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Using e " e~ collision data corresponding to an integrated luminosity of 7.33 fb~! recorded by the BESIII
detector at center-of-mass energies between 4.128 and 4.226 GeV, we present an analysis of the decay
D} — ntrne*w,, where the D is produced via the process et e~ — D=DJ. We observe the £,(980) in
the ztz~ system and the branching fraction of the decay Dy — f((980)e*v, with f((980) - ntz~
measured to be (1.72 £ 0.13, & 0.10,) % 1073, where the uncertainties are statistical and systematic,
respectively. The dynamics of the Df — f((980)e™v, decay are studied with the simple pole para-
metrization of the hadronic form factor and the Flatté formula describing the f((980) in the differential

decay rate, and the product of the form factor fﬁ” (0) and the ¢ — s Cabibbo-Kobayashi-Maskawa matrix
element |V | is determined for the first time to be f’i’(O)Wm\ = 0.504 £ 0.017, & 0.035,,. Further-
more, the decay D — f((500)e* v, is searched for the first time but no signal is found. The upper limit on
the branching fraction of Df — f,(500)e*v,, f((500) — 27z~ decay is set to be 3.3 x 107 at 90%

confidence level.
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Introduction.—Quantum chromodynamics (QCD), the
fundamental theory of the strong interaction, has been
established for almost half a century. However, there are
some features that still need to be understood, such as quark
confinement and dynamics in the nonperturbative regime.
The light scalar mesons f(500), f4(980), and a(980)
play a crucial role in the dynamics of the spontaneous
breaking of QCD chiral symmetry and in the origin of
pseudoscalar meson masses [1,2], and consequently can be
used to probe the confinement of quarks [3]. Furthermore,
our understanding of the nature of light hadrons is still poor
since QCD is nonperturbative in the low-energy region.
Investigating the structure of the light scalar mesons
provides key input to these issues. In spite of the striking
success of the constituent quark model, the nontrivial quark
structure of these mesons has remained controversial for
many years [4]. Their mass ordering cannot be explained by
a gg configuration in the naive quark model, leaving open
the possibility that they are mixtures of gg states [3,5-15].
Other interpretations are diquark-antidiquark states (tetra-
quark) [16] and meson-meson bound states (molecule)
[17]. Therefore, more conclusive experimental measure-
ments of these scalar states are highly desired.

“Full author list given at the end of the Letter.

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’.

0031-9007/24/132(14)/141901(10)

141901-1

Since the leptons and hadrons in the final state interact
only weakly with each other, semileptonic decays of charm
mesons provide a unique and clean platform to probe the
constituent gg components in the wave functions of light
scalar states [18]. Here, only the spectator light quarks are
related to the formation of these states and the quark flavor
content can be specified through Cabibbo-favored and
-suppressed processes [19]. Additionally, the dynamics of
the semileptonic charmed meson decays can be studied by
measuring the hadronic form factor that describes the strong
interaction between the final-state quarks, including all the
nonperturbative effects. This provides an excellent oppor-
tunity to test the different theoretical methods of solving the
QCD nonperturbative problem. Since the form factors and
branching fractions (BFs) of the semileptonic charmed
meson decays are highly sensitive to the internal structure
of light scalar states, studies of the dynamics of these decays
are also important to understand their nature [12].

In previous studies, the BESIII Collaboration has reported
measurements of the decays D°t) — 4,(980)~(Ve*y, [20],
Dt - f,(500)e*v, [21], and Dy — f,(980)ev, with
£0(980) — 7%2° [22], and searches of the decays Dt —
f0(980)etv, [21], D — ay(980)%¢ ", [23], and D} —
fo(500)e v, with f;(500) = z92° [22]. With negligible
contamination from the D} — pPe*v, channel, the decay
D} - ztn ety, enables us to study the structure of
f0(980) in a clean environment. Previously, only the
CLEO Collaboration measured the BF of the decay D} —
f0(980)ety, with f((980) — ztz~ [24-26] with data
taken at a center-of-mass (CM) energy (Ecy) near
4.170 GeV. With a data sample more than 10 times larger,

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.141901&domain=pdf&date_stamp=2024-04-05
https://doi.org/10.1103/PhysRevLett.132.141901
https://doi.org/10.1103/PhysRevLett.132.141901
https://doi.org/10.1103/PhysRevLett.132.141901
https://doi.org/10.1103/PhysRevLett.132.141901
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 132, 141901 (2024)

we report a significantly improved measurement of the BF
and the first measurement of the transition form factor of the
decay Df — f¢(980)e* v, with f((980) - " z~, and the
first search of the decay D — fy(500)etv, with
f0(500) —» ztz~. The obtained results are important
tests of theoretical predictions based on different models
[6-12,14,15]. Throughout this Letter, charge-conjugate
channels are implied.

BESIII experiment and data samples.—For the BF
measurements of semileptonic decays, we use the same
tag technique of Refs. [22,23,27] with additional detail
contained in Appendix A. Our measurements are per-
formed based on eTe~ collision data corresponding to
an integrated luminosity of 7.33 fb~! collected with the
BESIII detector at Eqy = 4.128-4.226 GeV [28]. Details
about the BESIII detector design and performance are
provided in Refs. [29-31].

Simulated data samples produced with a GEANT4-based
[32] Monte Carlo (MC) package, which includes the
geometric description of the BESII detector [33] and
the detector response, are used to determine detection
efficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radiation in
the e*e™ annihilations with the generator KkMC [34]. The
inclusive MC sample includes the production of open-
charm processes, the initial state radiation production of
vector charmonium(-like) states, and the continuum proc-
esses incorporated in KKkMC [34]. All particle decays are
modeled with EVTGEN [35] using BFs either taken from the
Particle Data Group [4], when available, or otherwise
estimated with LUNDCHARM [36]. Final state radiation
from charged final state particles is incorporated using
the PHOTOS package [37]. The signal detection efficiencies
and signal shapes are obtained from the signal MC samples,
in which the Dy decays inclusively to all known decay
channels and the signal DY decays to zt 7~ e v, with the
S-wave contribution simulated according to previous mea-
surements [21,38]. The amplitudes for the f,(980) is
modeled by the Flatté formula with its parameters fixed
to the BESII measurement [39].

Event selection.—The tag Dj; candidates are recon-
structed with K+, 7%, p~, p°, 2% 5", and K9 mesons
in 12 tag modes: K*K-z~, KYK~, z7n, 71'_17;+ﬂ_’7,
KK 7 7% ntnn, K2K+f:_7r_, pn, 71'_1’];[}0, Ktrn,
KYK=7°, and KYK~n"7n~. A detailed description of the
selection criteria for all tag candidates except p~5 can be
found in Ref. [40]. The p~ candidates are reconstructed
from z~7" combinations within an invariant mass interval
(0.625,0.925) GeV/c?. Requirements on the recoiling
mass m,,. against the tag Dy candidates are applied to
the tag candidates in order to identify the process
ete” — D:*DJ. If there are multiple candidates for a
specific tag mode per charge, the one with m,.. closest to
the known D?* mass [4] is chosen. For each tag mode, the

tag yield is extracted from the fit to the tag D; mass
spectrum (M p-). The signals are modeled with the MC-
simulated signal shape convolved with a Gaussian function
to account for the resolution difference between data and
MC simulation, while the combinatorial backgrounds are
parametrized with a first-order or second-order Chebyshev
polynomial. For the tag mode Dy — K(S)K‘, the peaking
background from D~ — K(S)ﬂ‘ decay is described by the
MC-simulated shape that is smeared with the same
Gaussian function as used in the signal, with the back-
ground yield determined from the fit. Summing over
various tag modes and energy points, we obtain the total
tag yield Nigy = 771101 + 3445. For more details about
tag candidates, such as selection regions and reconstruction
efficiencies, see Ref. [28].

After a Dy candidate is identified, we reconstruct the
decay D} — ntn~etv, recoiling against the tag side,
requiring three charged tracks identified as a z"z~ pair
with the same selection criteria as on the tag side and e™
(opposite sign to the tag DY) following Ref. [41]. Using the
same kinematic fit method of Refs. [27], we reconstruct the
transition photon from the main decay D}* — yDf.

For the real D;*D{ events, the square of the recoiling
mass (MZ,) against the transition photon and the tag D7 is
expected to peak at the known D} mass squared. To
improve the resolution, the decay products of the tag D are
constrained to the known DY mass [4]. We require M2, to
be within (3.78,4.05) GeV?/c* to suppress the back-
grounds from non-D**DJ processes. The missing neutrino
information is inferred by the missing mass squared, which
is defined as

Mrzniss = (pCM —Pug =Pzt —Pz —Pe _Py)z, (1)

where pey is the four-momentum of the ee™ center-of-
mass system, py,, for the tag Dy, p,+(,- ) for the semi-
leptonic final state, and p,, for the transition photon from the
D** decay. Here, the measured momenta of the tag Dy and
the transition photon are corrected with the kinematic fit to
improve the resolution. In order to further reject back-
grounds, we require |M2. | < 0.06 GeV?/c*.

BF measurement.—To study the f,(980), we require the
#tx~ invariant mass (M« .-, see Fig. 1) to be within the
interval (0.6, 1.6) GeV/c?. The nonpeaking background
distribution from the inclusive MC sample is verified using
events from the data sideband region (about 26 away from
the signal region of the tag Dy mass and having the same
interval as signal region) of the tag M- distribution. The
peak around 0.77 GeV/c? is mainly caused by the decay
Df - i/ (yntn")etv,. We find that the inclusive MC
adequately describes the data in this channel. An unbinned
maximum likelihood fit to the M+ ,- distribution is per-
formed to extract the signal yield of D} — f((980)ev,,
f0(980) — "z~ decay. In the fit, the signal is modeled
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FIG. 1. Fitto the M+ ,- distribution of the accepted candidates

for the decay Df — f((980)e™v,. The points with error bars are
data, and the blue line is the total fit. The red dotted and violet
dashed lines are the signal and background shapes, respectively.

with an MC-simulated line shape convolved with a
Gaussian resolution function, and the background is
described by the inclusive MC shape convolved with the
same Gaussian function. From the fit, which is shown in

Fig. 1, we obtain the total signal yield N, = 439 & 33.

The goodness of fit y>/NDF is 0.7, where NDF is the
number of degrees of freedom. Particularly, the other
S-wave contributions from the f,(500), f,(1370) and
nonresonance can be ignored since no significant signal
is observed. Using the (35.44 + 0.07) % weighted efficiency
provided in Ref. [28] and the formula in Appendix A,
we obtain  B[Df —>f0(980)e Ve, [0(980) = nt x| =
(1.72 £0.135 £ 0.104y,) ¥ 1073, where the systematic
uncertainties are discussed in Appendix B. Using the
BF B[f,(980) - z"z7] = (46 £ 6)% assuming the
dominant zz and KK decays [42] and the relation
B[D} = f0(980)etv,] = 4.22 x 1073cos?¢p with the mix-
ing angle ¢ involved in the ¢g mixture picture for f(980) as
singp(1/+/2)(uit + dd) + cos ¢s5 [8,11], we obtain the
angle ¢ = (19.7 &+ 12.8)° implying that the s3 component
dominates.

We further search for the decay Dj — f,(500)e™ v, with
f0(500) —» ztz~. To avoid the background from D] —
KOe v, decay and the possible tail of Df — f(980)e"v,
decay, we only use the events satisfying M +,- <
0.45 GeV /c?. The background yield of D — f(980)e*v,,
f0(980) — z 7~ decay is estimated to be 5.4 based on the
foregoing study. An unbinned maximum likelihood fit to the
M2, distribution of the accepted candidates is performed,
where the signal and background shapes are modeled by the
simulated shapes obtained from the signal and inclusive MC
samples, respectively. The fit result is shown in Fig. 2. Since
no significant signal is observed, an upper limit on the BF at
90% confidence level with the (11.98 & 0.06)% weighted
efficiency is set to be B[D} — fy(500)e*v,, f(500) —
atn7] < 3.3 x 107* following Ref. [22]. The related sys-
tematic uncertainties are discussed in Appendix B.
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FIG. 2. Fit to the M2, distribution of the accepted candidates
for D — fO(SOO)eﬂ/ decay The black points with error bars
are data, and the blue line is the total fit. The red dotted and violet
dashed lines are the signal and background shapes, respectively.
The green dotted-dashed line is the decay Dj — f((980)e™v,.

Form factor measurement.—The dynamics of Dy —
f0(980)et v, decay is studied by dividing the semileptonic
candidate events into four intervals of ¢> (four-momentum
transfer square of e*v,). Using the measured and expected
partial decay rates of the ith ¢* interval, AT, and AT%,
the form factor is determined by constructing and mini-
mizing a y? as

)(2 = Z(Arfnea - Aréxp)(c_l)i/’(AF{ﬁea - Aréxp)’ (2)

ij

where C;; is the covariance matrix to consider correlations

of AT ., among ¢ intervals.
The AT, is calculated by integrating the following
double differential decay rate [43]:

d’T(D} — fo(980)etv,)

G127|Vcs|2 13/2
dsdq?®

C1927*m ;
< |F2 () PP(s), (3)

(mD+,s q )

where s is the square of M +,-, G is the Fermi constant
[4], |V, is the Cabibbo-Kobayashi-Maskawa matrix
element, mp+ is the known D] mass [4], A(x,y,z) =
x% +y? + 72 — 2xy — 2xz — 2yz, and P(s) is based on the
relativistic Flatté formula [39] due to the open K™K~
channel as follows:

91Prx
P(s) = . : (4)
|m% —85= l(glpﬂﬂ + gZPKf()|2
Here, m(, denotes the f,(980) mass; the constants g, and g,
are the £(980) couplings to ztz~ and K™K~ final states,
respectively; and p,, and pggr are individual phase space
factors. Using the decay widths in the different ¢ intervals,
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the form factor |£/? (¢%)| can be extracted. In this Letter, the
form factor is modeled with the simple pole parametriza-
tion [44]:

ff° (0)

Y ==

; (5)

pole

where f7; 72(0) is the form factor evaluated at g> = 0, and the
pole mass M. = 2.46 GeV/c? [4,45].

The measured partial decay rate Al},., is determined
by Al = fl j;((fll“/cisafqz)dulq2 = Ni)ro/(TNﬁgéB ),
where B, represents the BF of D;* — yDy, 7 is the Dy

meson 11fet1me [4,46], and Ny, is the signal yield produced
in the ith ¢ interval, obtained as Nl’JrO =5 ) ;le)bs

Here, N ébs is the observed signal yield obtained from a fit to
the M,-,- distribution in the jth ¢ interval, which is
carried out in a similar manner as the one described
previously for the BF measurement, and ¢;; is the efficiency
matrix determined from the signal MC samples via

Zk[(l/N{gp ( rec éCﬂ)k ( tag/etag)]

Nrec is the signal yield reconstructed in the ith g interval

where

and generated in the jth ¢° interval, Néen is the total signal
yield generated in the jth ¢? interval, and k sums over all
tag modes. The details of the divisions, N’ and A, ., of
various q intervals are given in Ref. [28].

The statistical and systematic covariance matrices are

constructed as C;* = [1/(zN{g)?] Y-, €74 €7, 0% (N&,) and
= 6(Aaned) (AThea), respectively, where o(N%)
and 5(AFmea) are the statistical and systematic uncertainties
in the ith ¢* interval. The C;}™ is obtained by summing all

the covariance matrices for all systematic uncertainties,
where the systematic uncertainty of z, 0.8% [4.,46], is
involved besides those in the BF measurement. The

obtained C}* and C?", the resulting C;; = ="+ Y

o’ o’
and the relevant correlation matrix element pij are shown
in Ref. [28].

The systematic uncertainty related to AT, is estimated
to be 2.6% by following Ref. [47]. In addition, the input
parameters my, g;, and g, [39] related to AFeXp are also
considered by varying them within £1¢ from their central
values. The largest deviations of the form factor, respec-
tively 2.2%, 1.2%, and 6.0%, are taken as systematic
uncertainties. The quadrature sum of the above uncertain-
ties is 6.9%, which is taken as the total systematic
uncertainty.

The fit to the differential decay rate of the channel D} —
f0(980)etr, and the form factor projection are shown in
Fig. 3. Using the form factor parametrization of Eq. (3) and
the Flatté formula Eq. (4) for the f,(980) decay in the fit,
the product of the form factor and |V | is determined to be

10 0.8
(a) (b)

% 8 --Data 0.7F
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q* (GeV/ch) ¢ (GeV/ch)

FIG. 3. Fit to the differential decay rate as a function of ¢> (a)

and projection to the form factor f'ff(qz) (b). The points with
error bars are data, and the red line is the fit.

fff (0)| Vsl = 0.504 4 0.017, + 0.0354,. The fit result
is shown in Fig. 3(a), while Fig. 3(b) shows the same fit in
projection to the form factor f’i‘)(qz).

Summary and discussions.—Using e*e™ collision data
corresponding to an integrated luminosity of 7.33 fb~!
collected at Ecy; = 4.128-4.226 GeV by the BESIII detec-
tor, we measure the BF of the decay D] — f(980)e"v,
with f((980) — 7z~ to be (1.72 £ 0.13, £ 0.104y5) X
1073, which is 2.6 times more accurate than the previous
measurement [26]. In the gg mixture picture, this implies
that the s5 component dominates for the f,(980). An upper
limit on the BF is set to be B[D] — f,(500)e"v,,
f0(500) = zt77] < 3.3 x 107 at 90% confidence level
with estimation of the negligible nonresonance contribu-
tion. Moreover, these BF measurements, especially the one
involving the f,(500), favor the predictions [14,15] of
models assuming the f((980) and f,(500) as tetraquark
composition over those based on the gg mixture picture.
This is consistent with the arena of D™ semileptonic
decays [21].

Furthermore, we determine ffr‘)(O)|Vcs| = 0.504 £+
0.017 5 £ 0.0355 for the first time by analyzing the
dynamics of Dj — f(980)e"v,, f((980) — ztz~ decay.
Using |V .| = 0.97349 + 0.000 16 [4], we obtain f‘i“(O) =
0.518 £ 0.018,; & 0.036,y. In Table I, the measured form
factor result at g> = 0 is compared with different theoreti-
cal predictions. Our measurement agrees with the predic-
tions in Refs. [6-8], but is much higher than the predictions
in Refs. [9,11,12]. It is notable that most predictions for the

form factor ffi’ (0) and BF depend on the angle ¢, which is
only known with large uncertainty. So, the measured form
factor and BF are both important to constrain this angle and
probe the quark component in f,(980) [11]. Although most

theoretical predictions for f’i’ (0) have a large uncertainty
due to the ¢ uncertainty, the measured form factor line
shape is a powerful tool to distinguish different models.
Finally, these results are important to understand the nature
of the light scalar states f;(980) and f,(500), and the
nonperturbative dynamics of charm meson decays.
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TABLE L.

Comparison of the form factor at ¢g> = 0 between our measurement and various theoretical predictions (CLFD: covariant

light-front dynamics; DR: dispersion relation; QCDSR: QCD sum rule; LCSR: light-cone QCD sum rules; LFQM: light-front quark

model; CCQM: covariant confined quark model).

This work CLFD [6] DR [6] QCDSR [7] QCDSR [8] LCSR [9] LFQM [11] CCQM [12]
fﬁo (0) 0.518 £ 0.0184, 4= 0.036,y 0.45 0.46 050 +0.13 048+0.23 0.30+£0.03 0.244+0.05 0.36+0.02
Difference (o) e 1.7 1.4 0.1 0.2 4.3 4.3 2.8
¢ in theory (32+4.8)° (41.3+£55)° 35° (8j§1)° (56 £7)° 31°
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Appendix A: Introduction to the tag technique.—The
semileptonic D] decays can be studied with a tag tech-
nique in the process ete” — D:*DJ — yDID; where
the neutrino is only undetected in the final states. There
are two types of samples used in the tag technique: tag
sample and double tag sample. In the tag sample, the Dy
mesons are reconstructed through various hadronic decays.
In the double tag sample appropriately designated as the
“signal” sample in this Letter, besides the tag D7, the
semileptonic signal D] and the transition photon from the
decay D;* — yDY reconstructed with the remaining
charged tracks and neutral showers. The BF with this tag
technique is obtained with the following formula:

tot tot
B. — Nsig o Nsig (Al)
sig i i i\ tot =’
ByXZiNlagX (emg,sig/etag) ByXNtagX€
i i ; ;
where Ny, €, and €lag sig ATC tag yield, tag efficiency, and

signal efficiency with the present tag for the ith tag mode,
respectively; B, is the BF of D;*—yDf decay; &=
Doil(Niag/Nige) X (€lyg g/ €lag)] 1s the weighted efficiency.

Appendix B: Systematic uncertainties of the BF
measurement.—For the decay D} — f((980)etv, with
f0(980) —» ztz~, there are the below systematic
uncertainties of the BF measurement. The systematic
uncertainties of the tracking or particle identification
efficiencies of z* and e are studied with control
samples of ete” - KK zntz~ and ete™ — ye'e™
processes. For et and z%, both the tracking and particle
identification uncertainties are assigned to be 0.5% and
1.0% for the "z~ pair. The uncertainty from the quoted
BF of Di* — yD¥ decay is 0.7% [4]. The uncertainty
due to the transition photon reconstruction is estimated
to be 2.0% using the control sample of ete™ — D:* DY
events, where D; decays via a tag mode, while D]
decays via one of the two hadronic channels: D} —
KK or Dy — K*K~xz*. The uncertainty in the total
number of the tag Dy mesons is assigned to be 0.3% by
examining the changes of the fit yields when varying the
signal shape, background shape, and taking into account
the background fluctuation in the fit. The uncertainty
associated with the signal MC model is estimated to be
4.4% by replacing the f((980) line shape from BESII
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[39] with the one from LHCb [48] in generating the
signal MC samples. The uncertainty of the M+ - fit is
estimated to be 2.1% by altering the nominal MC
background shape. Firstly, we use alternative MC shapes
where the relative fractions of backgrounds from
continuum and non-Di*Dj open-charm processes are
varied by +30% according to the uncertainties of their
assigned cross sections in the inclusive MC sample.
Secondly, we vary the relative fraction (£1o) of the
peaking background channel D} — #/(yz"n")etv, [4].
The uncertainty due to neglecting other S-wave
contributions was found to be negligible. The total
systematic uncertainty is 5.6%, obtained by adding all
contributions in quadrature.

For the decay D{” — f((500)e* v, with f((500) =z 7™,
there are two types of systematic uncertainties of the upper
limit on the BF measurement: additive and multiplicative.
The additive uncertainty is dominated by the background
shape. Besides the same uncertainty sources following the
previous BF measurement, we change the relative fraction
(+16) of the major background of D — ne*v, decay [4]
and the peak background of Dy — f,(980)e*r, decay.
The multiplicative uncertainties are the same as those for
DY — f1(980)e "y, decay except for the signal MC model
efficiency. This uncertainty is estimated to be 1.1% by
varying the parameters of the Bugg line shape [49] within
their uncertainties in generating the signal MC samples.
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