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By analyzing 7.93 fb~! of eTe collision data collected at the center-of-mass energy of 3.773 GeV with
the BESIII detector operated at the BEPCII collider, we report the observation of the semimuonic decays of
D" — K;(1270)°%"v, and D° — K(1270) u"v, with statistical significances of 12.5¢ and 6.0c,
respectively. Their decay branching fractions are determined to be B[D* — K;(1270)%u"v,] = (2.36 +
0.2015,% +0.48) x 1073 and B[D® — K,(1270) utv,] = (0.78 £ 0.111005 +0.15) x 1073, where the
first and second uncertainties are statistical and systematic, respectively, and the third originates from the
input branching fraction of K,(1270)° — K~z 2° or K,(1270)~ — K~z z~. Combining our branching
fractions with the previous measurements of B[D* — K(1270)°e*v,] and B[D® — K,(1270)"e*v,], we
determine the branching fraction ratios to be B[D" — K,(1270)°%u"v,]/B[D" — K(1270)%"v,] =
1.03 +£0.14501 and B[D® - K,(1270)"u*v,]/BD° — K,(1270)"e*v,] = 0.74 £ 0.13X515.
the branching fractions measured in this work and the world-average lifetimes of the D+ and D° mesons,

Using

we determine the semimuonic partial decay width ratio to be I'[D" — K;(1270)°%u"v,]/
I'[D° - K,(1270)"u*y,] = 1.22 £ 0.102355, which is consistent with unity as predicted by isospin

conservation.
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Experimental studies of the semileptonic (SL) decays of
charmed mesons are important to deeply understand non-
perturbative strong-interaction dynamics in weak decays.
The SL D transitions into K (1270) offer an clean window
to access the K(1270) and K, (1400), which are mixtures
of the 1°P; and 1'P; states of K, with mixing angle 6 .
The determination of O, is essential for the theoretical
description of 7 [1], B [2,3], and D [4-6] decays into axial-
vector strange mesons. Throughout this paper, charged-
conjugate modes are implied and K, denotes K;(1270)
unless stated otherwise.

Branching fractions (BFs) for D*(©) — K,/%v,(¢ = e
or u) were calculated in the Isgur-Scora-Grinstein-Wise
(ISGW) quark model [7] and its update with ISGW?2 [8].
The BFs for D™ — K\utv, and D° — K \u"v, were
predicted to be 0.1% and 0.3%, respectively. However,
this model ignores mixing between 'P; and P, states.
Recently, the BFs of DT — K /v, were calculated
with other theoretical approaches, including three-point
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quantum chromodynamics (QCD) sum rules (3PSR) [9],
the covariant light-front quark model (CLFQM) [10],
and light-cone QCD sum rules (LCSR) [11]. In general,
the predicted BFs range from 10~ to 1072 [9-12], and
are sensitive to both the amplitude and sign of O .

Measurements of the BFs of Dt(0) - K W' v, are impor-
tant to test these theoretical calculations, to explore the
nature of axial-vector strange mesons, and to understand
the weak-decay mechanisms of D mesons.

Lepton flavor universality (LFU) is a basic feature of
the standard model (SM), in which the couplings between
the three families of leptons and the gauge bosons are
independent of lepton family. Nevertheless, a few hints
of tension between experimental measurements and SM
predictions have been reported in some cases, including SL
B decays [13] and the Cabibbo-angle anomaly [14,15].
Intensive tests of LFU in different SL decays of heavy
mesons are important to understand these anomalies.
Reference [16] notes that there may indeed be observable
LFU violation effects in the SL decays mediated via

¢ — sfTv,. In the SM, the ratio Rf/‘e = Bp_kyuv,/
Bp_k e+, 1s predicted to be 0.95-0.99 [9-12]. To date,

no experimental study of the semimuonic D™ decays
into axial-vector mesons has been reported, and LFU in
the SL D' decays into axial-vector mesons has
never been tested [17]. Observation of the decays and
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measurements of the BFs of D' — K{u'v, and
D’ > K Tu v, offer an important opportunity to test
u— e LFU.

This paper reports the first observation of D™ — K{u*v,
and D° — K7u"v, by using an e*e™ collision data sample
corresponding to an integrated luminosity of 7.93 fb~!
[18], recorded at the center-of-mass energy of /s =
3.773 GeV with the BESII detector [19]. Using our
BFs and the world average BFs of Dt — K%etv,, we
provide the first test of the u — e LFU with D" — K{¢%v,.
Combining the BFs of D™ — K", and D° - Kyu"v,
with the lifetimes of the D' and D, we test isospin
invariance in D — K u"v, decays.

A description of the design and performance of the
BESIII detector can be found in Ref. [19]. The end cap
TOF system was upgraded in 2015 using multigap resistive
plate chamber technology, providing a time resolution
of 60 ps [20], which benefits 67% of the data used in
this analysis.

Simulated data samples are produced with a Geant4-based
[21] Monte Carlo (MC) toolkit including the geometric
description of the BESIII detector and the detector
response. The simulation includes the beam energy spread
and initial state radiation (ISR) in the e"e™ annihilations
with the generator KKMC [22]. In the MC simulation, the
production of open-charm processes directly produced
via ete” annihilations are modeled with the generator
CONEXC [23]. The ISR production of vector charmonium
(like) states and the continuum processes are incorporated
in KKMC [22]. All particle decays are modeled with
EvtGen [24] using BFs either taken from the Particle Data
Group [25], when available, or otherwise estimated with
Lundcharm [26]. Final state radiation from charged final state
particles is incorporated using PHOTOS [27]. The signal MC
events of D — K=z+ 7% )uty, are generated with a
special MC generator developed from the amplitude
analysis of DT — K=zt 720)ety, [28].

This work analyzes the eTe™ — y/(3770) — DD decay
chain. The single-tag (ST) candidate events are selected by
reconstructing a D~ or D in the hadronic final states
D~ - Ktnrn, Kgﬂ_, Ktn 9, Kgﬂ'_ﬂ(), Kgﬂ+ﬂ_ﬂ_,
KtK 7=, or D° > Kt7n~, KT 7°, K7 7~ x". These
inclusively selected candidates are referred to as ST
D~ (D) mesons. In the presence of the ST D~ (D°)
mesons, candidates for the signal decays are selected to
form double-tag (DT) events. The BF of the semimuonic
decay is determined by

B, :NDT/(NtSO”lt“’gsig'BKl)’ (1)

where N and Npr are the total STand DTyields in the data
sample, &g, = Z;[(ehrNgr)/ (e5N )] is the efficiency of
detecting the semimuonic decay in the presence of the

ST D~ (D°) meson and By, is the BF of K; — K~z 2.
Here, i denotes the ST mode, and egr and epy are efficiencies
for selecting the ST and DT candidates, respectively.

The selection criteria of K*, 7%, K9, and #° are the same
as those used in Ref. [29]. The ST D (D denotes D~ or D)
mesons are selected based on two kinematic variables
in the ete™ center-of-mass frame: the energy differ-
ence AE = Ep — Epean and the beam-constrained mass
Mge = \/EL,,../c* = |pp|>/c*. Here, Epeum is the beam
energy, and Ej and pj, are the total energy and momentum
of the D candidate, respectively. If there are multiple
combinations for a given ST mode, the one giving the
minimum |AE| is retained.

For each tag mode, the yield of reconstructed D mesons
is obtained from an unbinned maximum likelihood fit to
its Mpc distribution. In the fit, the signal distribution
is modeled by the simulated shape convolved with a
double-Gaussian resolution function to model the resolu-
tion difference between the data and the MC simulation.
The combinatorial backgrounds are parametrized by
an ARGUS function [30] with the endpoint fixed at
Epeam = 1.8865 GeV.

The candidates with M within (1.863,1.877) GeV/c?
for ST D~ and (1.859,1.873) GeV/c? for ST D° are
kept for further analyses. For detailed information about
the AE requirements, the ST yields in data, and the ST
efficiencies, see Table 1 of the Supplemental Material [31].
Summing over all tag modes, we obtain the total yields of
ST D~ and D° mesons to be (4149.9 +2.3.,,,) x 10° and
(6306.8 & 2.8,) x 103, respectively.

Candidates for D™ — Ku"v, or D - Kyu'v, are
reconstructed from the remaining tracks and showers not
used in the D~ or D° ST selection. The K? or KT meson is
reconstructed using its dominant decay K9 - K=z "z° or
K7 — K~z*n~. Candidates for K=, z* and z° are selected
with the same criteria as those used in the ST selection. To
identify muon candidates, we use the information from
dE/dx, the time-of-flight system (TOF), and the electro-
magnetic calorimeter (EMC), and combined confidence
levels for the muon, pion, and kaon hypotheses (CL,,, CL,,
and CLy) are calculated. Muon candidates are required
to satisfy CL, > 0.001, CL, > CLk and CL, > CL,. To
reduce the background from hadrons, muon candidates
are also required to have a deposited energy in the EMC
less than 0.28 GeV. The DT candidates must not contain
any additional charged tracks, NS' = 0; otherwise they
are vetoed.

To suppress the backgrounds containing extra z° mes-
ons, such as the hadronic decays D™ — K~z* 7+ 7%2° and
DY - K~ rtr nta®, we require that there are no additional

combinations of two photons that satisfy the require-
0

0

ments for a z° meson in the event selection, Ngitm =0.
The maximum energy of any extra photons (Egy,) that
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have not been used in reconstructing the signal final states
is required to be less than 0.20 GeV. The opening angle
between the missing momentum and the most energetic
shower, 65 ., is required to satisfy cos@; . <
0.69(0.54) for D™ — K~z 2% v, (D° - K= n"n~ptw,).

The presence of the undetectable neutrino is inferred via
the kinematic quantity U s = Episs — | Pmiss|¢> Where E g
and P are the missing energy and momentum of the
semimuonic candidate, respectively, calculated by E ;s =
Epeam — ZE; and pyis = pp — Z;p; inthe e e~ center-of-
mass frame. The index j sums over the K—, 7™, 7°), and
u™ of the signal candidate, and E; and p; are the energy and
momentum of the jth particle, respectively. In order to

improve the U resolution, the D energy is constrained

to the beam energy and pp = —pp\/Eeyn/C> — mhc?,

where pp is the unit vector in the momentum direction of
the ST D, and m, is the nominal D mass [25].

In order to suppress backgrounds from the hadronic
decays DT — K=ztz" 2%, with misidentification of a
pion as a muon, the invariant mass of the K~z z%)u*
combination (M g- - o~ +) is required to be less than 1.72
(1.65) GeV/c?. These selectlon criteria have been opti-
mized by analyzing the inclusive MC samples with the
figure-of-merit defined by S/+/S+ B, where S and B
denote the signal and background yields, respectively.

Figure 1 shows the distributions of M - + o) VS Upiss
of the accepted candidates for D" — K~z 2% v, and

D’ » K~ p*u, in data. Figure 2 shows the distribu-
tions of My oy of D*O — K=z 2%) i+, candidates,
in which s1gn1ﬁcant K(1270) signals can be seen. Selected
K, candidates must have M- . o) within the interval
(1.163,1.343) GeV/c?, which corresponds to about +1I"
(decay width) around the K| nominal mass [25].

Figure 3 shows the distributions of U, of the accepted
candidate events in data. Clear signals around zero
are observed. The DT yields are extracted from unbinned
extended maximume-likelihood fits to the U distributions
of data. In the fits, the signal shapes are described by
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FIG. 1. The M-+ o) Vs Uy distributions of the candidates
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FIG. 2. The Mg~ (left) and My ,+,- (right) distributions of
the candidates for D™ — K~z" 7% v, and D° - K=n 2y,
The points with error bars are data, the blue filled histograms are
the simulated background, and the red line histograms are the
signal MC samples. A requirement of |U,| < 0.02 GeV has
been applied.

the MC-simulated shape extracted from the signal MC
events and convolved with a Gaussian function due to the
resolution difference between the data and MC simulation.
The combinatorial background shapes are modeled by the
MC-simulated shape obtained from the inclusive MC
samples. The signal yield, the combinatorial background
yield, and the Gaussian function’s parameters are floated in
the fits.

For D* — K=" nu"v,, the peaking background events
from Dt —» K ztzt7z° (BKG II) concentrate around
0 GeV; for D - K=zt z ,uﬂ/ the peaking background
events from D° — K=z~ 11”+”,y (BKGII),D° - K- ntK*tz~

(BKG 1III), and D° - K-zt 7~z 7z° (BKG IV) concent-
rate around 0 GeV, 0 GeV, and 0.05 GeV, respectively.
All peaking background components are modeled by the
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FIG. 3. Fits to the U, distributions of the candidates for (left)
D" - K~ n" 2% v, and (right) D° — K~z 7~ v,. The points
with error bars are data. The blue solid curves are the total fits, the
green solid curves denote the semimuonic signal shapes, and the
red solid curves are from the combinatorial background shapes
(BKG I). In the left plot, the magenta dashed curve is the
background contribution from D™ — K~z z+z° (BKG II). In
the right plot, the violet and magenta dashed curves are the
background contributions from D° — K=z, <z, (BKGII) and

D’ — K=" K*z~ (BKG III), respectively. The orange dashed
curves is the background contribution from D° - K~ zt 7z~ 7" 7%
(BKG 1V).
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MC-simulated shapes obtained from the corresponding MC
samples. The backgrounds peaking near zero are convolved
with the same Gaussian smearing function as the signal
with their yields fixed based on MC simulations. The
peaking around 0.05 GeV is convolved with a separate
Gaussian function and its yield and parameters of Gaussian
function are free.

In the fits, the K~ z"7°") system is assumed to be
dominated by the axial-vector meson K;, while other
components are ignored due to limited statistics (see
Figs. 1 and 2 of Supplemental Materials [31]). From
the fits, we obtain the DT yields to be 382.8 +31.9
and 180.3+259 for Dt - K n"a’"v, and D° —
K-n*za p'v,, respectively, where the uncertainties are
statistical. Their statistical significances are estimated to
be 14.00 and 6.8, respectively, by comparing the like-
lihoods with and without the signal components included,
taking into account the change in the number of degrees of
freedom. After further considering the non-K; component
of K-ztz%-), as discussed in the systematic uncertainty
part, the significances of D" — K~ 7"z’ "y, and D° —
K~ n*n~p*v, are 12.5¢ and 6.00, respectively.

The DT efficiencies, stT, obtained from signal MC
samples with the same analysis procedures as for data,
are summarized in Table 1 of Ref. [31]. The averaged
signal efficiencies in the presence of the ST D mesons
are (8.45+0.05)% and (10.92+0.07)% for Dt —
and D°— K ztzutv, respectively.
These efficiencies include correction factors which are
discussed later. The final signal efficiency, &,, includes
the BF of 7° — yy [25]. The reliability of the MC simulation
has been verified by the agreement of the distributions of the
momenta and cos @ of K~, zt, z°), and uT with the data.

By inserting Npr, &g, and Ngp into Eq. (1), we
determine the product of Bg; and By, [25] to be

— 0+
K nmu'y,

BY By, = (10.92 £ 0.917052) x 1074,

B3 By, = (2.62£0.38703]) x 1074,

where the first and second uncertainties are statistical and
systematic, respectively. All related numbers are summa-
rized in Table I.

TABLE L

The systematic uncertainties in the BF measurement,
which are assigned relative to the measured BFs, are
discussed below. The DT method ensures that most
uncertainties arising from the ST selection cancel. The
uncertainty associated with the ST yield N}, is assigned as
0.3% after varying the signal and background shapes in the

The uncertainties associated with the efficiencies of p™
tracking, K~ tracking and PID, z* tracking and PID, and 7°
reconstruction are investigated using data and MC samples
of ete™ — yutu~ events and DT DD hadronic events
(D° - Kt7n~, D° - K*7=7° and D° - K*tntn~n" vs
D - K=zt, D - K~ztztz~, and D° - K-ztz°, and
D™ - Ktz z~ vs DT — K-ztnt). We assign the uncer-
tainties associated with the u™ tracking, K~ tracking (PID),
7" tracking (PID) and 7 reconstruction to be 1.0%, 0.5%
(0.5%), 0.5% (0.5%) and 2.0%, respectively.

In the studies of ™ PID efficiencies, the 2D (momentum
and cos #) PID efficiencies of data and MC simulation of
ete” - yutu~ events are reweighted to match those of
D*® - Kyu*v, decays. The efficiency differences are
—(1.5+0.4)% and —(2.3 £ 0.4)% for D* — K{u*v, and
D’ > K Ty, respectively. The MC efficiencies are then
corrected by these differences and used to determine the
BFs of the semimuonic decays. After corrections, we assign
the uncertainties associated with the x4 PID to be 0.4% and
0.4%, respectively. The systematic uncertainties due to the
combined requirements on E¢Sr, Ng,‘im, N&har and, sepa-
rately, that on cos 65 . are investigated using the control
sample of D*(® — K§z°)y*y,. The corresponding sys-
tematic uncertainties are assigned as 3.9% and 4.0% for
D" — K{u'w, respectively; while those for D* - K7u'v,
are 2.6% and 2.3%, respectively.

To estimate the uncertainties due to the M K-t 290t
requirements, we use DT samples with the signal modes
replaced by D™ — K% v, and D° — K%z p*v, and
assign uncertainties of 4.2% and 2.3%, for the D* and D°
modes, respectively.

To estimate the uncertainties due to the M- .+ o-)
requirements, we remeasure the BFs with the nominal
K, mass window half width of 0.90 GeV/c? widened to
1.10 GeV/c?. The differences between the average BFs
and the baseline values are assigned as the systematic
uncertainties, which yields 0.6% for both decay modes.

The DT yields, Npr, in data, their statistical significances, the signal efficiencies, ég; , and the obtained BFs, Bg; , for the two

signal modes. The first and second uncertainties are statistical and systematic, respectively. The third uncertainty is from knowledge of

the external BF, By,

Signal decay Npr Significance (o) &L (%) By, Bst. (x107%) By, (%) Bs (x107%)
D" - Kutv, 38284319 12.5 8.45+0.05 1092 +0.917)42  46.24+£9.33 236+ 0.2070,F £0.48
D° - Kiputy, 18034259 6.0 10924007 26240387 33.74+6.54 078 +0.1170% +£0.15
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TABLE II. Systematic uncertainties in % for the BF measure-
ments.

Source Koty Kipty,
N 0.3 0.3
T tracking 1.0 1.0
K~, 7% tracking 1.0 1.5
K~ ,7z* PID 1.0 1.5
79 reconstruction 2.0 e
ut PID 0.4 0.4
Ety N, Nt 39 2.6
costy . 4.0 2.3
Mg+ o0+ TEquirement 42 2.3
M - .+ 0~ requirement 0.6 0.6
Ui fit it il
Signal model 1.0 1.0
MC statistics 04 04
Total +7.5 +6.5

—11.6 —11.1

The uncertainties associated with the fits to the U,
distributions are estimated to be 077 (i) which are
dominated by the uncertainty from the background shape.
These systematic uncertainties are studied by altering the
default MC background shape in three ways. First, alter-
native MC samples are used to determine the background
shape, where the relative fraction of the gg background
is varied within the uncertainties [32]. Second, the BFs of
the major DD background sources are varied by their
uncertainties [25]. Third, the non-K l‘(l_(?) sources of
K nta (K7t 7%) (199 (190)) are the dominant uncer-
tainties. They are assigned to be the changes of the fitted
DT yields after fixing nonresonant components by referring
to the nonresonant fraction in B — J/wKrn [33], since the
nonresonant fraction in D) — Kretv, [34,35] is close
to that in B* — J/wKx [36].

The uncertainties related to the signal MC model are
estimated to be 1.0% (1.0%), which correspond to the
differences of the baseline signal efficiencies and those
obtained with the signal MC samples after varying the input
generator parameters by £1c. The uncertainty due to the
limited MC statistics is 0.4% (0.4%).

TABLE IIL
theories with differences given in units of standard deviations.

: . +7.5% +6.5%
The total systematic uncertainties are [, and /g

for Dt - Ku"v, and D°— Kiu'v,, respectively,
obtained by adding all the individual contributions in
quadrature. All systematic uncertainties are summarized
in Table II.

Using the world average of By g, = (46.24 &
9.33)% [37] Bk,—k-ntr = (33.74+6.54)% [38],
obtain

Bpigouty, = (2.36 £ 0.201077 +0.48) x 1073,

Bpo_kuty, = (0.78 £ 0.115565 +0.15) x 1073,
where the third uncertainty is from the input BFs.

To summarize, by analyzing 7.93 fb~! of e* e~ collisions
data taken at /s = 3.773 GeV, we report the first obser-
vation of D — K%y, and D° — Kyp"v, with statistical
significances of 12.5¢ and 6.0, respectively. Their decay
BFs are determined to be B[D" — K{u'v,] = (2.36 +
0.2010,% £0.48) x 107 and B[D® — K{pu*v,] = (0.78 +
0.1175:95 £ 0.15) x 1073, Table III shows the comparison
of the measured BFs with several theoretical calculations.
Because the BFs predicted in theory are sensitive to the K
mixing angle, our BFs provides some information on the
K| mixing angle. Our BFs disfavor the theoretical calcu-
lations from LCSR [11] and CLFQM [12], which are under
the assumption of the mixing angle 0y = —(34 4 13)°, by
more than 5.

Combining the BFs measured in this work and the BFs of
BD* - KYe*v,]=(2.30£0.267028 £0.25) x 107> [39]
and B[D’ - Kyetv,] = (1.09£0.1370% £0.12) x 1073
[40] reported in the previous BESIII analysis, we determine

the BF ratios (Rﬂ/e = %’:Z“]) to be Rﬂ/e =1.03+

0.14%91) and Rl’f/oe = 0.74 £ 0.13709%8. Here, the systematic

uncertainties in ST yields, K~/z* tracking and PID, and
7° reconstruction cancel. These are consistent with theo-
retical predictions based on 4 — e LFU in DT — K, /tv,
decays within current uncertainties. Using the BFs of
D’ > Kiu'v, and D' - K9u"v, measured in this work

as well as the world-average lifetimes of the D and D*

Comparison of the BFs measured in this work with the predicted values for DT — K, Wy, (x1073) from various

CLFQM CLFQM LFQM LCSR
[10] 3PSR [9] LCSR[11] LCSR[11] LCSR[Il]  [12] [12] [12] This work
Decay Ok 33° 37° —(34+£13)° 45°
D* — K%'y, Predicted 2604030 270 +025 1859 +031 1686027 19.73+£0.32 597047 377000 1 4+015 2364 (020018 +0.48
Deviation (c) 0.4 0.6 27.3 252 29.0 6.8 2.6 1.8
D° - Kiuty, Predicted 1.03+£0.1 8.09+0.15 6.78+0.12 892+0.16 23%01 15500 054700 0.78 £0.1175095 +£0.15
Deviation (o) cee 1.1 28.6 25.1 31.1 5.4 2.8 1.1
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mesons [25], we determine the partial decay width ratio
I[D* - KO%tv,)/TID° - Kipty,] = 1.22 £ 0.101058,
which is consistent with unity as predicted by isospin
conservation.
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