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Using a 3.19 fb~! data sample collected at an e e~ center-of-mass energy of E,,,, = 4.178 GeV with the
BESIII detector, we measure the branching fraction of the leptonic decay Dy — u*v, to be
BDT—WW = (5.49 £ 0.16, £ 0.155) x 107>, Combining our branching fraction with the masses of
the D} and p* and the lifetime of the D, we determine f,+ |V | = 246.2 £ 3.6, + 3.5, MeV. Using
the ¢ — s quark mixing matrix element |V | determined from a global standard model fit, we evaluate the
Dy decay constant f pr = 252.9 £ 3.7y *+ 3.645 MeV. Alternatively, using the value of f+ calculated
by lattice quantum chromodynamics, we find |V, | = 0.985 4 0.014,, + 0.014,. These values of

Bps v, for |Vesls fp+ and |V | are each the most precise results to date.

DOI: 10.1103/PhysRevLett.122.071802

The leptonic decay DY — Vv, (€ = e, p, or 1) offers a
unique window into both strong and weak effects in the
charm quark sector. In the standard model (SM), the partial
width of the decay D] — #*v, can be written as [1]

G2 mZ 2
__F 22 2 14
FD*—»”*U - |Vcs| prMeMmps 1- 2 ’ (1)
s ¢ 87 ] s m?.
s

where fp+ is the Dy decay constant, |V| is the ¢ — s
Cabibbo-Kobayashi-Maskawa (CKM) matrix element, G
is the Fermi coupling constant, m, is the lepton mass, and
mp+ is the Dy mass. In recent years, much progress has
been achieved in the measurements of f+ and |V| with
D} — ¢*uv, decays at the CLEO [2-4], BABAR [5], Belle
[6] and BESIII [7] experiments. However, compared to the
precision of the most accurate lattice quantum chromody-
namics (LQCD) calculation of f Dt [8], the accuracy of
the measurements is still limited. Improved measurements

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

of fp+ and |V | are critical to calibrate various theoretical
calculations of fp+ [8-37], such as those from quenched
and unquenched LQCD, QCD sum rules, etc., and to test
the unitarity of the quark mixing matrix with better
precision.

In the SM, the ratio of the branching fraction (BF) of
Df — 7"v, over that of Df — u*v, is predicted to be 9.74
with negligible uncertainty and the BFs of D — u*v, and
Dy — b, decays are expected to be the same. However,
hints of lepton flavor universality (LFU) violation in
semileptonic B decays were recently reported at BABAR,
LHCb, and Belle [38-42]. It has been argued that new
physics mechanisms, such as a two-Higgs-doublet model
with the mediation of charged Higgs bosons [43,44] or a
seesaw mechanism due to lepton mixing with Majorana
neutrinos [45], may cause LFU or CP violation. Tests of
LFU and searches for CP violation in D} — v, decays
are therefore important tests of the SM.

In this Letter, we present an experimental study of the
leptonic decay D — pu'v, [46] by analyzing a 3.19 fb~!
data sample collected with the BESIII detector at an
ete™ center-of-mass energy of E ., = 4.178 GeV. At this
energy, D} mesons are produced mainly through the
process eTe” — DD}~ +c.c. In an event where a Dy
meson [called a single-tag (ST) D; meson] is fully
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reconstructed, one can then search for a y or z° and a D
meson in the recoiling system [called a double-tag
(DT) event].

Details about the design and performance of the BESIII
detector are given in Ref. [47]. The end cap time-of-flight
(TOF) system was upgraded with multigap resistive plate
chamber technology and now has a time resolution of 60 ps
[48,49]. Monte Carlo (MC) events are generated with a
GEANT4-based [50] detector simulation software package
[51], which includes both the geometrical description of the
detector and the detector’s response. An inclusive MC
sample is produced at E_,, = 4.178 GeV, which includes
all open charm processes, initial state radiation (ISR)
production of the y(3770), y(3686), and J /y, and ¢g(q =
u, d, s) continuum processes, along with Bhabha scattering,
wtu~, 7, and yy events. The open charm processes are
generated using CONEXc [52]. The effects of ISR [53] and
final state radiation (FSR) [54] are considered. The decay
modes with known BF are generated using EVTIGEN [55]
and the other modes are generated using LUNDCHARM [56].

The ST Dy mesons are reconstructed from 14 hadronic
decay modes, Dy — K*K~z~, K'K-z"x° KYK-,
KYK=7°, K9K%n~, K3K*n~n~, KK n"n~, K n'n",
TYATIT, Ny Mgt T 77”7 R 11; o7 and 7,,p",
where the subscripts of 7(") represent the decay modes used
to reconstruct ).

All charged tracks except for those from Kg decays must
originate from the interaction point (IP) with a distance of
closest approach less than 1 cm in the transverse plane and
less than 10 cm along the z axis. The polar angle 6 of each
track defined with respect to the positron beam must satisfy
|cosf| < 0.93. Measurements of the specific ionization
energy loss (dE/dx) in the main drift chamber and the TOF
are combined and used for particle identification (PID) by
forming confidence levels for pion and kaon hypotheses
(CL,, CLg). Kaon (pion) candidates are required to
satisfy CLK(;:) > CL”(K)

To select K9 candidates, pairs of oppositely charged
tracks with distances of closest approach to the IP less than
20 cm along the z axis are assigned as z" 7~ without PID
requirements. These z*z~ combinations are required to
have an invariant mass within =12 MeV of the nominal K§
mass [57] and have a decay length of the reconstructed K
larger than 20 of the vertex resolution away from the IP.
The 7° and 7 mesons are reconstructed via yy decays. It is
required that each electromagnetic shower starts within
700 ns of the event start time and its energy is greater than
25(50) MeV in the barrel (end cap) region of the electro-
magnetic calorimeter (EMC) [47]. The opening angle
between the shower and the nearest charged track has to
be greater than 10°. The yy combinations with an invariant
mass M, € (0.115,0.150) and (0.50,0.57) GeV/c?* are
regarded as 7° and 5 mesons, respectively. A kinematic fit
is performed to constrain M,, to the 7° or # nominal mass

[57]. The n candidates for the #z~ ST channel are also
reconstructed via 7°77 7~ candidates with an invariant mass
within (0.53,0.57) GeV/c?. The 1’ mesons are recon-
structed via two decay modes, 77"z~ and yp°, whose
invariant masses are required to be within (0.946,0.970)
and (0.940,0.976) GeV/c?, respectively. In addition, the
minimum energy of the y from 5’ — yp° decays must be
greater than 0.1 GeV. The p° and p™ mesons are recon-
structed from ztz~ and z*zY candidates, whose invariant
masses are required to be larger than 0.5 GeV/c? and
within (0.67,0.87) GeV/c?, respectively.

The momentum of any pion not originating from a K%, 7,
or 1 decay is required to be greater than 0.1 GeV/c to
reject soft pions from D* decays. For zt 7=z~ and K~z 7~
combinations, the dominant peaking backgrounds from
K97~ and K9K~ events are rejected by requiring the
invariant mass of any z"z~ combination be more than
+0.03 GeV/c? away from the nominal K% mass [57].

To suppress non-D7 D}~ events, the beam-constrained
mass of the ST Dy candidate

Mac = \/ (Een/2) = | 2)

is required to be within (2.010,2.073) GeV/c?, where 50;
is the momentum of the ST Dy candidate. This requirement
retains Dy mesons directly from e'e™ annihilation and
indirectly from D~ decay (See Fig. 1 in Ref. [58]). In each
event, we only keep the candidate with the D7 recoil mass

- 2 -
Mrec = \/(Ecm Y ‘pD; : + m%)\‘) - |pD;

closest to the nominal D}* mass [57] per tag mode per
charge. Figure 1 shows the invariant mass (M ,,) spectra of
the accepted ST candidates. The ST yield for each tag mode
is obtained by a fit to the corresponding M ,, spectrum. The
signal is described by the MC-simulated shape convolved
with a Gaussian function representing the resolution differ-
ence between data and MC simulation. For the tag mode
Dy — K9K~, the peaking background from D~ — K3z~ is
described by the MC-simulated shape and then smeared
with the same Gaussian function used in the signal shape
with its size as a free parameter. The nonpeaking back-
ground is modeled by a second- or third-order Chebychev
polynomial function. Studies of the inclusive MC sample
validate this parametrization of the background shape. The
fit results on these invariant mass spectra are shown in
Fig. 1. The events in the signal regions are kept for further
analysis. The total ST yield in data is N = 388660 +
2592 (see tag-dependent ST yields and background yields
in the signal regions in Table I of Ref. [58]).

At the recoil sides of the ST D mesons, the D} — u*v,
candidates are selected with the surviving neutral and

0
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FIG. 1. Fits to the M, distributions of the accepted ST

candidates. Dots with error bars are data. Blue solid curves
are the fit results. Red dashed curves are the fitted backgrounds.
The black dotted curve in the K(S)K‘ mode is the D™ — Kgﬂ'_
component. The pairs of arrows denote the signal regions.

charged tracks. To select the soft y(z°) from D? and to
separate signals from combinatorial backgrounds, we
define two kinematic variables

AE=E, — Etag — Eniss — Ey(zr“) (4)
and
MM? = (Egy, — Eyg — Ey(0) — E, )
_|_5lag_5y(ﬂ0) _ﬁu|2' (5)

_ N 2 2 N _ N -
Here E 5 = A/ |pmiss| + mpy and piss = “Prag ~ Py(x)

are the missing energy and momentum of the recoiling
system of the soft y(z°) and the ST Dy, where E; and p;
[i = p,y(2°) or tag] denote the energy and momentum of
the muon, y(z") or ST Dy, respectively. MM? is the missing
mass square of the undetectable neutrino. We loop over all
remaining y or z° candidates and choose the one giving a
minimum |AE|. The events with AE € (—0.05,0.10) GeV
are accepted. The muon candidate is required to have an
opposite charge to the ST D7 meson and a deposited energy
in the EMC within (0.0,0.3) GeV. It must also satisfy a two
dimensional (2D, e.g., | cos §,| and momentum p,) require-
ment on the hit depth (d,,) in the muon counter, as explained
in Ref. [59]. To suppress the backgrounds with extra photon
(s), the maximum energy of the unused showers in the DT

:‘ T T |

80F B

- E \ 10 5
& F ; z
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FIG. 2. Fit to the MM? distribution of the Df — 'y,
candidates. Inset plot shows the same distribution in log scale.
Dots with error bars are data. Blue solid curve is the fit result.
Red dotted curve is the fitted background. Orange hatched and
blue cross-hatched histograms are the BKGI component and
the combined BKGII and BKGIII components, respectively
(see text).

selection (E¢y,,) is required to be less than 0.4 GeV and no
additional charged track that satisfies the charged track
selection criteria is allowed. To improve the MM? reso-
lution, the candidate tracks, plus the missing neutrino, are
subjected to a 4-constraint kinematic fit requiring energy
and momentum conservation. In addition, the invariant
masses of the two D, mesons are constrained to the
nominal D, mass, the invariant mass of the D;y(z") or
D{y(n°) combination is constrained to the nominal D}
mass, and the combination with the smaller y? is kept.
Figure 2 shows the MM? distribution for the accepted DT
candidate events.

To extract the DT yield, an unbinned constrained fit is
performed to the MM? distribution. In the fit, the back-
ground events are classified into three categories: events
with correctly reconstructed ST D7 and u* but an
unmatched y(z°) from the Di~ (BKGI), events with a
correctly reconstructed ST Dy but misidentified p*
(BKGII), and other events with a misreconstructed ST
D7 (BKGIII). The signal and BKGI shapes are modeled
with MC simulation. The signal shape is convolved with a
Gaussian function with its mean and width as free param-
eters. The ratio of the signal yield over the BKGI yield is
constrained to the value determined with the signal MC
events. The size and shape of the BKGII and BKGIII
components are fixed by analyzing the inclusive MC
sample. From the fit to the MM? distribution, as shown
in Fig. 2, we determine the number of D{ — u*v, decays
to be Npr = 1135.9 + 33.1.

The efficiencies for reconstructing the DT candidate
events are determined with an exclusive MC sample of
ete™ — D D:~, where the Dy decays to each tag mode
and the Dy decays to u"v,. Dividing them by the ST
efficiencies determined with the inclusive MC sample

yields the corresponding efficiencies of the y(z°)u'y,
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reconstruction. The averaged efficiency of finding
y(7°)uty, is (52.67 +0.19)% as determined from

gy(ﬂo)ﬂJrl/# = Z(I)DTID (NéTSBT)/(NtsolgggT)’ (6)

4

where N, ebr, and ey are the ST yield, ST efficiency, and
DT efficiency in the ith ST mode, respectively. The factor
wpm = 0.897 accounts for the difference between the p*

PID efficiencies in data and MC simulation [eﬁ;[féMc)].

These efficiencies are estimated using ete™ — yutu~
samples but reweighted by the p™ 2D distribution of
D{ — u"v,. It is non-negligible mainly due to the imper-
fect simulation of d, and its applicability in different
topology environments is verified via three aspects:
(i) Studies with signal MC events show that e%ﬁ?D =
(7479 £0.03)% for Dj — p*v, signals can be well
reproduced by the 2D reweighted efficiency ey, =
(7491 £0.10)% with ete™ — yu™u~ samples. (i) Our
nominal BF (BDT—WV,,) obtained later can be well repro-
duced by removing the d, requirement, with negligible

difference but obviously lower precision due to much

higher background [60]. (i) The ey for ete™ —

yisrw (3686), w(3686) — nta~J/y, J/w — utu~ events
can be well reproduced by the corresponding 2D
reweighted efficiencies with ete™ — yutu~ samples (see
Table II of Ref. [58]). The BF of D{ — u*v, is then
determined to be (5.49 + 0.164, O.lSSyst) x 1073 from

BDT—m*u}, = flc-%%NDT/(NtSO'It‘Sy(ﬂO)y*uﬂ)v (7)
where the radiative correction factor f©¢ = 0.99 is due to
the contribution from DY — yD;" — yutv, [61], with
Di+ as a virtual vector or axial-vector meson. This
contribution is almost identical with our signal process
for low energy radiated photons. We further examine the
BFs measured with individual tags which have very
different background levels, and a good consistence is
found (see Table I of Ref. [58] for tag-dependent DT yields,
87,(7[0);#”# and BD;—»;ﬁuM)‘

The systematic uncertainties in the BF measurement are
estimated relative to the measured BF and are described
below.

For uncertainties in the event selection criteria, the u™
tracking and PID efficiencies are studied with ete™ —
yuu~ events. After correcting the detection efficiency by

wpm» We assign 0.5% and 0.8% as the uncertainties in y*
tracking and PID efficiencies, respectively. The photon
reconstruction efficiency has been previously studied
with J/yw — 777 7° decays [62]. The uncertainty of
finding y(z°) is weighted according to the BFs of D" —
yDY and DT — z°DF [57] and assigned to be 1.0%.

The efficiencies for the requirements of E¢,, and no extra
good charged track are studied with a DT hadronic sample.
The systematic uncertainties are taken to be 0.3% and
0.9% considering the efficiency differences between data
and MC simulation, respectively. The uncertainty of the AE
requirement is estimated by varying the signal region by
40.01 GeV, and the maximum change of the BF, 0.5%, is
taken as the systematic uncertainty.

To determine the uncertainty in the MM? fit, we change
the fit range by 40.02 GeV?/c?, and the largest change
of the BF is 0.6%. We change the signal shape by varying
the y(z°) match requirement and the maximum change is
0.2%. Two sources of uncertainty in the background
estimation are considered. The effect of the background
shape is obtained to be 0.2% by shifting the number of
the main components of BKGII by + 10 of the uncertainties
of the corresponding BFs [57], and varying the relative
fraction of the main components of BKGII by 50%. The
effect of the fixed number of the BKGII and BKGIII is
estimated to be 0.5% by varying the nominal numbers by
410 of their uncertainties. To evaluate the uncertainty in
the fixed ratio of signal and BKGI, we perform an
alternative fit to the MM? distribution of data without
constraining the ratio of signal and BKGI. The change in
the DT yield, 1.1%, is assigned as the relevant uncertainty.

The uncertainty in the number of ST Dy mesons is
assigned to be 0.8% by examining the changes of the fit
yields when varying the signal shape, background shape,
bin size, and fit range and considering the background
fluctuation in the fit. The uncertainty due to the limited MC
size is 0.4%. The uncertainty in the imperfect simulation of
the FSR effect is estimated as 0.4% by varying the amount
of FSR photons in signal MC events [54]. The uncertainty
due to the quoted BFs of D}~ subdecays from the Particle
Data Group (PDG) [57] is examined by varying each
subdecay BF by +16. The efficiency change is found to be
0.4% and is taken as the associated uncertainty. The
uncertainty in the radiative correction is assigned to be
1.0%, which is taken as 100% of its central value from
theoretical calculation [61]. The ST efficiencies in the
inclusive and signal MC samples are slightly different
with each other due to different track multiplicities in these
two environments. This may cause incomplete cancellation
of the uncertainties of the ST efficiencies. The associated
uncertainty is assigned as 0.6%, by taking into account the
differences of the efficiencies of tracking/PID of K* and
z*, as well as the selections of neutral particles between
data and MC simulation in different environments. The
total systematic uncertainty is determined to be 2.7% by
adding all the uncertainties in quadrature.

Combining our BF with the world average values of G,
my,, mp+ and the lifetime of Dy [57] in Eq. (1) yields

For|Ves| = 246.2 4 3.6, £ 3.5 MeV.
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Here the systematic uncertainties arise mainly from the
uncertainties in the measured BF (1.5%) and the lifetime of
the D} (0.4%). Taking the CKM matrix element |V | =
0.97359105501) from the global fit in the SM [57] or
the averaged decay constant fpr =249.9 £0.4 MeV of
recent LQCD calculations [8,10] as input, we determine

fD; =2529+ 374 3.6Syst MeV
and
|V.s| =0.985 + 0.014, + 0.014y.

The additional systematic uncertainties according to the
input parameters are negligible for |V | and 0.2% for f .
The measured |V | is consistent with our measurements
using D — K¢*v, [63-66] and D} — ne*v, [67], but
with much better precision.

Combining the obtained fp+|V,| and its counterpart
fp+|Veq| measured in our previous work [68], along
with |V 4/ V.| = 0.23047 £ 0.00045 from the SM global
fit [57], yields fp:/fp+ = 1.24 £ 0044, £ 0.024. It is
consistent with the CLEO measurement [2] within 16 and
the LQCD calculation within 2 [8]. Alternatively, with the
inputof fp+/fp+ = 1.1749 & 0.0016 calculated by LQCD
[8], we obtain |V,.;/V > = 0.048 £ 0.003, + 0.001 .
which agrees with the one expected by |V.,| and |V 4|
given by the CKMfitter within 2¢. Here, only the system-
atic uncertainty in the radiative correction is canceled since
the two data samples were taken in different years.

Based on our result for B+ _,,+, and those measured at
the CLEO [2], BABAR [5], and Belle [6] experiments, along
with a previous measurement at BESIII [7], the inverse-
uncertainty weighted BF is determined to be BD,?—»;:*U,, =
(5.49 +0.17) x 107* [69]. The ratio of Bp; _,+,, over the
PDG value of Bpi_,+, = (5.484+0.23)% [57] is deter-
mined tobe [(Bp: .+, )/ (Bps ~y+y,)] = 9.98 + 0.52, which
agrees with the SM predicted value of 9.74 within uncertainty.

The BFs of D — u*v, and Dy — u~D, decays are also
measured separately. The results are B D —uty, = (5.62+
0.23,) x 107 and Bp; -y, = (5.40 4 0.23,) x 1073,
The BF asymmetry is determined to be Acp=
[(BD;r—w*y# - BD;—W’D},)/(BD;—WWM + BD;—W’DM)] = (20 +
3.0g & 1.2y )%, Where the uncertainties in the tracking
and PID efficiencies of the muon, the ST yields, the limited
MC statistics, as well as the signal shape and fit range in
MM? fits for D and Dy have been studied separately and
are not canceled.

In summary, by analyzing 3.19 fb~! of e*e~ collision
data collected at E,, = 4.178 GeV with the BESIII detec-
tor, we have measured B(D{ — u*v,), the decay constant
fp#»and the CKM matrix element |V ,|. These are the most

precise measurements to date, and are important to calibrate
various theoretical calculations of f,+ and test the unitarity
of the CKM matrix with better accuracy. We also search
for LFU and CP violation in D} — v, decays, and no
evidence is found.
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