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By analyzing 7.33 fb~! of e*e~ annihilation data collected at center-of-mass energies between 4.128
and 4.226 GeV with the BESIII detector, we report the observation of the semileptonic decay
Dy - y'uTv,, with a statistical significance larger than 106, and the measurements of the D —
nu*v, and DY — n'utv, decay dynamics for the first time. The branching fractions of D — nu*v, and
Dy — n'u*v, are determined to be (2.235 4 0.051, 3 0.0524,)% and (0.801 £ 0.055, & 0.028,) %,
respectively, with precision improved by factors of 6.0 and 6.6 compared to the previous best
measurements. Combined with the results for the decays DI — ne*v, and Dy — 'e*v,, the ratios of
the decay widths are examined both inclusively and in several #*v, four-momentum transfer ranges. No
evidence for lepton flavor universality violation is found within the current statistics. The products of the
hadronic form factors fﬂ)o(O) and the ¢ — s Cabibbo-Kobayashi-Maskawa matrix element |V | are

determined. The results based on the two-parameter series expansion are f" ((0)|V | = 0452+
0.0104, = 0.007y and f'iqo(O)W“\ = 0.504 £ 0.037, + 0.0124,, which help to constrain present

models on f’]r(:)o(O). The forward-backward asymmetries are determined to be (Afg) = —0.059 +

0.031 5 & 0.005y and <A;:/B> = —0.064 £ 0.079, & 0.0064y for the first time, which are consistent

with the theoretical calculation.

DOI: 10.1103/PhysRevLett.132.091802

The couplings between the three families of leptons and
the gauge bosons are expected to be equal in the standard
model (SM). This property is known as lepton flavor
universality (LFU). In recent years, however, hints of
tensions between experimental measurements and the SM
predictions were reported in the semileptonic (SL) B decays
[1], the anomalous magnetic moment of the muon [2,3], and
the Cabibbo angle anomaly [4,5]. For example, the mea-
sured branching fraction (BF) ratios R;/(": = Bp_peicty,/
BB—>D(*)£+W (Z = p, e) [6-12] deviate from the SM pre-
dictions by 3.30 [1]. Although these tensions have been
explained by various theoretical models [13—24], no definite
conclusion is established yet. Precision tests of LFU in
different SL decays of heavy mesons provide deeper
insight into these anomalies. Possible LFU in the SL D7
decays is not yet well tested [25], due to poor knowledge
of the semimuonic D] decays. Reference [26] notes
that there may indeed be observable LFU violation
effects in the SL decays mediated via ¢ — s¢"v,. In the

SM, the ratio RZ;L = B0,/ Bpt ooy, is predicted
to be 0.95-0.99 [27-29]. Precision measurements of

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’.

D} — 77(’>y+1/ﬂ are important to test 4 — e LFU with the
SL decays Df — n/¢*v,. Especially, the D — nftv,
decay is expected to be the most competitive mode in the D
sector.

Furthermore, measurements of the D — y)¢%u,
dynamics are important to determine the ¢ — s Cabibbo-
Kobayashi-Maskawa (CKM) matrix element |V .| and the

vector or scalar hadronic form factors (FFs) f’ﬁi)o(cf), after
incorporating the inputs from the SM global fit [30] or
theoretical calculations [28,29,31-39]. The obtained results
are critical to test the unitarity of the CKM matrix and
validate different theoretical calculations on FFs. To date,
only the vector FFs of fim(qz) have been measured by
analyzing the D} — 5)e*v, dynamics at BESIII [40,41].
However, no fgm (g?) is available due to negligible lepton
mass in D — n")etv,. The D — n(’)pﬁyﬂ decays offer a
unique test bed to access fg(/)(qz) besides |V.,| and

f'f:/)(qz). Especially, Refs. [29,33] state that the forward-
backward asymmetry parameters ((Agg)), defined relative
to helicity amplitudes, are partially dependent on the
expected decay rates and hadronic FFs; and nonzero
asymmetries in D} — ;7<’>/4+1/” are expected [29,33]. The

obtained fg(/)(qz) and (Apg) are important to validate
different theoretical calculations [29,31-34] and, thereby,
improve the precision of lattice quantum chromodynamics
calculations on the hadronic FFs of SL D decays [32],
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which are currently suffering large uncertainties compared
to their D°*) counterparts [42-46]. These will reversely
help to determine the CKM matrix elements precisely,
which are crucial to test the unitarity of the CKM matrix at
higher precision [47-50].

Previously, only BESIII reported the BFs of D} —
n"'utv, [51] with large uncertainties of 20% (51%) using
0.482 fb~! of e*e™ collision data taken at a center-of-mass
energy E,,, = 4.009 GeV. Using 7.33 fb~! of eTe™ colli-
sion data taken at E, ,, between 4.128 and 4.226 GeV with
the BESIII detector, we report the first observation of
D = y'u*v,, and the BFs of D} — n"\u*y, are deter-
mined with improved precision by about sixfold. Based on
these, we test 4 — e LFU in D — 5)¢*v, decays in the
full kinematic range and several g intervals. By analyzing
the D} — n)u*v, dynamics, we determine fgm (¢%) and
(Apg) for the first time. Charge-conjugate modes are
implied throughout this Letter.

A description of the design and performance of the
BESIII detector can be found in Ref. [52]. About 83% of
the data analyzed in this Letter profits from an upgrade of
the end cap time-of-flight system with multigap resistive
plate chambers with a time resolution of 60 ps [53,54].
Monte Carlo (MC) simulated events are generated with a
GEANT4-based [55] simulation software, which includes the
geometric description [56] and a simulation of the response
of the detector. An inclusive MC sample with an equivalent
luminosity of 40 times that of the data is produced at E_ ,,
between 4.128 and 4.226 GeV. It includes open charm
processes, initial state radiation (ISR) production of char-
monium [y(3770), y(3686), and J/w], qg (¢ = u, d, s)
continuum processes, along with Bhabha scattering, u*p~,
777, and yy events. The open charm processes are
generated using CONEXC [57]. The effects of ISR and final
state radiation are included. Signal MC samples of the SL
decays D — nU) W' v, are simulated with the two-param-
eter series expansion model [58], with parameters obtained
in this work. The input cross section of eTe™ — DD is
taken from Ref. [59]. In the MC generation, known particle
decays are generated by EVTGEN [60] with the BFs taken
from the Particle Data Group [30], and other modes are
generated using LUNDCHARM [61].

In ete™ collisions at E_., between 4.128 and
4.226 GeV, the D] mesons are produced predominantly
via ete™ — DED;T [62]. Candidates in which one Dy is
fully reconstructed in one of the 14 hadronic decay modes,
Dy - K*K~7n~, KYK~ 72", KgK_, KgK_n'o, KgKgn'_,
KgKJr;r_ﬂ_, KgK_ﬂ+ﬂ_, TATAT, Ny, Mg T,
11:7 R 11’7 T Myyp s and 1m0, ,-p”, are called the
single-tag (ST) Dj. Those in which the ST Dj, the
transition y(z°) of the D;T decay, and the signal decays
of D — n(’)pﬁyﬂ are simultaneously reconstructed are

called double-tag (DT) events. Based on these, we deter-
mine the BF of the signal decay by

Bsig = NDT/(Ntsolt“ ' ey(ﬂo)sig)’ (1)

where N =", N&. and Npr are the total ST and DT
yields, respectively, in data summing over tag mode k and
€(20)sig is the effective signal efficiency of selecting
y(7°)n"utv, in the presence of ST D7. The €30, is
the averaged efficiency of €, and €0, and estimated by
S (N L/NEL) (ebr/ €kr), where €51 and €Xp are the ST and
DT efficiencies for the kth tag mode, respectively.

For each tag mode, the ST yield is extracted from a fit to
the corresponding invariant-mass spectrum of the ST
candidates. The selection criteria for all ST candidates
are the same as Ref. [41], where detailed description can be
found. The total ST yield is Nt = (817.0 & 3.44,,) x 10°.

In the presence of ST Dy, we select candidates for the
transition y(z°) from D}* decay and signal D} — n")u* v,
among the unused particles recoiling against the ST Dy. In
the signal decay, the # is reconstructed via 5 — yy or n —
n°z* 7~ decay, and the ' is reconstructed vian' — n,,x" 7z~
or yrtn~ decay. Particle identification (PID) for pions
combines the specific ionization information in the multi-
layer drift chamber and the flight time in the time-of-flight
system, and PID for muons further combines the energy
deposited in the electromagnetic calorimeter (EMC).
Likelihoods under various particle hypotheses (£;, i = e,
7w, u, and K) are calculated. Charged tracks satisfying
L,>0.001, £, > Lg are assigned as pion candidates
and satisfying £, > 0.001, £, > L,, L, > Lk, and
Epyvc € (0.10,0.28) GeV are assigned as muon candidates,
where Egyc is the energy deposited in the EMC of muon
candidates. The selection criteria for the transition y(z°)
and ") are the same as those in Ref. [41]. The energy and
momentum of the missing neutrino of the signal SL decay
are derived as E, = E., — L;E; and 13,,” = -3, p;, respec-
tively, where E; and p; are the energy and momentum,
respectively, of the particle i, with i running over the ST
Dy, transition y(z°), n), and u*.

The yield of signal events is determined by a fit to the
distribution of the kinematic variable MM? = E7 /c*~
|,,I?/¢*. To improve the MM? resolution, the candidate

tracks, along with the missing neutrino, are subjected to a
three-constraint kinematic fit requiring energy and momen-
tum conservation, constraining the invariant mass of each
D¥ meson to the known D mass [30], and constraining
the invariant mass of the D5y (z°) or D{y(z") combination
to the known D** mass [30]. The combination with the
lowest y? is kept. The y? for D} — M, i -V, s Tequired
to be less than 30 to further suppress the non-DID;T
backgrounds.
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WD om wv, £ ) efpisy v, ] TABLEL  Signal efficiencies (e, yo)q,). signal yields (Npy), and
6001 —— All background 7 “ ] obtained BFs (Bg,). Efficiencies are averaged by ¢, and €x05ig
T S A S Other backgroundy and include the BFs of the ) and DT subdecays. Numbers in
= o0k 1% 2 1 the first and second parentheses are the most significant digits of
g ; the statistical and systematic uncertainties, respectively.
S 0 S 0
S Y + ’+
§200 §100 ] Decay My, nu'v,
e 2 7" decay 14 Pt gt yrtn~
100r 1 s 1 €sig (%) 14.06002)  2.89(01)  2.27(01)  3.64(01)
T 20 L Npr 2567 528 149 238
002 0.0 0.2 04 02 00 00 o0l 02 Bgg (%) 2.235(51)(52) 0.801(55)(28)
MM? (GeV?/c?) MM? (GeV?/c?)
FIG. 1. Simultaneous fits to the MM? distributions of the

accepted candidates for Di — n)u*w,. Points with error bars
are data, solid curves are the best fits, differences between dashed
and dotted curves are the D} — )zt (z°) peaking backgrounds,
and dotted curves are the other backgrounds.

To suppress the backgrounds, the energy of any unused
shower (E};,) in an event is required to be less than
0.2 GeV. The DT candidates are vetoed if they contain any
additional charged tracks (Nh) or 7% reconstructed by
two unused photons (N%,.,). To further reject the peaking
backgrounds from D} — 4"zt and Df — n)zta°, the
invariant masses of ;7(’),u+, M”w b are required to be less
than 1.8 GeV/c? for both Df — nu'tv, and DY - n'u'ty,,
and the invariant masses of 77(’ ) Vys M y0y,» ATe required to be

greater than 0.97 and 1.27 GeV/c? for DY — nu™ v, and
Df — n'utvy,, respectively.

After imposing all the above selection criteria, the
resulting MM? distributions of the accepted candidates
for different signal decay modes are exhibited in Fig. 1. For
D} — r](’)pﬁuﬂ, the signal yield is extracted from a
simultaneous unbinned maximum-likelihood fit to the
MM? spectra for the two # or 1 reconstruction modes,
with BFs constrained to be the same in the fit. The signal,
peaking backgrounds of D — #")z* (z°), and other back-
ground shapes are modeled by the individual simulated
shapes taken from the inclusive MC sample. The signal and
peaking background shapes are convolved with a Gaussian
resolution function to account for the differences between
data and simulation. The yields of the peaking backgrounds
are fixed to the expectation from simulation, and the other
yields are left free. The obtained signal -efficiencies,
signal yields, and resultant BFs are shown in Table L
The signal efficiencies have been corrected for small data-
MC differences (overall factor f°" = 0.992-1.018) in the

n, 7° reconstruction, x* PID, requirements of EJ'ax, Nowt |
0

Ngxt_ras My](’)ﬂ+ )
The systematic uncertainties in the BF measurements are

listed in Table 1 in Ref. [63] and are discussed below.

2
M11<’)v,4’ and;( .

The uncertainty in the ST Dy yields is studied by
examining the change of the ST Dy yields by varying
the matched angle for signal shape and the order of
Chebyshev polynomial for background shape. The uncer-
tainties in the tracking or PID efficiencies of z* from the
secondary ") decay and u* from primary D] decays are
studied with the control samples of eTe™ - KT Kzt n~
and ete™ — yutu~, respectively. The uncertainty of the 7°
or 5 reconstruction is assigned by studying the control
sample of ete™ — K*K~n"n~z°. The uncertainty in the
reconstruction of transition y(z°) from D" is studied with
the control sample of J /y — 7%z 7~ [64]. The uncertainty
from the selection of the transition y(z°) from D}* with the
smallest |AE| method is estimated by using the control
samples of DY — K*K~z" and D} — nata®.

The uncertainties due to the signal model are estimated
by comparing the DT efficiencies by varying the input
hadronic FFs measured by +16. The uncertainties due to
the M O and M ", requirements are estimated by using

the DT events of D — 5" e*v,. The uncertainties from the
n") reconstruction are estimated by analyzing the control
sample of J/y — ¢n'"). The systematic uncertainties in the
MM? fit are studied by repeating the fits with different
signal and background shapes. The uncertainty in the
peaking background yield is propagated by varying its
size by 1o of the corresponding BF [30].

The uncertainties due to different multiplicities of tag
environments [65] are assigned by studying of data-MC
efficiency differences. The uncertainty due to the finite MC
statistics, which is dominated by that of the DT efficiency,
is considered as a systematic uncertainty.

The uncertainties of the E)i,, N, ™ and NEMC require-
ments are analyzed with the DT events of D} — )z (z°)
and D — n"ety,. The uncertainties of the y? require-
ments for D} — 11; . v, are studied with the DT events
of D} - ;1’7 -7 and DY — 11’7 .+ € V.. The uncertain-

ties due to the quoted BFs of #(") and D** decays are taken
from Ref. [30].
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The correlated and uncorrelated systematic uncertainties
between the two ") decay modes are summarized in the
top and bottom section of Table 1 in Ref. [63]. The
combined systematic uncertainties are 2.3% for D] —

The decay dynamics of DF — r](’)/ﬁuﬂ are investigated
by dividing individual candidate events into m = 8(3)
intervals of ¢*> and performing a leastyZ; fit to the
measured (Al ;) and theoretically expected (Al“ih) partial

nu*v, and 3.5% for Df — n'u*v,, taking into account  decay rates in the ith ¢® interval. The AL, =
correlated and uncorrelated systematic uncertainties with f(dT /dq*)dq* relate to the hadronic FF via [33]
the method described in Ref. [66]. '

dar G%|V |2 (‘Iz _mﬁ)2|pr](’)| mﬁ 2 211" N2 3m,% 2 2 2101”2\ 2

= o g |5 o U @R+ R 0 - P @O @

where G is the Fermi coupling constant [30], | p,7</)| is the
momentum of ) in the D rest frame, and M0 is the

ut(n")) mass. The hadronic FFs f'im (¢*) are parametrized
with a two-parameter series expansion [67]. We fix the pole
mass at the known D™ mass [30]. The similar formulas are

applied for fgm(qz) but with one-parameter series expan-
sion due to much less contribution and with the pole mass
replaced with mp: (2317)+ [30].

The AT, are determined by Al = (Nja/7ps - NST),
where 7+ is the D/ meson lifetime [30,68] and Nérd =
or (e7); jN{ST is the corresponding produced signal yield.
The observed signal yield (Nj;) is obtained from a

similar fit of the corresponding MM? distribution. The
signal efficiency matrix (e;;) is determined via €;;= j

>k [(1/Ngy)- (NgT/Ngen) “(Ngp/esy) - f], where Ngen
is the total signal yield produced in the jth ¢ interval,
N is the number of events generated in the jth ¢° interval

Froi=Snty, T " (@

g ;
T ognionw | uv, ® ]
60F ¢Diom i, F et 7
I H)ﬁnmu vy

[ _—zseries

Ap(@)

—
T
Il
T
—
1

0.0 05 70 5 0.0 05 14

2 (GeV?/ ¢%) @2 (GeV?/ ¢%)
FIG. 2. (a),(b) Fits to AIi. (c),(d) The measured Ryse
combining the two signal channels in each ¢> interval. (e),(f)
Comparisons of the measured Agg and theoretical predications
[33]. Red circles, blue triangles, and black points with error bars
are data; the error bars combine both statistical and systematic
uncertainties.

but reconstructed in the ith g interval, and k sums over all
tag modes. Details of g> diVisions the weighted signal
efficiency matrices Niyp, N prd> and AF;nsr of different ¢°
intervals for DY — nu*v, and Df — n'u*v, are shown in
Tables 2-5 in Ref. [63], respectively.

The statistical and systematic covariance matrices are
constructed as Ref. [41], which are shown in Tables 6 and 7
in Ref. [63]. The systematic covariance matrices include
with those uncertainties from the BF measurements, along
with the D7 lifetime [30,68].

For each signal decay, we perform a simultaneous fit on
the differential decay rates measured by the two ()
subdecays, where the two modes are constrained to have
same parameters for the hadronic FF. Figures 2(a) and 2(b)
show the fits to the differential decay rates. The obtained
parameters of hadronic FFs are summarized in Table II.

. L )
Figure 3 shows the projections to the extracted f 1‘0(112), as

well as the comparison of f'i(i)o(qz) and various theoretical
calculations. Taking |V.,| from the SM global fit [30]
as input, we determine f ((0) = 0.465 4 0.010, +

0.0074 and  f7 ;(0) = 0.518 £ 0.038, + 0.012,.

Conversely, by taking the f'_’:n (0) predicted by theory
[31] as inputs, we obtain [V g, =0.913 £0.020, +

0.014,, 70053 and  [V,|y = 0.904 % 0067+
0.021, " 07¢ . where the third uncertainties originate

from the input FFs. The obtained f 'Z:,) (0) are consistent with
the relativistic quark model, QCD light-cone, and QCD
sum rule calculations [28,31,33,35-37]. They disfavor the

TABLE II.  Fitted parameters of hadronic FFs. Quantities in the
first (second) parentheses are the least two significant digits of
statistical (systematic) uncertainties. NDF is the number of
degrees of freedom.

0

Decay o0Vl r X3¢ /NDF
Df - muty,  0452(10)07)  —29(06)(02)  5.1/14
D = yuty,  050437)(12) —108(53)(14)  2.3/4
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¢ Diom v, § Dl I
1.5F —Thiswork - -CCQM [29] + 3

LCSR [31] --CCQM [34]

fo(a®)

15 0.0 05 T
@ (GeV¥ ¢4

0.0 05

1.0
o (GeV?/ ¢%)

FIG. 3. Projections of the fits on f’ﬁijo(qz). Red circles and blue
triangles with error bars are data, the yellow bands are the +1o
limits of fitted parameters, and the curves in different colors are
from various theoretical calculations described in the legend.

lattice QCD, covariant light-cone, and covariant confined
quark model calculations [29,32,34,38,39] by more
than 4o.

Combining the BFs measured in this work with our me-
asurements Bp: .+, = (2.255 & 0.039, 4= 0.051y) %
and Bp:_,.+, = (0.810 £ 0.0384, + 0.0244 )% [41],
we obtain R, =0.991£0.029,,£0.016, and R}, =
0.988 + 0.082, & 0.0314y, which are consistent with the

SM predictions [27-29]. In addition, we examine the RZ Je

/

/
and RZ Je in different ¢* intervals after considering the

correlated uncertainties, with results shown in Figs. 2(c)
and 2(d); these are also consistent with the SM predictions.
The  forward-backward  asymmetry  parameter
Agp is defined as Agg(q?) = (J) d cos 0,dT'/d cos 0,—
I, d cos 0,dT"/d cos 0,)/( [} d cos 0,dT'/d cos 0,4
ffl d cos 6,dl’/d cos 0,), where 0, is the angle between
the momentum of the x™ in the rest frame of the W boson
and the direction to the W-boson momentum in the rest
frame of D7. The measured Apg in various g intervals are
shown in Figs. 2(e) and 2(f). The averaged (Agg) are
determined to be —0.059 + 0.031, + 0.005 for D —
nutv, and —0.064 £0.0795 £0.0064y for DY = n'uty,,
which are consistent with theoretical predictions [29,33].
In summary, we present for the first time the observation
of D} — n'u"v, with statistical significance greater than
106 and the studies of D] — n(’)yﬂzﬂ dynamics. The BFs
of DY - nu*vy, and Dy — n'u*y, are measured with
precision improved by about sixfold over the previous
best measurements [30]. Combining with the BESIII
measurements of Di — nlety, [41], we calculate the

oo . .
RZ /¢ Tatios in separate g? intervals and in the full range. No

significant evidence of LFU violation is found with current
statistics.
By analyzing the dynamics of these decays, we deter-

mine the hadronic FFs of f'ii)O(O), |V.s|, the shapes of
0

+,0(612), and forward-backward asymmetry parameters of

(Agg)- The obtained fgm (¢%) line shapes offer crucial data
to calibrate the ¢-dependent FFs from different theories for
the first time. Unlike the comparable FFs in the SL decays
mediated via ¢ — detv, [69], the D] — n FF measured in
this work deviates from f2=K(0) =0.7327 & 0.0049
obtained via D° — K~u"v, [70] by more than 56. This
rules out the expectation for comparable FFs for D(+) —
Kyutv, and DY — nu'v, [47] but supports that the spec-
tator quarks play important role in FFs due to effects of
confinement in the considered weak transitions and the
SU(4) asymmetry breaking [71].
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