ 0.0104y5) %. The P-wave component is observed
with a fraction of f g+ (g2)- = (94.60 £ 0.87 . £ 0.71) %,
and the corresponding BF is given as B[D’ —
K*(892)~utv,] = (1.948 £ 0.033, & 0.0364)%  with
B[K*(892)" — K°2~] = 2/3 under the assumption of the
isospin symmetry. The FF ratios in the D° — K*(892)~u*v

decay are determined to be ry = 1.46 &+ 0.11, & 0.044
and r, =0.71 £ 0.084, + 0.03,. Meanwhile, using
the FF parameters measured in this Letter, we also deter-
mine the ratio of partial widths for longitudinal and trans-
verse K* polarizations as defined in Refs. [24,33] to be
Ry =T /Tp = 1.21 £ 0.05,; ys> and the ratio of partial
widths for positive and negative helicity defined in Ref. [24]
to be Ry )_=T,/T'_ =028 =% 0.03y, s for the decay
D° — K*(892)" p* v, for the first time. These results provide

T T T T T T T T T T T T T
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(';ﬁ:“M 20084y B LCSR  0.5710% bt
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FIG. 3. Comparisons of the measured B[D° — K*(892) p"v,,]
and A, (0) with various theoretical calculations from the Lattice
QCD [16], LCSR [17], LCSR 2 [18], CQM [19,20], HQEFT
[21], HMyT [22], CLFQM [23,24], LEyQM [25], CCQM [26],
RQM [27], hQCD [28], yUA [34], and measurements from
FOCUS [10], BESIII [13], and PDG averaged results [29].

important information in evaluating the pseudoscalar Wilson

coefficient cg) as in Ref. [33].

Averaging the results of ry, r, and A(0) reported
previously in Refs. [12,13], we obtain the most precise
measurements of FF parameters ry, = 1.456 + 0.0404,, *+
0.0164y, 5 = 0.715 4 0.03 1, & 0.014,;, and A;(0) =
0.614 + 0.0054, & 0.004y in the D° — K*(892)~ tran-
sition. The comparisons of the B[D" — K*(892) u"v,],
A;(0), ry, and r, between this measurement and theoretical
calculations [16-28] are shown in Figs. 3 and 4. The central
values calculated from the CQM [19,20], CLFQM [23,24],
and CCQM [26] differ by more than two standard devia-
tions with respect to the mean value of our measured BF.
Thus, our measurement disfavors these predictions at a
confidence level (CL) of more than 95%, while the
measured ry, and r, in this Letter disfavor the central
values calculated from the HMyT [22], CLFQM [23,24],
and RQM [27] by more than 3 standard deviations.
Furthermore, using the B[D° — K*(892)"¢*v,] and
B(D® — K%z~ e*v,) measured in Ref. [12], we obtain
the relative ratios between y and e channels to be

1.2 T T —
: x This Letteli
L +CQM ]
1.0 HMyT —
i S 4LCSR ]
L D SR 4 CLFQM |
0.8 : ] 4+ CCQM
~ - H O %y B
S L B ¥ B * RQM i
L LQCD A
0.6 _‘¥— — S HQEFT |
L % LEyQM ]
- * hQCD -
04— —
C 1 " 1 " " " " 1 ]

1.0 1.5 2.0

Iy

FIG. 4. Comparisons of the measured ry and r, in this Letter
with various theoretical calculations [16-28]. The correlation
coefficient between the measured ry and r, is —0.17.
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These ratios are in good agreement with the calculations in
Refs. [17,20,24-27,34], but disfavor the calculation in
Ref. [18] at 68% CL. The results presented in this Letter
provide the most powerful tests and constraints on various
theoretical calculations, especially in QCD theories, and
play an important role in understanding the dynamics of
SL decays of charmed hadrons in the nonperturbative
region.
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