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Using 20.3 fb™! of e e~ collision data collected at a center-of-mass energy of E,,, = 3.773 GeV with
the BESIII detector operating at the BEPCII collider, we determine the branching fraction of the leptonic
decay D™ — ptv, to be (4.034 £ 0.080, + 0.040y,) x 10~*. Interpreting our measurement with
knowledge of the Fermi coupling constant G, the masses of the D and u* as well as the lifetime
of the D, we determine [+ |V 4| = (48.02 £ 0.48, & 0.24y5 £ 0.12;,5 + 0.155y) MeV after taking
into account necessary radiative corrections. This result is a factor of 2.3 more precise than the previous
best measurement. Using the value of the magnitude of the ¢ — d Cabibbo-Kobayashi-Maskawa matrix
element |V.,| given by the global standard model fit, we obtain the D' decay constant fp+ =
(2135 £ 2. 14y £ L1y & 0.8ppu £ 0.7gm) MeV. Alternatively, using the value of fp+ from a precise
lattice quantum chromodynamics calculation, we extract |V, ,| = 0.2265 + 0.0023,, + 0.001 14 £

0.0009p & 0.0007 .
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The leptonic decays of charmed mesons offer an impor-
tant testbed to access the quark mixing-matrix elements and
test lepton flavor universality (LFU). In the standard model
(SM) of particle physics, the fully radiative inclusive decay
rate of D¥ — #Tv, (¢ = e, u, or t) can be written as [1]

0 a
Totarin, =Tpl oy, {1 + ;Cp]

Grfhmy. a
Oy iz - 1426, )

where G is the Fermi coupling constant, fp+ is the D™
decay constant, |V.,| is the magnitude of the ¢ — d
Cabibbo-Kobayashi-Maskawa (CKM) matrix element, u,
is the ratio of the #* lepton mass to the D meson mass
(mp+), and [1 + (a/7)C,] represents the radiative correc-
tion term [2]. Previous measurements of D — u™ v, have
been performed by MARKIII [3], BES [4], BESII [5],
CLEO [6-8], and BESIII [9—11] but with limited precision.
In contrast, the value of fp+ calculated by lattice quantum
chromodynamics (LQCD) [12-18] has reached a precision
of 0.3%. Precise measurements of fp+ and |V | are key to
testing the LQCD calculations of f+ and the CKM matrix
unitarity at high precision.
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By inputting m, = 105.6583755 MeV/c?, m, =
1776.93 MeV/c?, and mp+ = 1869.66 MeV/c? [2] into
rl? , the ratio of the branching fraction (BF) of D* —

Dt —¢ty,
7ty to that of D" — u*v, is expected to be R,/ =
2.66 + 0.01. Current experimental measurement [10] is
consistent with the SM prediction within the experimental
uncertainty. However, there have been reports indication
of potential LFU violation in semileptonic decays of B
mesons from the BABAR, LHCb, and Belle [19-23]
experiments. Potential violation in (semi)leptonic D decays
may occur due to the interference between different ampli-
tudes [24] or the interactions with scalar operators [25].
Precision measurements of the BFs of D™ — #Tv, offer an
important test of LFU in the charm sector.

This Letter reports a precise measurement of the BF
of D* — yu*v, obtained from the analysis of 20.3 fb=! of
eTe™ collision data collected in 2010, 2011, 2022, 2023,
and 2024 with the BESIII detector at the center-of-mass
energy of E_, =3.773 GeV [26]. Charge-conjugate
modes are always implied throughout this Letter unless
stated specifically. The achieved precision is improved by a
factor of 2.3 compared to the previous best measurement
[9], which used 2.93 fb~! of data taken in 2010 and 2011.

The BESIII detector is a magnetic spectrometer [27]
located at the Beijing Electron Positron Collider [28]. The
cylindrical core of the BESIII detector consists of a helium-
based multilayer drift chamber (MDC), a plastic scintillator
time-of-flight system (TOF), and a CsI (T1) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-return
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yoke with resistive plate counter modules for muon
identification interleaved with steel. More details of the
design and performance of the BESIII detector can be
found in Ref. [27]. For 86% of the data used in this Letter,
the end-cap TOF was upgraded with multigap resistive
plate chambers with a time resolution of 60 ps [29,30].
Simulated data samples produced with a Geant4-based [31]
Monte Carlo (MC) package, which includes the geometric
description of the BESIII detector and the detector
response, are used to determine detection efficiencies and
to estimate backgrounds. The beam-energy spread and
initial-state radiation (ISR) in the e*e™ annihilations are
simulated with the generator KKMC [32]. The inclusive MC
sample includes the production of DD pairs (including
quantum coherence for the neutral D channels), the non-
DD decays of the y(3770), the ISR production of the J /y
and y(3686) states, and the continuum processes incorpo-
rated in KKMC [32,33]. All particle decays are modeled with
EvtGen [34,35] using BFs either taken from the Particle Data
Group [2], when available, or otherwise estimated with
LUNDCHARM [36,37]. Final-state radiation from charged
final-state particles is incorporated using the PHOTOS pack-
age [38]. The leptonic decay D" — u*w, is simulated with
the PHOTOS SLN model [34,35].

At E.,, =3.773 GeV, the DTD~ meson pairs are
produced from w(3770) decays without accompanying
hadrons. This favorable environment provides an ideal
opportunity to study leptonic Dt decays with the double-
tag (DT) method [39,40]. Initially, single-tag (ST) D~
mesons are reconstructed via the eight hadronic decay
modes Ktzn~rn~, Kgﬂ'_, Ktn Y, Kgﬂ'_ﬂ'o, Kgiﬁﬂ_ﬂ_,
K*K 7=, ntn n~, and Ktz—z—z~z". Then the Dt —
utv, candidates are selected by using the remaining tracks
which have not been used in the selection of the tag side.
The event, in which the D* — u*v, signal and the ST D~
are simultaneously reconstructed, is called a DT event. The
BF of the D" — u*v, decay is determined by

_ Npr
N
Ngr - €sig

(2)
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where N} is the total yield of ST D~ mesons, Npr is the
DT signal yield; and &g, is the average signal efficiency

weighted by the ST yields of the ith tag mode in data,
i (NéT ) €]i)T/€gT)

Zi(NgT : ei'ig) _ (3)
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where Ny is the number of ST D™ mesons for the ith tag
mode in data, eéig is the signal efficiency of the ith tag
mode, €& is the efficiency of reconstructing the ST mode i
(called the ST efficiency), and el is the efficiency of
finding the tag mode i and the D* — u*v, decay simulta-

neously (called the DT efficiency).

For charged tracks, not originating from K% decays, the
polar angles with respect to the MDC z axis () are required
to satisfy |cos@| < 0.93. In addition, the distance of the
closest approach to the interaction point (IP) must be less
than 1 cm in the transverse plane, |V, | and less than 10 cm
along the z axis, |V_|. The particle identification (PID) for
charged particles combines measurements of the energy
deposition in the MDC and the time of flight in the TOF to
form likelihoods L(h)(h = K,x) for each hadron &
hypothesis. The charged particles are assigned a particle
type based on the hypothesis with the higher likelihood.

Each K candidate is reconstructed from two oppositely
charged tracks satisfying |V,| < 20 cm. The two charged
tracks are assigned to be zTz~ without requiring any
further PID criteria. They are constrained to originate from
a common vertex, which is required to be displaced from
the IP by a flight distance of at least twice the vertex
resolution. The y? of the vertex fits (primary vertex fit and
second vertex fit), where the number of degrees of freedom
is 3, is required to be less than 100. This requirement retains
99% of signals. The invariant mass of the z*z~ pair is
required to be within (0.487,0.511) GeV/c? [41] corre-
sponding to +4¢ around the K9 nominal mass.

The 7° candidates are reconstructed via the dominant
decay 7° — yy. Candidates with both photons detected in
the end-cap EMC are rejected because of poor resolution.
The photon candidates are identified using isolated showers
in the EMC. The EMC time deviation from the event start
time is required to be within [0, 700] ns. The selection
retains 99% of reconstructed signal photons and removes
75% of background energy depositions in the EMC. The
energy deposition in the EMC is required to be greater than
25 MeV in the barrel region (] cos ] < 0.80) and 50 MeV
in the end-cap region (0.86 < | cos | < 0.92). To exclude
showers that originate from charged tracks, the angle
subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than 10°.
The 7° candidates are required to have the invariant mass of
the yy lying within (0.115,0.150) GeV/c?, corresponding
to 30 around the 7° nominal mass. A mass-constrained
(1C) fit, where the number of degrees of freedom is 1, to the
nominal 7z° mass [2] is imposed on the photon pair, to
improve the momentum resolution. The y? of the 1C
kinematic fit is required to be less than 50. The four
momentum of the z° candidate updated by this kinematic
fit is retained for the subsequent analysis.

To separate the ST D™ mesons from the combinatorial
background, we define the energy difference AE =
Ep- — Eyeum and the beam-constrained mass Mpc =

El... — |Pp-1>, where Ep.,, is the beam energy, and
Ep- and pp- are the total energy and momentum of the
ST D™ meson in the et e~ center-of-mass frame. If there is
more than one D~ candidate in a given ST mode, the one
with the smallest |AE| value is kept for the subsequent
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TABLE 1. Requirements of AE, ST D~ yields in data, ST
efficiencies (egT), and DT efficiencies (e{)T). The numbers in
parentheses are the last two significant digits of the statistical un-
certainties. The €%/l varies within 8% for different tag modes,
which are mainly caused by the significantly different signal
environments for some tag modes containing low momentum
photon and pions in the signal and inclusive MC samples.

Tag mode AE (MeV) Ni(x10%) €l (%) €y (%)
Ktnn~ [-25,24]  5449.1(25) 50.1 35.81(11)
K(S)if [-25,26] 656.7(08) 50.6 36.25(11)
Kt an° [-57,46]  1644.4(18) 23.3 18.24(09)
K(S)ﬂ'_n'o [-62,49]  1384.8(15) 254 19.33(09)
K(S)ﬂ_ﬂ_ﬂ+ [-28,27] 771.6(11) 28.9 21.37(09)
KtK n~ [—24,23] 472.6(09) 40.0 28.88(10)
gt [-30,29] 204.7(08) 52.4 37.77(11)
Kt n o at [-29,27] 215.1(07) 22.5 16.69(08)

analysis. The AE requirements and ST efficiencies are
summarized in Table I.

For each tag mode, the yield of ST D~ mesons is
extracted by fitting the corresponding My distribution.
In the fit, the signal shape is described as the sum of a
simulated signal shape convolved with a double-normal
distribution plus a single-normal distribution with free
parameters. The double-normal and single-normal distri-
butions account for different resolution and ISR effects
between the data and MC simulation, respectively. The
background shape is described by an ARGUS function
[40], with the endpoint fixed at 1.8865 GeV/c? corre-
sponding to Ey,,. Figure 1 shows the results of the fits to
the Mpc distributions of the accepted ST candidates
for different tag modes in the data. The candidates
with My lying within (1.865, 1.875) GeV/c? are retained.
We veto D™ — Kgﬂ'_ in D™ - xtz 7z~ by requiring
|my+ - —0.4977| > 0.03 GeV/c?. The contributions from
the peaking backgrounds D~ — 7"z~ 7", Ke 0, Kou v,
inD™ - K, D™ > ntnta aa inD” > Kdrnxt,
and D~ - K¢z~ in D™ > zta "z~ are estimated by
analyzing the inclusive MC sample and then are subtracted
from the ST yields. These background fractions in the
ST yields of D™ — Kgn'_, D™ — Kgﬂ_ﬂ_zr+, and D~ —
atann~ are 0.2%, 0.1%, and 2.8%, respectively. Summing
all tag modes, we obtain a total yield of ST D~ mesons
of (10789.0 £ 3.9,,) x 10°.

The D" — u*v, candidates are selected in the presence
of the ST D~ using the remaining neutral clusters and
charged tracks. The muon candidate must have an opposite
charge to the ST D~ meson and deposited energy within
(0.00,0.35) GeV in the EMC. To separate muons from
hadrons, requirements based on the muon hit depth (d,+)
in the muon identifier modules are applied, taking into
account the expected dependence on momentum (p,,+) and
flight direction cos 6. These criteria are established from the
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FIG. 1. Fits to the My distributions of the ST D~ candidates.
The dots with error bars are data. The blue solid curves are the fit
results. The red dashed curves are the fitted combinatorial
backgrounds. The pairs of arrows denote the My signal regions.
The cyan hatched histograms are background events from the
inclusive MC sample.

distributions of d,+ versus p,+ using ete” — (y)u"u~
candidates selected from data. The |cosf,:| and p,-
dependent requirements on d,+ follow those adopted in
our previous measurements [42].

To suppress backgrounds with extra photon(s), the
maximum energy of the unused showers in the DT
selection (Emar?) is required to be less than 0.3 GeV.
No additional charged track is allowed in the event. The
yield of D* — u*v, is determined by fitting the distribu-
tion of the missing-mass squared of the undetected neutrino

M2

miss

= Eg - |ﬁb|2' (4)

Here E, = E,,, — Ep- —E, and p, = —pp- — p,, Where
E, and p, denote the energy and momentum of the muon,
respectively.

The efficiencies of the DT reconstruction are determined
with the signal MC samples, with D~ decaying to tag
modes and DT decaying to the signal mode. Dividing these
efficiencies by the ST efficiencies determined with the
inclusive MC sample gives the corresponding efficiencies
of the u*v, reconstruction. The average efficiency over all
tag modes is determined to be &g, = (65.08 £ 0.12)%.
This efficiency has been corrected by a factor of

;;OlgID - (887 :l: 01)%,

to account for the differences of u* identification efficien-
cies between the data and MC simulation, mainly due to the
imperfect simulation of the d,+ variable [43]. fi%, is
determined by using e"e™ — yutu~ events and reweight-
ing by the 4 two-dimensional distribution in | cos .+ | and
pu+ of DT — pty, decays.
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FIG. 2. Fit to the M>

miss distribution of the accepted candidates
for DT — utv,.

The background includes two components. One consists
of events with wrongly tagged D~ decays (18.9%), and the
other contains correctly tagged D~ decays but incorporat-
ing particle misidentifications, which is mainly from the
decays of DT — 17 (- nt0,)v, (4.8%), D' — nta°
(6.8%), and Dt — Kz (30.2%). These background
fractions are counted over all backgrounds. Analysis of
the inclusive MC sample shows that these two components
make comparable contributions and the main peaking
backgrounds in the resulting M2 . distribution are D™ —
7 (= 7n'0,)v, and D — 77 2% Furthermore, the radiative
decay D* — yu"v, from structure-dependent bremsstrah-
lung contribution, where the D' meson decays into a real
photon and an off shell vector meson (the meson sub-
sequently decays weakly to 4+ and v,,), can also contribute
a peaking structure in the resulting M2, distribution. The
yield of D™ — yu*y, is estimated to be 6.6 + 4.6 with the
BF of Dt — yety,, (0.54 £0.38) x 1075 [44].

To obtain the signal yield of D™ — u*v,, we perform a
fit to the M2, distribution of the D™ — p v, candidates in
data. In the fit, the signal shape is modeled by the MC
simulated shape convolved with a normal distribution with
free parameters. The shapes of the peaking backgrounds
from D" — 7 (- 72t0,)v,, DT -zt DT —>yuty,
and the remaining background are modeled by individual
MC simulated events. The corresponding probability den-
sity functions (PDFs) are derived from individual simulated
shapes with the kernel estimation method [45]. The yields of
Dt - 1t (—= nti,)v, and Dt — n72°, corrected by the
differences in misidentifying 7+ as u™ between the data and
MC simulation, as well as D* — yuv, are fixed in the fit,
while the yields of the signal and the remaining background
are floated. The fit result is shown in Fig. 2. The mean and
resolution of the smeared normal function are —2 MeV?/c*
and 11 MeV?/c*, respectively. From this fit, we obtain the
signal yield of D" — u*v, to be Npr = 2832.7 4 56.8.
Consequently, the BF of D" — u*v, is found to be

Bpy it = (4.034 £+ 0.080,,) x 107,

TABLE II. Systematic uncertainties in the BF measurement.
Source Uncertainty (%)
My fit 0.30
u' tracking 0.06
ut PID 0.10
Eni? &8 N 0.08
M I%niss fit 0.90
Effect of D* — yu*v, 0.17
MC statistics 0.16
Total 0.99

Table II summarizes the sources of systematic uncer-
tainties in the measurement of the BF of D* — u*v,. The
systematic uncertainty in the Mpc fit is estimated with
alternative signal and background shapes. The alternative
signal shapes are obtained by varying the parameters of the
smeared normal distributions by +1e. The alternative
background shape is obtained by varying the endpoint of
the ARGUS function by #0.2 MeV/c% The relative
difference of the ST yields between the data and the
inclusive MC sample R(Ngaa/Nwmc) is assigned as the
systematic uncertainty. Adding these systematic effects in
quadrature gives a systematic uncertainty of 0.30% due to
the M BC fit.

The u™ tracking and PID efficiencies are studied with the
control sample of e*e™ — yuTu~ events. After correcting

the signal efficiency by f,pp, we assign 0.06% and 0.10%

as the uncertainties in the x4 tracking and PID, respectively.

The efficiency for the Eay’ requirement is studied with
a control sample of DT hadronic events, i.e., events where
both DT and D~ decay to one of the eight ST hadronic final
sates. The systematic uncertainty is taken to be 0.08%
considering the efficiency differences between the data and
MC simulation.

The systematic uncertainty associated with the signal
shape in the Mrzniss fit is estimated by using an alternative
signal shape represented by a double normal distribution.
The relative change of the signal yield, 0.89%, is assigned
as the systematic uncertainty from this source. The sys-
tematic uncertainty due to the peaking background is
estimated by varying the world average BFs of the two
background components within 16 [2]. The larger relative
change of the fitted signal yield, 0.06% and 0.12%, is
assigned as the systematic uncertainty associated with the
estimated yields of D* — ¥y, and DT — z%7°, respec-
tively. Additionally, the kernel bandwidth in the kernel
density estimation of the combinatorial background PDF is
varied through 0.5, 1.0, 1.5, and 2.0. The largest difference
in the fitted signal yield, 0.10%, is taken as a systematic
uncertainty. The total systematic uncertainty arising from
the M2, fit is determined to be 0.90% by adding the four

individual uncertainties in quadrature.
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To consider the systematic uncertainty of the background
of D — yu"v,, we vary the fixed yield of D™ — yu*v, in
the M fniss fit within £=16. The larger change of the measured
BF, 0.17%, is taken as the systematic uncertainty. The
systematic uncertainty arising from the limited MC sample
size, including both ST and DT MC samples, is 0.16%.

Assuming all components are independent, the relative
total systematic uncertainty in the BF measurement is
determined to be 0.99% by adding the contributions in
quadrature. Accounting for this, the BF of D" — u*y, is
measured to be (4.034 £ 0.080, + 0.040) x 107,

To determine fp+|V.y|, radiative corrections for
B(D* — u*v,) are necessary as stated by Ref. [12]. The
DT - yf*v, decay rate, partially due to structure-
dependent bremsstrahlung was predicted to be in a large
range of (0.46-8.2) x 107> [46-52], but was recently
determined to be (0.54 +0.38) x 107 by BESIII [44].
The BESIII result gives its fraction of (0.23 4+ 0.17)%,
which has been fixed in the signal extraction. The known
short-distance electroweak correction increases B(D" —
u'v,) by 1.8% [12,53], and the long-distance electroweak
correction lowers B(D" — u*v,) by 2.5% [54], with an
uncertainty of 0.6% due to unknown electromagnetic
corrections that depend upon the mesons’ structure [12].
Combining our BF with the world average values of Gp,
m,+, mp+ and the D lifetime 7p+ = (1.033 £ 0.005) x

’l 9
10712 [2] in Fg)z—m*v and incorporating the above correc-
"

tions, we obtain

o+ Veal = (48.02 £ 0.48, 4 0.24
£ 0.12ipy £ 0.15gy) MeV.

Here the third (forth) uncertainty mainly arises from 0.2%
(0.3%) uncertainty in 7p+ (radiation corrections). Taking
the magnitude of the ¢ - d CKM matrix element |V 4| =
0.22487 4+ 0.00068 from the global SM fit [2] we obtain

fp = (213.5 £ 2.1y + L1 & 08550 & 0.75y) MeV.

Alternatively, taking the averaged decay constant fp+ =
(212.0 £ 0.7) MeV from recent LQCD calculation [18] as
input, we determine

|V a| = 02265 + 0.0023,, £ 0.001 1y,
£ 0.0009;,, £ 0.0007gyy.

Here, the uncertainties due to the input values of 7+ and
|V q|l (fp+) are 0.2% and 0.3% (0.3%), respectively.

Using our measurement, the ratio of Bp+_,+,, over the
world average value of Bp+_.+, = (1.20£0.27) x 1073
[2] is determined to be R/, = 2.97 + 0.67, which agrees
with the SM prediction of 2.66 4 0.01 from Eq. (1) within
uncertainties.

Finally, we measure the separate BFs of D" — u*y,

and D™ — 70, to be (3.99 4 0.11, + 0.044,) x 1074
and (4.07 £ 0.1, £ 0.04.) x 1074, respectively.
From these we determine the BF asymmetry to be
ACP = [(BDJr—m*p# - BD'—W_DM)/(BDJr—m*v” + BD'—W_DM)] =
(=1.0 4 2.015¢ & 0.94y5) %, Where systematic uncertainties
are assigned to account for the uncorrelated contributions
between the charge-conjugated modes, arising from the u*
tracking and PID, the ST yields, the limited MC sample
sizes, and the M2, fits. The Acp is compatible with the null
hypothesis.

In summary, using the ete™ collision data sample
corresponding to an integrated luminosity of 20.3 fb~!
collected at E,,, = 3.773 GeV with the BESIII detector,
we report the most precise measurements of the BF of
D* — u"v,, the decay constant fp+, and the magnitude of
the ¢ > d CKM matrix element |V 4|. The precision is
improved by a factor of 2.3 compared to the previous best
measurement [9]. In addition, we have searched for LFU
and CP violation in Dt — £*v, decays, yet no statistical
significant violation has been observed.
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