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We report the first observation of the semimuonic decay D — wu*v, using an e*e™ collision data

sample corresponding to an integrated luminosity of 2.93 fb~! collected with the BESIII detector at a
center-of-mass energy of 3.773 GeV. The absolute branching fraction of the D" — wu*v, decay is

measured o be By, = (17.7 £ 1.8¢q £ Llyg) X 10~*. Its ratio with the world average value of the

branching fraction of the D* — we™v, decay probes lepton flavor universality and it is determined to be

Byt it /BpS, -, = 1.05£0.14, in agreement with the standard model expectation within one

standard deviation.
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Lepton flavor universality (LFU) is one of the key
predictions in the standard model. It requires that the
couplings between three generation leptons and gauge
bosons are equal with each other. Studies of the semi-
leptonic (SL) decays of pseudoscalar mesons are powerful
to test LFU. In recent years, the difference between the
measured branching fraction (BF) BF ratio R/, =
By_pe), /BB_,D Ity (¢ =, e) [1-7] and the standard
model predlctlons is found to be larger than three standard
deviations [8]. Possible physics mechanisms [9,10] were
proposed to explain this tension. Comprehensive tests of
e-u LFU with SL D decays, especially for those lesser-
known decays, offer critical information for thorough
exploration of LFU.

In 2018, BESIII reported tests of LFU with D — z£tv,
decays [11] which are mediated via ¢ — dftv,.
The difference between the BF ratio R;;;d BD—m/ﬁu /
Bp_ze+y, [12] and the SM prediction is found to be greater
than one standard deviation. Tests of LFU with other SL D
decays mediated via ¢ - d¢ v, are important to under-
stand this situation. One possible candidate decay is
D" — wu'v,. Although this decay was theoretically pre-
dicted before 1990 [13], it has never been experimentally
confirmed yet to date. Since 2015, different theoretical
approaches, e.g., light-front quark model (LFQM) [14],
recalled chiral unitary approach (yUA) [15], covariant
confined quark model (CCQM) [16], light-cone QCD
sum rules (LCSR) [17,18], and relativistic quark model
(RQM) [19], were adopted to investigate Dt — wu'v,.
The predicted BFs range between (1.78-2.46) x 1073
[14-19], corresponding to the BF ratios BD+_,W+D#/
Bptgety, 0of (0.93-0.99). Observation and measurement
of the BF of D* — wu v, are crucial to test e-u LFU with
D" — w¢*v, decays. The measured BF are also important
to distinguish between various theoretical calculations,
thereby improving understanding of nonperturbative effects
in heavy meson decays [20,21].

This paper reports the first observation and BF meas-
urement of DT — a)yﬂ/ﬂ as well as a test of e-u LFU
with DT — wf*v, decays, by analyzing 2.93 fb~! of data
accumulated with the BESIII detector at a center-of-mass
energy /s = 3.773 GeV [22]. Throughout this paper,
charge conjugated channels are implied.

The BESIII detector is a magnetic spectrometer [23]
located at the Beijing Electron Positron Collider (BEPCII)
[24]. The cylindrical core of the BESIII detector consists
of a helium-based main drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octa-
gonal flux-return yoke with resistive plate counter muon
identifier modules interleaved with steel. The acceptance of
charged particles and photons is 93% over 4x solid angle.

At 1 GeV/c, the charged-particle momentum resolution is
0.5%, and the dE/dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel (end
cap) region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps. More details
about the BESIII detector are described in Ref. [23].

Simulated samples produced with the GEANT4-based [25]
Monte Carlo (MC) software, which includes the geometric
description [26,27] of the BESIII detector and the detector
response, are used to determine the detection efficiency and
to estimate the backgrounds. The simulation includes the
beam-energy spread and initial-state radiation (ISR) in the
e"e™ annihilations modeled with the generator KkmcC [28].
The inclusive MC samples consist of the production of
the DD pairs, the non-DD decays of the y(3770), the ISR
production of the J/w and w(3686) states, and the
continuum processes (e*e™ = qg, (¢ = u, d, s)) incorpo-
rated in KKMC [28]. The known decay modes are modeled
with EVTGEN [29] using BFs taken from the Particle Data
Group (PDG) [12], and the remaining unknown decays
from the charmonium states with LUNDCHARM [30]. The
final-state radiation from charged final-state particles is
incorporated with the pHOTOS package [31]. The DT —
wptv, decay is simulated by a model with the form
factor parameters of ry = V(0)/A;(0) =1.24+0.11
and r, = A,(0)/A;(0) = 1.06 £ 0.16, which are quoted
from Ref. [32].

At /s =3.773 GeV, the w(3770) resonance decays
predominately into D°D° or D*D~ meson pairs. The
D~ mesons are reconstructed by their hadronic decays to
Ktrnrn, Kgﬂ,'_, Ktn a7, Ksﬂ.' 70, Kgir 7, and
K*tK~n~, and referred to as single-tag (ST) D™ mesons.
In the sides recoiling against of the ST D~ mesons, the
candidate D* — wu*v, decays are selected to form dou-
ble-tag (DT) events. The absolute BF of D — wu*v, is
determined by

BSL:NDT/(NtSO”lt""E'SL B, - B, ) (1)

where N§f and Npp are the ST and DT yields in the
data sample, B,, and B, are the BFs of the @ — z* 7~ 7°
and 7° — yy decays, respectively, and eg = Z;[(ely; -
Nip)/(ekp - NQL)] is the efficiency of detecting the SL
decay in the presence of the ST D~ meson. Here i denotes
the tag mode, and egr and epr are the efficiencies of
selecting the ST and DT candidates, respectively.

The same selection criteria as reported in Refs. [11,
33-36] are used in this analysis. Charged tracks are
required to have polar angle (6) within |cos6| < 0.93,
and except for those from K9 decays, are required to
originate from an interaction region defined by |V,,| <
1 cm and |V,| < 10 cm, where |V,,| and |V,| refer to the
distances of closest approach of the reconstructed track to
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the interaction point in the xy plane and the z direction
(along the beam), respectively.

Particle identification (PID) of charged kaons and pions
is implemented with the dE/dx and TOF information. For
muon identification, the EMC information is also included.
For each charged track, the combined confidence levels
for the electron, muon, pion, and kaon hypotheses (CL,,
CL,, CL,, and CLg) are calculated. The charged tracks
satisfying CLk(y) > CLy k) are identified as kaon (pion)
candidates. The muon candidates are required to satisfy
CL,>0.001, CL, > CL,, and CL, > CLg, and their
deposited energy in the EMC is required to be within
(0.15,0.25) GeV to suppress backgrounds misidentified
from charged hadrons.

The Kg candidates are selected from pairs of opposite
charged tracks with |V.| <20 cm, but without require-
ments on |V,[. The two tracks are designated as pions
without PID requirements, constrained to a common vertex
and required to have an invariant mass satisfying
Mg = myo| < 12 MeV/c?, where my is the K§ nomi-
nal mass [12]. The selected K g candidate must have a decay
length greater than two times the vertex resolution.

Photon candidates are selected using EMC information.
It is required that the shower time is within 700 ns of the
event start time, the shower energy must be greater than
25 (50) MeV in the barrel (end cap) region [23], and the
opening angle between the candidate shower and any
charged tracks must be greater than 10°.

The 7° candidates are selected from photon pairs with
invariant mass within (0.115,0.150) GeV/c?. To improve
the momentum resolution, a one constraint (1-C) kinematic
fit is performed constraining the pair’s yy invariant mass to
the 7z° nominal mass [12], and the 7 of the 1-C (mass-
constraint) kinematic fit is required to be less than 200.

The energy difference (AE) and beam-constrained mass
(Mpc) are used to select ST D~ candidates, where

AE = ED‘ - Ebeam (2)

and

Mpc = Eﬁeam - |l_7)D’|2' (3)
Epeam is the beam energy, and P’ - and E),- are the total
momentum and energy of the ST candidate calculated in
the ete™ rest frame, respectively. The D~ candidates
are expected to concentrate around zero in the AFE
distribution and around the nominal D~ mass in the
My distribution. For each tag mode, the one with mini-
mum |AE| is retained. Combinatorial backgrounds in the
My distributions are suppressed with a requirement of
AE € (—0.055,0.045) GeV for tags containing z° and
AE € (—0.025,0.025) GeV for other tags.

80F p— Kt 10f p— K:n‘ 20} D'— K'nwn®
~ 60F
)
% 40f 5 10t
L 20 1
= A
S O () ety -t
i 15} D= Ko D— Kl D KK
s 10} 5
E 10
2 st 5t
0 A 4 -

184 186 1.88 01.84 186 1388 01.84 186 1.88

Mt (GeV/c?) Mt (GeV/c?) Mt (GeV/c?)

FIG. 1. Fits to the Mpc distributions of the ST candidate events.
The dots with error bars are data, the blue solid curves are the fit
results, the red dashed curves are the fitted backgrounds, and the
pair of red arrows in each subfigure denote the ST D~ signal
region.

For each tag mode, the ST yield is determined by fitting
the My distribution of the candidates surviving all above
requirements. In the fit, the D~ signal is modeled with a
shape obtained from an MC simulation convolved with a
double Gaussian describing the difference between data
and MC simulations, and the combinatorial background
is described by an ARGUS function [37]. The resulting
fits to the My distributions for each mode are shown
in Fig. 1. Candidates in the Mpc signal region,
(1.863,1.877) GeV/c?, are kept for further analysis. The
ST yields in data and the ST efficiencies for individual tags
are shown in Table I. Summing over the ST yields for all
tags gives a total yield of N = 1522474 + 2215, where
the uncertainty is statistical.

The Dt — a)/ﬁyﬂ candidates are selected from the
remaining charged tracks and photons that have not been
used for the ST reconstruction. Each candidate must have
three good charged tracks and one z° candidate. If there are
multiple neutral pions, the one with the minimum y? . is
chosen. One of the three charged tracks must be identified
as a muon, and the other two as #"z~. The total charge
of the DT event is required to be zero. The w candidates
are selected from z*z~ 7" combinations, and we require

TABLE I. Summary of ST yields (Ni;), ST efficiencies (k)
and DT efficiencies (elyy) for different tag modes. Uncertainties
are statistical only. Efficiencies do not include the BFs of
KY - nta, 2’ > yy, and w > 772 7"

eéT (%) €£)T (%)

Tag mode Niy;
D™= Ktz n~ 782669 £990 50.61+0.06 4.28 +0.05
D™ — K9z~ 91345 +320 50.41+£0.17 4.57 +0.06
D™ — Ktz a % 251008 £ 1135 26.74 £0.09 1.89 +0.04
D™ - K%n~z® 215364 +1238 27.29 £0.07 2.26 & 0.06
113054 +£ 889  28.29 +£0.12 2.16 £ 0.09

D™ - KSntnn~
D™ - K"K n~ 69034 +=460 40.87 =0.24 3.05 £+ 0.05
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FIG. 2. The results of a fit to the U, distribution of the

D* — wy*v, candidate events. The dots with error bars are data

and the blue solid curve is the fit result. The yellow hatched
histogram is the MC-simulated combinatorial background (Si-
mulated CBKG), the black dashed curve is the result of a fit of the
combinatorial background (Fitted CBKG), and the difference
between the red dotted and black dashed curves is the peaking
background of D* — @zt 7 (Peaking BKG). The bottom plot
shows the y distribution obtained from the fit.

M+ -0 —m,| <0.025 GeV/c?, where m, is the @
nominal mass [12] and M+ ,- 0 is the invariant mass of
the 772~ 7" combination. If two 7772~ 7° combinations can
be formed due to mis—identiﬁcation between #* and pt,
the one with M+ - o closer to m,, is kept as the @ candidate.
To suppress backgrounds from the SL decays D' —
K*(892)%%u "y, with K*(892)° - K{(z"7~)n", we require
My - —mgo| >0.015GeV/c>  and M
0.015GeV/c?, where M ,- and M+ .
masses of the z7z~ and y*z~ combinations, respectively;
and 7, denotes that the mass of the muon candidate has
been replaced by the z+ mass. These requirements corre-
spond to approximately four times the fitted mass resolution
of Kg around its nominal mass. To suppress backgrounds
from the hadronic decays D" — K%(2°2°)ztntzn~, the
invariant mass of the system recoiling against the
D™, "z~ combination (Mrgg(;:iit,,fn*) is required to
be outside the range of (0.45,0.55) GeV/c?. The peaking
backgrounds from the hadronic decays D" — wzt and
D" - wrtz® are suppressed by requiring M, <
1.5 GeV/c* and E3E,, < 0.15 GeV. Here, M, is the

invariant mass of the wu™ combination and Eg;ﬂ;;;y is the

+ - —Mgo| >
Tysr Ks|

- are the invariant

maximum energy of any photon that is not used in
the DT selection.

The neutrino of the SL D decay is undetectable by the
BESIII detector. The information of the D' — a)/ﬁuﬂ
decay is inferred by the difference between the missing
energy (Eis) and the missing momentum (|Pies|) of
the observed particles of the DT event calculated in the
eTe™ center-of-mass frame, Umg = Emm — | Pumiss |- Here,
Emlw = Ebeam Eu) E + and pml%% = pD+ l_jm - ﬁﬂ'v
where E,+) and pw(/ﬁ) are the energy and momentum
of the @ (u™) candidates, respectively. The U ;g resolution
is improved by constraining the D energy and momentum
with the beam energy and Pp+ = —Pp-v/Efeyy — M-
where pp- is the unit vector in the momentum direction of
the tagged D~ and mp- is the D™ nominal mass [12].

The U, distribution of the accepted DT events of
data is shown in Fig. 2. An unbinned maximum likelihood
fit to this distribution is used to determine the SL decay
yield. The shapes of all the components in the fit are
obtained from MC simulations, including the SL signal,
the peaking background from the hadronic decays
D — wn" 7% and other backgrounds, while their yields
are left free. The number of D — wyu*v, decays obtained
is Npr = 194 £ 20, where the uncertainty is statistical.

The fourth column of Table I lists the DT efficiencies for
individual tag modes. The signal efficiency weighted by the
STyields in data is gy = (8.15 £ 0.07)%. Detailed studies
show that the momentum and cos@ distributions of @
and p* of data are modeled well by MC simulations. The
BF of the D — wu'v, decay is obtained by Eq. (1) to be

Bptapry, = (177 £ 1.8 £1.1) x 1074,
where the first uncertainty is statistical and the second
systematic.

With the DT method, most systematic uncertainties
arising from the ST side cancel. In the BF measurement,
the systematic uncertainties arise from the following
sources. The uncertainty in the total ST yield, which is
mainly from the uncertainty due to the My fit of the ST
candidates, has been studied in Refs. [11,33,34] and is
assigned as 0.5%. The tracking and PID efficiencies of the
pion and muon are studied by analyzing the DT hadronic
DD events and ete™ — yuu~ events, respectively. The
systematic uncertainties associated with the pion tracking
(PID), muon tracking (PID) are assigned to be 0.2% (0.3%)

TABLE II.  Comparison of the BFs between D* — we*v, and D" — ou'*v,.

CCQM [14] yUA [15] LFQM [16] LCSR [17] LCSR [18] RQM [19] Measurement
Bpt oty (x107%) 17.8 229 2042 1859 17.3148 208 177+ 18+1.1
Bpt—aes, (x1074) 18.5 24.6 214+2 1937 17458 217 169+ 1.1 [12]
Bt —aptn,/ BRS os 0.96 0.93 0.95 0.96 0.99 0.96 1.05 +0.14

072005-6



OBSERVATION OF THE SEMIMUONIC DECAY ...

PHYS. REV. D 101, 072005 (2020)

and 0.3% (0.3%), respectively. The z° efficiency, including
effects of photon selection, the 1-C kinematic fit, and
the mass window, is studied with DT hadronic DD
decays [33,34], and a systematic uncertainty of 0.7% is
assigned to each z°. The uncertainty of the ESay
requirement is estimated to be 4.4% by analyzing the
DT DD events of D' — w(ztz 2%)etv,, D —
K%zt )n’etv,, D' - KY(ztn)etv,, and DT —
KY(z*n)a"x’. The uncertainties due to the M,,:
requirement and the Kg rejection (M +,-, Mﬂ;ﬂﬂ-, and

recoil
MD7]T+ T

H—T

) are evaluated by repeating measurements

varying the nominal requirements by £0.05 GeV/c? and
+0.005 GeV/c?, respectively, and they are found to be
negligible. The uncertainty originating from the U, fit is
assigned to be 3.4%, which is estimated with alternative fit
ranges and signal and background shapes. The uncertainty
due to the limited MC size is 0.5%. The uncertainty in the
MC model is assigned to be 2.3%, by comparing our
nominal DT efficiency with one obtained using an ISGW
model [20]. All these systematic uncertainties are assumed
to be independent, and their quadratic sum gives a total
systematic uncertainty of 6.3%.

To summarize, by analyzing the data sample with an
integrated luminosity of 2.93 fb~! collected at /s =
3.773 GeV with the BESIII detector, we report the first
observation and BF measurement of the SL decay
D* — wu*v,. Table II shows the comparison of our BF
to various theoretical calculations of D — wu*v, decay.
Our BF is consistent with the predicted values based on
the LFQM, CCQM, and LCSR methods [14,16-18], but
differs from those based on the yUA [15] and RQM [19]
methods by 2.5¢ and 1.56, respectively. Combining the
BD+_W”+U# measured in this work with the world average

BrRa = (169 £ 1.1) x 107* [12,32,38], we obtain

Dt -wety,
the BF ratio to be Bp:_.,+,/Bp° =1.05£0.14.

Dt —we'y,

It agrees with the standard model predictions (0.93-0.99)
[14—17,19] within uncertainties, and implies no violation of
e-u LFU found with current statistics.
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