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Using 20.3 fb~! of e*e™ collision data collected at the center-of-mass energy 3.773 GeV with the
BESIII detector, we report the first observation of the semileptonic decay D* — #'u* v, with significance
of 8.6¢ including systematic uncertainties, and an improved measurement of D™ — #5’e™v,. The branching
fractions of D™ — #'u*v, and D™ — /ey, are determined to be (1.92 + 0.28, & 0.08,,) x 107 and

(1.79 £ 0.194, £ 0.07y) x 107*, respectively. The ratio of the two branching fractions is determined to

be R,j. = 1.07 £ 0.19y, & 0.034, which agrees with the theoretical expectation of lepton flavor

universality within the standard model. From an analysis of the D* — 5/¢*v, decay dynamics, the

product of the hadronic form factor f'i (0) and the Cabibbo-Kobayashi-Maskawa matrix element |V 4| is

measured for the first time, giving f'i’ (0)|Veal = (5.92 4 0.56, & 0.135) x 1072, The 7 — ' mixing
angle in the quark flavor basis is determined to be ¢p = (39.8 & 0.8y, + 0.34y5)°

DOI: 10.1103/PhysRevLett.134.111801

In the standard model (SM), semileptonic (SL) D decays
involve the interaction of a leptonic current with a hadronic
current [1]. By analyzing the differential decay rates of SL
D decays, one can determine the hadronic form factors
(FFs) and the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[2,3] elements |V 4|, which parametrize the strong and
weak interaction effects, respectively. The FFs may be
calculated by lattice quantum chromodynamics (QCD) or
other less-rigorous methods and models. Measurements of
the FFs of the SL D decays are important to test these
methods in the charm sector.

In general, SL D) decays into various ground state
mesons have been well-explored [4,5]. However, no
experimental study of D" — #/u*v, exists. A study of
the DT — /¢ v, (¢ = por e) decay dynamics provides an
opportunity to determine the D* — #’ hadronic FF fi(qz)
[1,6-10] and the CKM matrix element |V ,|. Here, ¢? is the
square of the four-momentum transferred to the £*v,

system. Predictions for f’i(O) vary from 0.292 to 0.76,
based on theoretical models such as the QCD light-cone
sum rules (LCSR) [7,8], the covariant confined quark
model (CCQM) [1,6], the relativistic quark model
(RQM) [9], and the light cone harmonic oscillator model
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(LCHO) [10]. Verification of charm FF calculations would
also help to constrain the calculations of the FFs of SL B
decays, which provide precise determinations of the CKM
matrix elements |V,| and |V ;| [11-14].

In the SM, lepton flavor universality (LFU) requires the
same couplings between the three families of leptons and
the gauge bosons. In recent years, there have been reported
hints of LFU violation in B — D™ ¢ty [15-22] and the
anomalous magnetic moment of the muon [23,24]. A
measurement of the ratio of the branching fractions
(BFs) of D" = #/u*v, and D* = y'e*v, (R,),) would
thus offer an important complementary test of LFU in the
charm sector, with the current SM prediction being in the
range of 0.94-0.95 [6,9,25]. In addition, the singlet-octet
n-n’-gluon mixing angle ¢p [26,27], related to the QCD
anomaly and the breaking of chiral symmetry [28,29],
can be determined via cot*pp = [(Up:_,1e+4,/Tpt —pen,)/
(Tptoyeu,/Tptspets,)] [30]. Here, differences in the
phase space and the FFs for D™ and D, as well as the
gluonium component of the #' meson, cancel in the ratio,
allowing for an accurate determination of ¢p, which in turn
can help discriminate between different treatments of the
relevant nonperturbative QCD effects [31,32].

Previously, CLEO and BESIII reported the BF of Dt —
n'etv, [33,34] with large uncertainties, of order 25%. This
Letter reports the first observation of D™ — 5/u*v,, the
improved measurement of DT — 5'e*v,, and the first
analysis of DT — 1/¢"v, decay dynamics by analyzing
20.3 tb~! [35] of eT e~ collision data taken at the center-of-
mass energy (Ecy) of 3.773 GeV with the BESIII detector.
The dataset is about 7 times larger compared with Ref. [33],
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and we now also investigate potential y-e LFU in the D™ —
n'¢*v, decays in the full kinematic range across four g?
intervals [36].

Details about the design and performance of the BESIII
detector are given in Refs. [37,38]. Simulated samples
produced with a Geantd-based [39] Monte Carlo package,
which includes the geometric description of the BESIII
detector and the detector response, are used to determine
the detection efficiency and to estimate backgrounds. The
simulation includes the beam energy spread and initial state
radiation in the e'e™ annihilations modeled with the
generator KKMC [40]. Simulation samples of the DT —
¢, signal process are generated using the two-param-
eter series-expansion model as described in Ref. [41], with
the parameter values estimated in situ in this analysis. The
background is studied using an inclusive simulation sample
that consists of the production of DD pairs with consideration
of quantum coherence for all neutral D modes, the non-DD
decays of the w(3770), the initial state radiation production
of the J/y and y(3686) states, and the continuum processes
incorporated in KKMC. The known decay modes are modeled
with EvtGen [42] using the known BFs taken from the Particle
Data Group [4], while the remaining unknown decays from
the charmonium states are modeled with LUNDCHARM [43].
Final state radiation from charged final state particles is
incorporated with the PHOTOS package [44].

The D™ — 1'¢*v, candidates are selected in events with
D~ decays in one of the six decay modes D™ - Kz~ ™,
KSn~, KT~ n~ 2% K3z~ 2% KSntz~n~, and KOK~. A
reconstructed D™ meson candidate is referred to as a single-
tag (ST) candidate. An event in which a signal D" —
¢ v, decay candidate and an ST D~ are simultaneously
found is referred as a double-tag (DT) event. The BF of
DT = #/'¢*u, is determined by

NDT

B= , 1
NISO'}‘esig ( )

where N\ =39 Ni. and Npr are the total ST
and DT yields summing over tag mode i, €4, =

6 | (Nip/NSL) (€hyr/€ky) is the effective signal efficiency
of selecting /¢ v, in the presence of ST D™, where €% and
ehr are the ST and DT efficiencies for the ith tag mode,
respectively.

The selection criteria of z*, K*, K9, photon, and 7°
candidates of both tag and signal sides are the same as
Refs. [45,46]. The tagged D~ mesons are selected using
two variables, the energy difference AE = Ep- — Epeam

and the beam-constrained mass Mgc = \/Eee,, — |Pp- I
where Ey.,,, is the beam energy, and p,- and Ej- are the

momentum and the energy of the D~ candidate in the e e~
rest frame. If there are multiple combinations in an event,
the combination with the minimum |AE| is chosen for each
tag mode. The ST yields and efficiencies are determined by

fitting the My distributions of the accepted candidates in
data and in the inclusive simulation sample, respectively.
Details about the fits can be found in Ref. [46], and the
obtained fit results, ST yields, and efficiencies are shown in
Ref. [47]. Summing over all six tag modes, the total ST
yield is Nt = (10289.8 +3.7) x 10°.

In the presence of the ST D~, the n - nzx'n,
i — yxtn~, and £* candidates of signal side are selected
from the remaining tracks and showers, with the same
selection criteria as Refs. [48,49] except below. The n — yy
candidates are required to have yy invariant mass between
(0.505,0.575) GeV/c?. The radiative photon coming from
7 — yata~ cannot form a z° with any unused photons. To
reduce backgrounds due to particle misidentifications, the
positron candidate is further required to have a deposited
energy in the electromagnetic calorimeter (EMC) greater
than 0.8 times its momentum measured by the drift
chamber. For muon candidate, the deposited energy in
the EMC is further required to be less than 0.3 GeV; and its
particle identification likelihood, combined from the time-
of-flight information, the specific ionization energy loss
measured in the drift chamber, and the shower information
of the EMC, for the muon hypothesis is additionally
required to be greater than that for pion.

The missing energy and momentum of the neutrino of
the signal SL decay are derived as E, = Ecy — X;E; and
P, = —X,;p;, respectively, where E; and p; are the energy
and momentum of the particle i, with i running over the ST
D™, the ' and £ of the signal side. The yield of the SL
signal events is determined by a fit to the distribution of the
kinematic variable U, = E,/c* — |p,|/c. To improve the
resolution, the candidate tracks, along with the neutrino, are
subjected to a three-constraint kinematic fit requiring
energy and momentum conservation, constraining the in-
variant mass of yz 'z~ or yz 'tz to the known 7’ mass [4],
and constraining the invariant mass of the daughter
particles of each D* to the known D* mass [4]. In the
case of multiple combinations, the one giving the minimum
x7 is kept for the further analysis. The averaged multiplic-
ities are 1.21 and 1.08 for D* — #/u*v, and D™ = i'e*v,,
respectively. The y? is required to be less than 40 (200),
which is obtained by the optimization with the simulation
sample, for D™ — n'u*v, ('e*v,) to further suppress the
non-D D~ backgrounds.

The DT candidates are vetoed if they contain any
additional charged tracks (NS ) or z° candidates recon-

structed from two unused photons (N™.,). The selection
criteria of additional charged tracks and z° candidates are
the same as Refs. [45,46]. Furthermore, the energy of any
unused shower (E}&,) in an event is required to be less
than 0.3 GeV to suppress the backgrounds with extra
neutral particles. To further reject the peaking backgrounds
from DT — /2" caused by the - misidentification, the

invariant masses of #'u* (7'e™), My,+(y.+), are required to
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be less than 1.72(1.80) GeV/c?. The opening angle
between the missing momentum and the most energetic
unused shower 0, is required to satisfy cos 6, < 0.70(0.86)
for D* = n'utv, ('e*v,). For D" — 11’7”+”_f+1/,;, the
7 — ynta~ is actually dominated by #' — yp° [50], the
decay helicity angle of the daughter pion in the rest frame
of p°, 8, is required to satisfy | cos 6, ,| < 0.82(0.86) for
D" — 'u*y, (fe*v,). The above requirements of E}&,,
M,y (ye+)s €086y, and cos 8, , were optimized using the
simulated samples.

To suppress the backgrounds due to the final state
radiation, the angle between the direction of the decay
photon and the positron momentum is required to be greater
than 0.20 radians. To reject the backgrounds arising
from D' - ztz ¢tv, with 2tz from p° or K9,
DY - atzta 2% and DT - KYzxtztz~, we use the
recoil mass-squared,

Mrzec = (ECM - ED’ - En*ﬂ’f*)z - (_ﬁD’ - ﬁn*ﬂ’f*)z'

(2)

In the MZ. distribution, the DT — zt7 ¢*v,, D* —
atatz=2% and DY — K92tz 2~ candidates concentrate
around 0.00, 0.02, and 0.25 GeV?/c*, respectively. To
suppress these backgrounds, the events with M2, <
0.075 GeV?/c* or M2%.€(0.211,0.308) GeV?/c* for
D" > puy, and Mi. <0.050 GeV?/c* for DT —
n'etv, are rejected. These requirements correspond to
about +5¢ around each peak.

After imposing all above selection criteria, the resulting
U iss distributions of DT — 5/#*v, of the accepted can-
didates summing over two 5 reconstruction modes are
exhibited in Fig. 1. The signal yields are extracted from an
unbinned maximum likelihood fit to these spectra. The
signal shape is taken from the signal simulation sample
convolved with a Gaussian function with free parameters
to account for the resolution. The shapes of the peaking

100

| D' — nutv —— Data D' - n'e*v —— Data

100 TRV Data fit n ¢ —Data fit
-=D'syrt | b e Other background
- DYo'nin®

------- Other background

Events / (0.016 GeV)

0.2 —00.2 0.1 0.0 0.1 0.2
U, (GeV)

miss

0.2 0.1 0.0 0.1

FIG. 1. Fits to the U, distributions of the accepted candidates
for D™ — 5/¢*v,. The points with error bars are data, the blue
solid lines are the best fits, the blue dashed (black dashed-dotted)
lines are the peaking backgrounds D* — 5'z* (2" 2%), and the
red dotted lines are the other backgrounds.

backgrounds of D* — p'zt(y'z*2°) and other back-
grounds dominated by the DD decays (~90%) are modeled
by the individual simulated shapes taken from the inclusive
simulation sample. The sizes of the peaking backgrounds
are fixed to the expected yields from simulation, and the
yields of other backgrounds are left free. The obtained
signal efficiencies, signal yields, significances, and BFs are
shown in Table I. The signal significances for DT —
n'¢*v, are calculated from the changes in likelihood
between the nominal fits, shown in Fig. 1, and the fits
with the yields fixed to zero. Here, the likelihood distri-
butions are estimated by the Bayesian approach after
incorporating the systematic uncertainties [51,52].

The systematic uncertainties in the BF measurements are
listed in Table 2 of Ref. [47] and discussed below. The
uncertainty in the ST D~ yield is due to the fit to the Mpc
distributions and is studied by varying the signal and
background shapes. The uncertainties in the tracking or
particle identification efficiencies of 7+, e*, and u* are
studied with the control samples of DT hadronic events
of D° > Kzt Kzt2°, K ntntn~, Dt » K ntnt,
ete” > yeTe™, and ete” - yutu™, respectively. The
uncertainties of the photon and 7z° reconstruction are
assigned by studying the control samples of J/y —
2’7zt 7~ [53] and D° — K=zt z°, respectively. Because
of limited statistics, the uncertainty for 7 reconstruction is
assigned as equal to that for z° reconstruction since both are
reconstructed from yy decays. The uncertainties from the #’
mass windows are estimated by analyzing the control
sample of J/w — ¢

The efficiencies of the M.+ and cos @, , requirements
are greater than 95% and the differences of these efficien-
cies between data and simulation samples are negligible.

The uncertainties of the E}&,, Ngfjm, et
ments are analyzed with DT events of D™ — 5'z*. The
uncertainties of the y? and cos @, requirements are studied
with the DT events of D™ — K$z%*v,. The uncertainties
of the MZ_ requirements are studied with the DT events of

+ 0,0+ + / +
D" - Kin’e"v, and Dy = Myt g€ Ve

and NS require-

The uncertainties due to the signal simulation model are
estimated by comparing the DT efficiencies obtained by

TABLE 1. Signal efficiencies ¢, signal yields (Npr), signifi-
cances, and BFs (B). Efficiencies include the BFs of the ;7(’>
subdecays. The first and second uncertainties are statistical and
systematic, respectively.

Decay nuty, netu,

i’ decay nxtn~ ynta~ nrtn ynta~
€sig (%0) 1.77£0.01 2.774+0.01 2.70+£0.01 5.50+£0.01
Npr 90 + 13 151+ 16
Significance 8.60 12.9¢0

B (x10™) 1.92 +0.28 £ 0.08 1.79 £ 0.19 £ 0.07
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modified pole model [54]. The uncertainties in the U fit
are studied by varying the sizes of the fixed peaking
background yields and the top ten other backgrounds by
varying the corresponding BFs by 41 [4], varying the
fraction of the et e~ — ¢g component by +4.0% according
to the known cross section [55], and varying the size of
the D* — Kz z" 72~ background by 30%, which is the
largest data-simulation difference of K9 interaction in the
EMC [56]. The uncertainties due to the U, resolution
after the kinematic fit are studied with a control sample of
Dt — K%r%*v,. The effects of the uncertainties on the
BFs of the #' and 5 decays [4] are also included. The
uncertainty due to the limited simulation-sample statistics,
dominated by the DT efficiency, is also considered as a
systematic uncertainty.

The total systematic uncertainties are 4.3% and 3.8% for
DY - y'utv, and D" — y'etv,, respectively.

To study the D™ — 5'¢*v, decay dynamics, the indi-
vidual candidate events are grouped into four ¢ intervals.
A least-y? fit is performed to the measured, Al,,;, and the
theoretically expected, Al'y,, differential decay rates among
g* intervals with covariance matrix C [57]. The y? is given
by y* = D i (AT — AF{h)<C_1)ij(AF{HST — AT},). The
indices i and j represent the different generated ¢ intervals
and C~! is the inverse of the covariance matrix C.

The AT}, are determined by Al = (N}/7p+N§),
where 7p+ is the D™ meson lifetime [4,58] and Né)rd =

St (e™!) Nk is the corresponding produced signal yield.
Here, the observed signal yield, N ’f)T, 1s obtained from a fit
to the corresponding U, distribution in the kth recon-
structed ¢® interval. The signal efficiency matrix, e,
includes the migration between the generated and recon-
structed ¢ intervals, and ¢! is the inverse matrix. Details
are shown in Table 3 of Ref. [47].

The partial rate, AF{h, relates to the hadronic FF via [9]

/qfnax,i G%-|Vcd|2 ((]2 - m;)zlplﬂ

AT =
th 2473 q4m2D+

qmin.i
mf, 2 20 6m (212
x [(1 +2—q2)mm|p,,f| L)

3my o, N2 47 (212 ] g2
+g(’"u+—mn/) \fo(g?)" |dg”,  (3)

where Gp is the Fermi coupling constant [4], p, is the
momentum of 7’ in the D rest frame, My () 1s the lepton or
' mass [4]. The hadronic FF, f Zi(qz), is parametrized with
the two-parameter series expansion [59], in which the
product of f’i (0)|V.q4| and the shape parameter r| are to

be determined. Similar formulas are applied for fg/(qz) but
with a one-parameter series expansion, due to the small

(@) 1  1.5F —Thiswork --ccom 1] (c)
1 - CCQM [6] —LCSR [7] ]
LCSR [8] ---LCHO [10]

0.6

+D" - nu'y,
— Data fit ]
0.4 b

e
o

e
N

! -4 AT,/AT, (d) ]

[ &p* - ne'y, b) ]
ne'v, i
] 4 SM prediction

— Data fit

AT/A ¢ (ns™'GeV2ct)

e
S

S
9

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
q? (GeV?/ct)

FIG. 2. (a),(b) Fits to AI'i; (c) projections to f'jr,(qz); and
(d) the measured R /. in each ¢* interval. The red circles, blue
square, and the black points with error bars are data; the error bars
combine both statistical and systematic uncertainties. The yellow
bands are the 1o intervals of the fitted parameters.

contribution from this term, and with the pole mass taken
from the nearest scalar charm meson, the D{(2300).

We perform a simultaneous fit to the differential decay
rates of D — #/u*v, and D* — yf'e*v,, where the two
modes are constrained to have the same parameters for the
hadronic FF. Figures 2(a) and 2(b) exhibit the fit results and
Fig. 2(c) shows the extracted hadronic FF. The goodness of
fit is y*/NDOF = 3.8/6, where NDOF is the number of
degrees of freedom. From the fit, we obtain the product

of f’i (0)|Veal = (5.92 4 0.564, £ 0.13) x 1072 and the
shape parameter r; = —21.5 & 6.1, & 0.8, The corre-
lation coefficient between the fitted parameters is 0.88. The
nominal fit parameters are taken from the fit with the
combined statistical and systematic covariance matrix, and
the statistical uncertainties of the fit parameters are taken
from the fit with only the statistical covariance matrix. For
each parameter, the systematic uncertainty is obtained
by calculating the quadratic difference of uncertainties
between these two fits.

The statistical and systematic covariance matrices are con-
structed as C?;at = (1/7D+NIS()'{‘)2 Za(e_l)ia(e_l )ja [O-(NGDT)]z
and C7™ = 5(Alh)8(Al ), respectively, where 6(N¢ 1)
and §(AI,) are the statistical and systematic uncertainties
in the ath and ith ¢* intervals. The sources of systematic
uncertainties are almost the same as in the BF measurement,
except that an additional systematic uncertainty from zp+ of
0.5% [4] is included. The C ,S-]y-St are obtained by summing the
covariance matrices for all systematic uncertainties. The
correlated and uncorrelated systematic uncertainties between
D* - y'u*v, and D" — yf'e’v, are summarized in the
top and bottom sections of Table 2 in Ref. [47], and the
systematic uncertainty of zp+ is correlated. The correlation
matrix p;; = (C;;/+/C;;iC};) of the obtained C;¥* and C?jy»St
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FIG. 3. Comparison of the BFs and FFs measured in this work

and those given by different theoretical predictions.

for different signal decays are shown in Table 4 of Ref. [47].
The final C;; is obtained as C;; = C{ + )™

The ratio of B(D* — y'u*v,) to B(DT = n'etv,) is
Ryje = 1.07 £ 0.19, £ 0.03, which is consistent with
the SM predictions of LFU [6,25]. In addition, we examine
R, in different g’ intervals after considering the corre-
lated uncertainties, with results shown in Fig. 2(d); these
are also consistent with the SM predictions.

To summarize, this Letter reports the first observation
of DT —y'u* v, and an improved measurement of
DT - y'etv,. By analyzing the DT — 5/¢*v, decay
dynamics, we obtain fi(0)|Vcd| = (5.92 £ 0.564, +
0.134g) x 1072 for the first time. Taking |V, =
0.22487 4+ 0.00068 from the SM global fit [4] as
input, we determine f’i(O):0.263j:O.OZSSmj:O.O%Syst.
Figure 3 shows the comparison of the measured and
different theoretical predicted BFs and FFs. The measured
results are consistent with the CCQM [1], LCSR [7,8],
and LCHO [10] calculations within 20 and disfavor the
CCQM [6] and RQM [9] calculations by more than 26. We
have also tested LFU with D" — #/#"v, in full and
separate ¢ intervals, and no LFU violation is found.
Combining with the BFs of D — n£*v, [4] and D} —
n"V¢ty, [48,49], we determine the 5 — ;' mixing angle
¢p = (39.8 £ 0.8y, £ 0.345)° after considering the (un)
correlated uncertainties, which provides complementary
data to constrain the gluon component in the #’ meson.
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