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Abstract: Using 20.3 fb™' of e*e™ annihilation data collected at a center-of-mass energy of 3.773 GeV with the
BESIII detector, we report on an improved search for the radiative leptonic decay D* — ye™v,. An upper limit on its
partial branching fraction for photon energies E, > 10 MeV was determined to be 1.2 X 107 at a 90% confidence
level; this excludes most current theoretical predictions. A sophisticated deep learning approach, which includes
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thorough validation and is based on the Transformer architecture, was implemented to efficiently distinguish the sig-

nal from massive backgrounds.

Keywords: charmed hadron, radiative leptonic decay, BESIII experiment, deep learning

DOI: 10.1088/1674-1137/adcdf3

I. INTRODUCTION

The purely leptonic decays of charmed mesons,
DY - [I*v;(I=e, u, 1), offer an ideal laboratory for test-
ing the Standard Model. These decays also offer one of
the simplest and best understood probes of the ¢ —d
quark flavour-changing transition [1—4]. However, these
decays are subject to helicity suppression, with decay
rates proportional to the square of the lepton mass. Con-
sequently, the D* — e*v, decay rate is highly suppressed
compared to its muonic [5, 6] and tauonic [5, 7] counter-
parts, with a branching fraction (BF) expected to be ap-
proximately 1078, beyond the current experimental sensit-
ivity [8, 9].

In the radiative leptonic decay D* — ye*v,, photon
emission mitigates helicity suppression, with the strong
interaction engaged solely in a single hadronic external
state. Theoretically, its differential decay width can be
expressed as a function of the photon energy E, in the
rest frame of the D* meson [10] via

dr oG [F3(E,) + F3(E,)]
D+ l+ — em™~'F Vity A Y
ag, " =) o2

2E
X|Vedl® Eymp: (1— ’), (1

mp+

where «a,,, is the fine-structure constant, Gy is the Fermi
coupling constant, |V.| is the Cabibbo-Kobayashi-
Maskawa matrix element [11, 12], mp+ is the nominal
mass of the D* meson [13], and Fy and F, are the form
factors characterizing the non-perturbative quantum chro-
modynamics (QCD) dynamics. Various theoretical mod-
els have been proposed to investigate the D™ — ye*v, de-
cay, including quark models [14—16], perturbative QCD
[17], lattice QCD [18],and QCD factorization ap-
proaches [10, 19, 20]. Most theoretical predictions on its
BF, B(D* — ye*v,), are on the order of 107, as summar-
ized in Table 1.

The only experimental result on D* — ye*v, was re-
ported from the BESIII experiment [21], based on 2.9
fb™' of e*e~ annihilation data taken at the center-of-mass
energy +/s =3.773 GeV. The upper limit on the partial
BF of D* — ye*v, with E, > 10 MeV was determined to
be 3.0x 107 at 90% confidence level (C.L.), approach-
ing the range of theoretical predictions [10, 16—20]. A
larger dataset comprising 20.3 fb™' of e*e™ annihilation
data recently collected at BESIII [22—24], which in-

CSTR: 32044.14.ChinesePhysicsC.49083001

cludes the previous 2.9 fb™' data, provides an excellent
opportunity to further constrain these theoretical models.

The major challenge in searching for D™ — ye*v, is
the substantial background contamination from D*
semileptonic decays, such as D* — n%*v,, D* - Kle*v,,
and D* — K%(— n°n%e*v,. Photons originating from x°
decays or long-lived neutral hadrons can deposit energy
in the electromagnetic calorimeter, potentially mimick-
ing the radiative photon signal. Conventional cut-based
methods have struggled to establish effective discriminat-
ors to suppress these backgrounds, whose yields are two
orders of magnitude greater than the potential signal.

An unprecedentedly powerful signal identification
tool can be accomplished using deep learning, utilizing a
deep neural network (DNN), to distinguish signals from
backgrounds. Leveraging flexible data representation and
modern algorithms, this method exhibits powerful capab-
ilities in recognizing and interpreting underlying relation-
ships and hidden patterns within the topological structure
of e*e™ annihilation events.

In this paper, we present an improved search for
D* — ye*y, based on the analysis of the aforementioned
20.3 fb™' data, enhancing signal sensitivity through a
deep-learning-based  signal identification  method.
Throughout this paper, charge conjugation is implied by
default.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [25] records symmetric e*e™ col-

Table 1. Theoretical predictions and experimental result for
B(DY — yetv,).
Model B (x1077)
Light front quark model [14] 0.69
Non-relativistic quark model [15] 0.46
Relativistic quark model [16] 3.34
Perturbative QCD [17] 8.2+6.5
Lattice QCD [18] 0.09+0.04
QCD factorization [19] 2.81
QCD factorization [20] 1.92

QCD factorization [10] (1.88%935,2.31+0%)

—0.54

BESIII 2017 [21] <3.0
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lisions provided by the BEPCII storage ring [26] in the
center-of-mass energy range from 1.84 to 4.95 GeV, with
a peak luminosity of 1.1x10*cm™s™' achieved at
/s =3.773 GeV. BESIII has collected large data samples
in this energy region [27—29]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which are all en-
closed in a superconducting solenoidal magnet providing
a 1.0 T magnetic field. The solenoid is supported by an
octagonal flux-return yoke with resistive plate counter
muon identification modules interleaved with steel. The
charged-particle momentum resolution at 1 GeV/c 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 in the plastic scin-
tillator TOF barrel region is 68 ps, while that in the end
cap region is 110 ps. The end cap TOF system was up-
graded in 2015 using multigap resistive plate chamber
technology, currently providing a time resolution of 60
ps, which benefits 85% of the data used in this analysis
[30-32].

Monte Carlo (MC) simulated data samples produced
with a GEANT4-based [33] software package, which in-
cludes the geometric description of the BESIII detector
and its response, were used in this study to determine de-
tection efficiencies and estimate backgrounds. A signal
MC sample of the decay D* — ye*v, was simulated ac-
cording to Eq. (1), where the form factors were taken
from Ref. [20]. The minimum energy of the radiative
photon was set at 10 MeV to avoid the infrared diver-
gence for soft photons. In the simulation, we modeled the
beam energy spread and initial state radiation (ISR) in the
e*e” annihilations with the generator KKMC [34, 35].
The inclusive MC sample encompassed the production of
DD pairs (including quantum coherence for the neutral D
channels), non-DD decays of ¢(3770), ISR production of
the J/y and ¢(3686) states, and continuum processes in-
corporated in KKMC [34, 35]. All particle decays were
modeled with EVTGEN [36, 37] using BFs either taken
from the Particle Data Group [13], when available, or
otherwise estimated with LUNDCHARM [38, 39]. Final
state radiation from charged final state particles was in-
corporated using the PHOTOS package [40].

III. INITIAL DATA ANALYSIS

Taking advantage of the D*D~ pair production in
ete” annihilation at /s =3.773 GeV, we employed a
double-tag (DT) analysis method [41] to constrain the
kinematics of D* — ye*v, and suppress non-D*D~ back-
grounds. The D~ meson was first reconstructed through

six specific hadronic decay modes: K*n 7™, Ktn nn°,

Kdn~, Kdnn°, Kdn*nn~, and K*K 7. Here, K was re-
constructed with a x*n~ pair, and n° was reconstructed
from two photons. These decay modes are referred to as
tag modes, and the selected events are called single-tag
(ST) events. In the presence of the ST D~ meson, the sig-
nal decay D* — ye*v, was searched for within its recoil
system, with selected events referred to as DT events.
The BF of the signal decay was determined from

NDT

Bi == >
" Do (NlSTE]l)T/elST)

2)

where Npr represents the sum of DT yields for all tag
modes, and Ni;, €, and €, are the ST yield, ST effi-
ciency, and DT efficiency for the tag mode i, respect-
ively.

For reconstructing the ST D~ meson, charged tracks
detected in the MDC were required to be within a polar
angle () range of |cosd| < 0.93, where 6 is defined with
respect to the z-axis, which is the symmetry axis of the
MDC. For charged tracks not originating from K9 de-
cays, the distance of closest approach to the interaction
point (IP) was required to be less than 10 cm along the z-
axis, V., and less than 1 cm in the transverse plane, V.
Particle identification (PID) for charged tracks combines
measurements of the energy loss in the MDC (dE/dx) and
the flight time in the TOF system to form likelihoods
L(h) (h= K,r) for each hadron 4 hypothesis. The charged
kaons or pions not originating from K? were required to
satisfy L(K) > L(r) or L(r) > L(K), respectively.

The K? candidates were reconstructed from two op-
positely charged tracks satisfying V, < 20 cm. The two
charged tracks were assigned as n*n~ without imposing
further PID criteria. They were constrained to originate
from a common vertex and required to have an invariant
mass in the range of (487, 511) MeV/c? corresponding to
approximately +3o0 of the detection resolution. The de-
cay length of the K candidate was required to be greater
than twice the vertex resolution away from the IP.

Photon candidates were identified using showers in
the EMC. The deposited energy of each shower was re-
quired to exceed 25 MeV in the barrel region (|cosf| <
0.80) and 50 MeV in the end cap region (0.86 <|cos6| <
0.92). To exclude showers that originated from charged
tracks, the angle subtended by the EMC shower and the
position of the closest charged track at the EMC were re-
quired to exceed 10 degrees as measured from the IP. To
suppress electronic noise and showers unrelated to the
event, the difference between the EMC time and the
event start time was required to be within [0, 700] ns. The
7 mesons were reconstructed using a kinematic fit from
all combinations of two photon candidates by constrain-
ing their invariant mass to the nominal 7° mass [13]. The
invariant mass of two photons before the kinematic fit
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was required to be in the range of (115, 150) MeV/c?. The
combinations with both photons from end cap EMC re-
gions were rejected because of poor resolution.

After selecting the component particles, we recon-
structed the ST D~ meson using their combinations. Two
kinematic variables, the energy difference AE, and the
beam-constrained mass Mpc were calculated for signal
extraction as follows:

AE = Ep- — Epeanm, (3)

MBC = \/Egeam/c4_ ’ﬁD'|2/C29 (4)

where Epe, 1S the beam energy, and pp- and Ep- are the
momentum vector and energy of the D~ candidate in the
e*e” rest frame, respectively. If multiple combinations
were present in an event, the combination with the smal-
lest |AE| value was retained for further analysis for each
tag mode and charge. To suppress combinatorial back-
grounds, mode-dependent requirements on AE were im-
posed on the accepted candidates within an approximate
range of +3.50 for the detection resolution, as listed in
Table 2.

The ST yields were obtained through maximum like-
lihood fits to the Mpc distributions after applying the
aforementioned requirements, as shown in Fig. 1. In each
fit, the signal was described by the shape obtained from
MC simulation, convolved with a double-Gaussian func-
tion to take into account resolution differences between
data and MC simulation results. The background was de-
scribed by an ARGUS function [42] with the endpoint
fixed at the beam energy and other parameters left free. A
signal region Mgyc € (1.863, 1.877) MeV/c?, correspond-
ing to approximately +30 of the detection resolution, was
set to further reject the backgrounds. The ST efficiencies
were estimated by analyzing the inclusive MC sample
with the same method as in data, dividing the fitted yields
by the numbers of generated events. Table 2 summarizes
the ST yields in data and ST efficiencies for each tag
mode.

The signal candidates for D* — ye*v, were selected
from the remaining charged tracks and showers, exclud-
ing those associated with the ST D~ meson. We required
only one track left with charge opposite to that of the ST
D~ meson, following the same selection criteria as those
in the tag side. This track was required to be identified as
a positron combining the PID information from dE/dx,
the TOF system, and the EMC, satisfying L(e) > 0.001
and L(e)/[L(e)+ L(n)+ L(K)]>0.8 for the combined
confidence levels. We also required that at least one
photon candidate satisfied the same selection criteria used
in the tag side. If multiple photon candidates passed the
selection, the most energetic one was chosen as the sig-

Table 2. AErequirements, ST yields in data, and ST and DT
efficiencies for each tag mode in data. Note that the efficien-
cies do not include the BFs of subsequentz® and k9 decays.

Tag mode AE/MeV NéT (x10% eéT (%) Eli)T (%)
Ktn (—25,24) 5552.8+2.5 51.10 10.78
Kyn~ (-25,26) 656.5+0.8 51.42 10.69
K*n~nn° (=57, 46) 1723.7+1.8 24.40 5.42
K{nn° (—62,49)  14424%15 26.45 5.57
K)n n=mt (-28,27) 790.2+1.1 29.59 6.62
K*K~n~ (—24,23) 481.4+0.9 40.91 8.96
' ' sof | o T
600} DoK'TT DK DoK'nn
- 60 1 150
= 400 1
% 40 1 100
200 1 1 so
< Inlq=» il |
& o = : Of=+ - : o+ - ;
g D-*)K';Tﬂ[“ 100 D'~>Kg1'c'1t'r[+ 1 60} DPoK'Kn
€ 100
) 40
5 50 g
=% Y JU | U

1.84 1.86 1.88 "1.84 1.86 1.88 "1.84 1.86 1.88
My (GeV/c?)

Fig. 1. (color online) Fits to the Mpc distributions of ST D~
candidates for each tag mode in data. The black dots with er-
ror bars represent data. The blue curves are the fit results. The
red dotted curves are the fitted combinatorial background
shapes. The yellow histograms are the MC simulated back-
ground scaled to the luminosity of data. The red arrows indic-
ate the signal region.

nal radiative photon. To improve the kinematic resolu-
tion of the positron, final-state-radiation recovery was
performed by adding the momenta of any remaining
photon candidates back to the reconstructed momentum
of positron candidate if their opening angles with respect
to the IP were less than 5°.

To derive information about the missing neutrino, a
kinematic observable U, was defined as

Uniss = Emiss — |ﬁmiss c, (5)
where Ei and pus represent the total energy and mo-
mentum vector of all missing particles in the event. The
missing energy was calculated as Ejiss = Eveam — Eo —E,,
where E,+ and E, are the energies of signal positron and
photon, respectively. The missing momentum was calcu-
lated as Piss = Pp+ — Per — Py, Where pp+, pe+, and p, are
the momenta of signal D* meson, positron, and photon,
respectively. The D* momentum was further constrained

R
Pst .
as Pp+ = vV Etam—mi-, where Psr isthe mo-

Dt = T75
’pST|
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mentum of the ST D~ meson. The consequent analysis
was performed within U, € ( -0.2, 0.2) GeV.

We also explored D* — n%*v, as a validation chan-
nel in this study. For reconstructing D* — n%*v, events,
additional DT selection criteria were applied after those
mentioned above. At least one 7° candidate was required,
and the one with minimum y? from the kinematic fit was

chosen as the signal 7° candidate. Another kinematic ob-

servable, U, was defined as
U;niss = Emlss (6)
where E[lnm = Ebeam - Ee+ - E,TO and ﬁmiss = ﬁ)DJr —p—)e+ _ﬁﬂo

were calculated using the energy and momentum of the
signal 7° candidate, respectively.

Figure 2(a) presents the U, distributions for both
data and inclusive MC samples after applying the afore-

x107
t Data

MC: D* - ne*v,

8 Mmc: Dt - Kie*v,

E @ vc: pt - Kletv,
MC: other D* decays

B MC: non-D* decays

: signal shape

T T T 1 T T T T T T T T

|
5

TIT[ T T [TIT [T [TTTT] IIIIIIIIIII

E_ MC: D* - n'tv, (b)
:_- MC: D* - KzeWe ¢ t
@ Mc: Dt - K)etv,

o MC: other D* decays }
E B MC: non-D* decays ¢

%2 0.1 0.0 0.1 0.2
U « (GeV)
Fig. 2. (color online) (a) Unss distribution of the signal de-

cay D* —ye*v, and (b) U, distribution of the validation
channel D* — nl¢*y, after DT selection. The black dots with
error bars represent data. The histograms with filled colors
represent different background components in the inclusive
MC sample. The red hollow histogram indicates an arbitrarily

scaled signal shape.

mentioned selections. The major backgrounds are from
D* - n%*y,, D" — Koe+ve, and D* — KJ(— n°7%e*v,.
Notably, the D* — n%*v, background exhibits a non-
trivial shape within the signal region. The high back-
ground level makes it difficult to reliably extract the sig-
nal yield from the U,distribution with adequate sensit-
ivity, thereby requiring further signal identification treat-
ments, as explained below.

IV. DEEP-LEARNING-BASED SIGNAL
IDENTIFICATION

The main challenge in distinguishing signals from
massive backgrounds lies in extracting distinctive fea-
tures from the data. Notably, the shower patterns ob-
served in the EMC provide key information for this task.
Background events involving a n° typically result in a
higher number of photon candidates than the signal,
whereas K?-induced showers often exhibit more dis-
persed cluster shapes compared to those from photons
[43]. Additionally, the kinematics of the particles, influ-
enced by the unique phase spaces and dynamics of their
decays, offer another aspect of differentiation. Conven-
tional cut-based methods characterize such distinctions
via hand-crafted variables derived from practical under-
standing of the involved physics, such as the number of
n°-like photon combinations, lateral moment of photon
candidates [21], and y? values from kinematic fits under
specific final-state hypotheses [44]. In contrast, deep
learning methods aim to process minimally refined data
at the level of fundamental detector responses to the pen-
etrations of the final state particles. A DNN is expected to
automatically explore underlying correlations and recog-
nize distinctive information beyond prior knowledge.

In this study, the dataset for DNN training was con-
structed by randomly shuffling signal and background
events sourced from relevant MC samples. The events
were categorized into three groups with equal statistics:
D* — ye'v, signal, D* — n%*v, background, and other
inclusive backgrounds. The training dataset contained ap-
proximate 3.3 million events in total, with 80% used for
training and the remaining 20% reserved for validation.
The DNN input information from an event included all
charged tracks reconstructed in the MDC and isolated
showers clustered in the EMC. These particles were or-
ganized as a point cloud [45] structure, i.e., an unordered
and variable-sized set of points in a high-dimensional fea-
ture space. For each charged track, the features com-
prised the azimuthal and polar angles in the center-of-
mass frame, charge, magnitude of momentum, and para-
meters characterizing its helical trajectory in the MDC.
Additionally, low-level measurements from the MDC,
TOF, and EMC were incorporated as implicit informa-
tion for particle identification and reconstruction quality.
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Table 3. Input particle feature variables and their availability in tracks and showers. If measurements were unavailable from the de-

tector readouts, the default value was set to zero.

Variable Definition Track Shower
[ azimuthal angle v N
) polar angle v v
D momentum magnitude v -
charge electric charge v -
dy distance in the x —y plane from the point of closest approach (POCA) of the track to the IP \/ -
dy distance along z-axis from the POCA of the track to the IP v -
bo azimuthal angle of the track at the POCA v -
K scaled inverse of the momentum of the track v -
tan A tangent value of the angle of the track at the POCA with respect to the x—y plane \/ -
XdE/dx(€) deviation in dE/dx measurement of the track from the anticipated positron value v -
XdE/dx(70) deviation in dE/dx measurement of the track from the anticipated pion value v -
XdE/dx(K) deviation in dE/dx measurement of the track from the anticipated kaon value v -
XTOF(7) deviation in TOF measurement of the track from the anticipated pion value Y -
xT1or(K) deviation in TOF measurement of the track from the anticipated kaon value v -
OTOF pulse height of the track in TOF corresponding to its deposited energy v -
Bror velocity of the track measured by TOF v -
Eraw total deposited energy in EMC v N
Egeed deposited energy of the crystal at the shower center v N
E3x3 sum of energies of 3x 3 crystal matrices surrounding the shower center \ N
Esxs sum of energies of 5x 5 crystal matrices surrounding the shower center y v
Nhits count of fired crystals in the shower Y N
time EMC time measurement ~ N
secondary moment shower expansion parameter defined as Zi E ,-riz/ Zi E; v v
lateral moment shower expansion parameter defined as ZL? Eir}/(E r(z) + Ezr(z) + Z:l:; Eir}) v v
Azo moment shower expansion parameter defined as Y _; %fz,o(l%), o =2x2-1 N v
Az moment same but defined as Z ; %f4,2(%)62i¢ ) fao(x) = 4x* =342 v v

For each shower, the features comprised the azimuthal
and polar angles, energy deposition, count of fired crys-
tals, time measurement, and parameters describing its ex-
pansion scope among nearby crystals. A full list of input
features is provided in Table 3; these features were found
to be consistent between data and MC simulation results.
The architecture of the DNN used in this study largely
inherits from the Particle Transformer (ParT) [46], with
adaptations tailored for the BESIII experiment. A key in-
novation of the ParT is the injection of particle physics
knowledge into the Transformer network [47], where a
set of pairwise interaction features are calculated using
the energy-momentum vectors for each pair of particles
and incorporated as biases U in the self-attention mechan-
ism. This treatment efficiently captures the kinematic re-

lationships between particles, significantly improving the
ParT performance. For the BESIII application, we con-
sidered its unique properties, such as a purely spherical
coordinate system and energy-momentum conservation in
3D space, by designing a new set of pairwise interaction
features Uggg defined as

1-cosf,p,
min (E,, E,) (1 -cosb,,),

Uggs = . (7
min (Em Eb) / (Ea + Eb) s

(E,+Ep)* - 7. + ﬁb”z,

where E, and E, are the energies of the two particles, g,
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and p, are their momentum vectors, and 6,, is the open-
ing angle between these vectors in the center-of-mass
frame. For the model hyperparameters, this adaptation in-
cludes four particle attention blocks and two class atten-
tion blocks. It uses a particle embedding encoded from
the input particle features via a 3-layer multilayer per-
ceptron with 128, 256, and 128 nodes in each layer and
an interaction embedding encoded from the input pair-
wise features using a 4-layer pointwise 1D convolution
with 64, 64, 64, and 8 channels. A dropout rate of 0.1 was
applied to prevent overfitting.

The training of the DNN was performed on the afore-
mentioned dataset for 50 epochs with a batch size of 512
and an initial learning rate of 0.001. An additional treat-
ment was employed during training to address the poten-
tial correlation between the DNN output and the Uy
distribution, which could inadvertently create signal-like
structures in the U, distribution of remaining back-
ground events after applying the selection criteria on the
DNN output [48—51]. To decouple the DNN output from
the U,;s observable, we employed an iterative approach
by assigning a weight w(U,s) to each background event
which adjusts its contribution to the loss function. Events
with higher weights have a greater impact on the loss
function, which means that they are better classified dur-
ing training. The weight /(U ) for an event j in the i-th
iteration is calculated as

BKG

Jerri _ J Pi- (Umiss)

wi(UmiSS)_wi—l(Umiss) W ,
orig miss Umiss:Uj

miss

®)

where w{(U’..)=1, pP*C(Up,) represents the normal-

ized probability density function for the remaining back-
ground shape after the (i— 1)-th iteration, and pSiT(Unps)
denotes the original background shape before applying
the DNN output veto. For each iteration, the DNN was
re-trained, and both pPXS(U,;,) and w!(U’..) were up-
dated. Intuitively, the process converged when pBK©
(Uniss) approached poi®(Upis), resulting in a trivial back-
ground shape that facilitates signal extraction. In practice,
as shown in Fig. 3, this iterative approach partially cor-
rects the D* — n%*v, background shape while success-
fully retrieving the original one for other inclusive back-
ground shapes. This result demonstrates both its effect-
iveness and limitations in addressing the mass correla-
tion issue. Furthermore, another machine-learning tech-
nique called model ensemble was employed. With some
randomness factors incorporated in the training, such as
network initialization, batch processing sequence, and
dropout [52], we trained a total of 20 DNNSs in parallel in
each iteration. The outputs of these DNNs were averaged
for each event during inference, creating an ensemble
DNN that offers better robustness and generalization than

x1073 . . x10-3 .
70F..... Original 3 P Original
60F— 1stiteration (@) 3 — 1stiteration
= — 2nd iteration & 50F — 2nd iteration
E SOE _ 3rd iteration 3 E —— 3rd iteration
T 40 4th iteration 2 40F — 4th iteration
g 30 g 0E
£ £
2 20 2 20
10 10
I ’ 1 = 1
0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2

Uniss (GeV) Uniss (GeV)
Fig. 3.  (color online) Normalized (a) D* — n%*v, and (b)
other inclusive background shapes in the Uy, distribution

during the iteration process.

22—
20 ;_ { Data ,
18E i/l/lgz —>7Ir(0e Ve
o E : D* = K"y,
E 16 E B Mc: D Kie*v,,
- 14 E_ MC: other D* decays
= 12 E_- MC: non-D* decays
>y 10 F-—— MC: signal shape
= S8F
2 6
R E
o3
2E
| r—— =
%.2 -0.1 0.0 0.1 0.2
Umiss (GeV)
_+"'|""|""| 3
E Data ]
600 E_ MC: D* - n'*v, + (b) —E
%500 :_ MC: D* - ng+ve + _:
= E B vc:pr > K)e*v, ]
1= 400 MC: other D* decays + -
%300 E_- MC: non-D* decays § + _E
£ F ]
2200F . 3
= E t ]
100 . b, -
E ¢ ¢ .
e ola g0 %® 1 S elee 3
-0.2 -0.1 0.0 0.1 0.2
U (GeV)
miss
Fig. 4. (color online) (a) Upss distribution of the signal de-

cay D* — ye*v, and (b) U}, distribution of the validation de-
cay D* — n%"v, after the DNN vetoes. The black dots with
error bars represent data. The histograms with filled colors
represent different background components in the inclusive
MC sample. The red hollow histogram indicates an arbitrarily

scaled signal shape.

any single DNN model.

The DNN output assigns three scores in the range [0,
1] to each event, reflecting the probabilities of the event
belonging to the signal, D* — n%*v, background, and
other background categories. Given that the sum of the
three scores always equals one, only two of them are in-
dependent. As the final step in the event selection, we re-
quired the score for the D* — n%*v, background to be
less than 0.15 and that for other backgrounds to be less
than 0.05. These cut values were optimized using the

083001-11



M. Ablikim, M. N. Achasov, P. Adlarson ef al.

Chin. Phys. C 49, 083001 (2025)

Punzi significance metric, €/(1.5+ VB) [53], where € rep-
resents the signal efficiency and B is the expected back-
ground yield. Figure 4(a) shows the U, distribution
after implementing the deep learning approach. The back-
grounds were reduced by more than two orders of mag-
nitude at the cost of approximately two-thirds of the sig-
nal efficiency, significantly enhancing the sensitivity of
the signal search.

V. SIGNAL EXTRACTION

According to Eq. (2), the DT efficiencies for each tag
mode, €., were estimated using signal MC samples; they
are summarized in Table 2. To obtain the DT yield Npr in
data, a maximum likelihood fit was performed on the
Uniss distribution combining all the tag modes. The fit in-
cluded three components, namely the signal, D* — n%*v,
background, and other backgrounds. The shapes for these
components were taken from the corresponding MC sim-
ulations, and their yields were all floated in the fit. The fit
resulted in Npr =12.2+8.6 and B(D" — ye'v,) = (0.54=
0.38)x 107%, as shown in Fig. 5(a), where the uncertain-
ties are statistical only. Given that no significant signal
was observed, an upper limit on the signal BF was set
after accounting for all systematic uncertainties.

VI. VALIDATION

A common concern in adopting the deep learning
method in particle physics experiments is the coupling
between potential analysis biases and the sophisticated
DNN structure, which makes these biases difficult to val-
idate, quantify, and calibrate. The extensive and diverse
datasets collected at BESIII facilitate various control
samples in data to investigate these issues. In this study,
our primary background process D* — n’e*v, served as a
natural control sample. By partially reversing the DNN
vetoes, i.e., to require the score for the D* — n%*v, back-
ground to be greater than 0.15 while keeping the score
for other backgrounds below 0.05, we could isolate a
D* — %%y, sample with a purity exceeding 98% and
measure its absolute BF. Figures 2(b) and 4(b) show the
U, distributions before and after applying the partially
reversed DNN vetoes, with significant subtraction of
backgrounds other than D* — n%*v,.

To measure the absolute BF of D* — n%*v,, we used
the value of €, estimated from MC simulations and ex-
tracted Npr via the maximum likelihood fit shown in Fig.
5(b). In the fit, the D* — n%*v, signal was modeled us-
ing the MC simulated shape convolved with a Gaussian
resolution function. The other background component
was described using the inclusive MC shape with the
yield floated. The final fit to all data resulted in Npr =
3004+59 and B(D* — n’*v,) =(3.629 £0.071) x 1073,
where the uncertainty was statistical only. This result is

Y i e A =
20 E_ —+— Data _E
18F — Fit @ 3
9 16 E_ N\ Signal _E
§ 14E = D* - n*v, BKG 3
S 12f v Other BKG 3
E 10
= 8F
g E
2 6F
45 L LAY T el
2 :_ ....................
%2 -0.1 0.0 0.1 0.2
U miss (GeV)
A T T -
600F -+ Data =
00 E — it (b 3
% 5 E_ ...... Dt — 7r0€+Ve BKG _E
= 400F - Other BKG =
g . .
< 300F =
2 c ]
S 200F =
= o E
100 =
E TR TR RO S T A ]
-0.2 -0.1 0.0 0.1 0.2
U;niss (GeV)
Fig. 5. (color online) Fits to (a) the U distribution of the

distribution of the val-
idation decay D* — n%*v,. The points with error bars repres-

signal decay D* — ye*v, and (b) U} .
ent data. The blue line represents the fitted curve. The red
dashed area represents a signal component, and other dashed
lines represent background components.

consistent with previous BESIII measurements,
(3.63 £0.08y. £0.054) % 107 [54], based on approxim-
ately one seventh of full data, thereby validating the reli-
ability of our DNN method. The residual deviations were
considered a source of systematic uncertainty, as detailed
in the next section.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in BF determination stem
from various sources; many of them are related to the ST
selection being canceled, benefiting from the DT tech-
nique. The remaining systematic sources can be grouped
into two categories: multiplicative uncertainties, which
affect the efficiency, and additive uncertainties, which
impact the signal yield. These two types of uncertainties
contribute to the upper limit of the BF through different
approaches.

The multiplicative uncertainty sources include the ST
yield, positron tracking, positron PID, photon reconstruc-
tion, MC model, and DNN vetoes, as summarized in
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Table 4. Multiplicative systematic uncertainties.

Source Size (%)
ST yield 0.3
Positron tracking 1.0
Positron PID 1.0
Photon reconstruction 1.0
MC model 9.1
DNN vetoes 5.8
Total 10.9

Table 4. The uncertainty due to the ST yield was estim-
ated by varying the descriptions of signal and back-
ground components in the Mpc fits and was set to 0.3%.
A control sample of radiative Bhabha scattering events
was used to study the position tracking and PID uncer-
tainties, and the values for both were set to 1.0% [55].
The photon reconstruction uncertainty was set to 1.0%
using a control sample of J/y — x*n~a°, 7° — yy [56].
The uncertainty related to MC modeling was defined as
the difference between the signal efficiencies of the nom-
inal MC model and an alternative single-pole model [19];
it was set to 9.1%.

Special consideration was given to systematic uncer-
tainties related to the DNN vetoes [57]. Following some
frontier surveys [13, 58], we considered two primary un-
certainty sources: model uncertainty and domain shift.
Model uncertainty arises from our limited knowledge of
the best model and was quantified by the relative shift in
signal efficiency across the 20 DNNs trained during the
model ensemble process. The standard deviation of these
efficiencies, divided by their average, 5.3%, was taken as
the corresponding systematic uncertainty. Domain shift
describes the mismatch between datasets for training and
inference, reflecting potential data-MC inconsistencies.
This uncertainty was evaluated using the control sample
of D* — n%*y, described in Section VI, with the devi-
ation between our BF measurements and previous BE-
SIII measurements [54] calculated to be 2.2%, combin-
ing the center value shift and 1o statistical uncertainty. In
total, the multiplicative systematic uncertainty was de-
termined to be 10.9% by adding the above sources in
quadrature.

The additive systematic uncertainties arise from the
signal, D* — n%*v, background, and other background
shapes used in the DT fit. These effects were evaluated
by testing alternative descriptions of the shapes. One vari-
ation is in using parameterized functions, where the sig-
nal and D* — n%*v, background shapes were modeled by
double-Gaussian functions, and the other background
shape was modeled by a third-order Chebyshev polyno-
mial. Another change was the use of MC-simulated
shapes before the final iteration of the mass decorrelation

N, DT
-10 0 10 20 30 40 50
71 T 1 T T ™)
= 1.0 AT Nominal ]
_§ 0 8:— — Smeared
T r ]
= 0.61 .
D o 4
= 04 - 1
g f ]
St - 4
202 3
C . 4 ]
0 5 10
B(D* > yetv,) (x107°)
Fig. 6. (color online) Normalized likelihood distributions

before and after incorporating the multiplicative and additive
systematic uncertainties. The blue dashed line represents the
initial distribution, whereas the red solid line represents the
distribution with systematic uncertainties considered. The red
arrow indicates the final upper limit.

process as well as across the 20 DNN predictions in the
model ensemble process.

VIII. RESULTS

Given that no significant signal was observed in data,
the upper limit on B(D* — ye'v,) was set using a
Bayesian method described in Ref. [59]. We performed a
series of maximum likelihood fits as described in Section
V, with the signal yield Npr fixed to each scanned value.
The corresponding maximum likelihood values were used
to construct a discrete likelihood distribution, L(B,).
The systematic uncertainties were incorporated in two
steps: first, the additive uncertainties were addressed by
varying the DT fit method, with the most conservative
upper limit retained. Next, the multiplicative uncertain-
ties were considered by smearing the likelihood distribu-
tion as follows [60]:

1 _ (5—60)2
-E,('Bsig) &« / L(Bsig . E)e 207 de, 9)
0 €o

where ¢ is the nominal signal efficiency, and o is the
multiplicative uncertainty corresponding to the effi-
ciency value. By integrating the £'(Bg,) curve up to 90%
of the area for Npr > 0 and calculating the corresponding
BF using Eq. (2), we set the upper limit on the BF of
D* — ye*v, at 90% C.L. to be 1.2x1073, as shown in
Fig. 6.

IX. SUMMARY

We conducted an improved search for the radiative
leptonic decay D* — ye*v, using 20.3 fb' of e*e colli-
sion data taken at /s =3.773 GeV with the BESIII de-
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tector. Our investigation does not reveal a significant sig-
nal but establishes an upper limit of 1.2x 107 on its BF
with a radiative photon energy above 10 MeV, at 90%
C.L. This result excludes most existing theoretical predic-
tions [10, 16—20], thereby indicating the necessity for fur-
ther investigation of the decay mechanism. The key ad-
vancement of this study is the application of a novel deep
learning approach, which effectively distinguishes sig-

nals from massive backgrounds. Our results showcase the
potential and broad applicability of deep learning tech-
niques in particle physics research.
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