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Search for the radiative decays D° — yK;(1270)° and D* — yK,(1270)*
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A search for the radiative decays D’ — yK;(1270)° and D* — yK(1270)* is conducted using
20.3 fb~! of e* e~ annihilation data collected at the center-of-mass energy /s = 3.773 GeV by the BESIII
detector operating at the BEPCII collider. No significant signals are observed, and upper limits on the
branching fractions of D° — yK,(1270)° and D — yK,(1270)" at 90% confidence level are determined
to be 7.8 x 107* and 3.9 x 107>, respectively. This represents the first test of the vector meson dominance
mechanism in the radiative decays of charmed mesons to axial-vector mesons.
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I. INTRODUCTION

In the Standard Model (SM), short-distance contribu-
tions in weak radiative decays of charmed hadrons are
expected to be negligible compared to long-range proc-
esses. Long-range processes or potential contributions from
new physics (NP) could enhance the branching fractions
(BFs) of these decays by 2 to 3 orders of magnitude relative
to short-range interactions [1,2]. Examples of short-dis-
tance and long-distance vector meson dominance (VMD)
processes for the decays D — yK9 and D* — yK{, are
shown in Fig. 1. Throughout this paper, K and K| denote
the K;(1270)° and K(1270)" mesons, respectively. The
BFs of the decays Dy — yp*, DT - yp*, Dt - yK*T,
DY = yK*°, D% = yp°, D - yw, and D° — y¢ have been
measured by the BESIII [3,4], Belle [5,6], BABAR [7],
CLEO [8] collaborations. The BF for the D™ — yK{ decay
mode is predicted to be [(1.3 4+0.3), (1.5 +0.4)] x 107>
[9]. There is no specific BF predicted for the D° channel,
while its BF is constrained to be O(107%) — O(107%) [1].

Moreover, unlike these D — yV decay modes, where
V is vector meson, D — yK; decays can be explored via
angular distribution and triple-product analyses, in which
the SM contributions are strongly suppressed or have a
cleaner theoretical description. This provides sensitivity
for photon polarization measurements, making these
processes unique and promising candidates for NP
exploration [9,10].
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In this paper, we report the first search for the radiative
decays D° — yK? and D™ — yK through the analysis of
et e annihilation data at the center-of-mass (c.m.) energy
of 3.773 GeV with the BESIII detector corresponding to an
integrated luminosity of 20.3 fb=! [11]. Charge conjuga-
tion is implied throughout this paper.

II. DATA AND MONTE CARLO

The BESIII detector [12] records symmetric eTe”
collisions provided by the BEPCII storage ring [13] in
the c.m. energy range from 1.84 to 4.95 GeV, with a
peak luminosity of 1.1 x 10% ecm™?s™! achieved at
/s =3.773 GeV. BESIII has collected data samples
corresponding to an integrated luminosity of 20.3 fb~! at
the y(3770) resonance [14—16]. 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 plastic scintillator time-of-flight system (TOF),
and a CsI(Tl) electromagnetic calorimeter (EMC), all
enclosed within a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The solenoid is supported
by an octagonal flux-return yoke with muon identification
modules based on resistive plate counters interleaved with
steel material. The charged-particle momentum resolution
at 1 GeV/c is 0.5%, and the specific energy loss (dE/dx)
resolution is 6% for electrons from Bhabha scattering.
The EMC measures photon energies with resolutions of
2.5% and 5% at 1 GeV in the barrel and end cap regions,
respectively. Before the upgrade, the TOF end cap region
exhibited a time resolution of 110 ps in 2015, while the
barrel region remained at 68 ps. Then, the end cap TOF
system was upgraded using multigap resistive plate
chamber technology, providing a time resolution of
60 ps, which benefits 85% of the data used in this
analysis [17-19].
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FIG. 1. Feynman diagrams for D° — yl_(? and Dt - yK 1+ decays, which are mediated via (a)(b) short-distance processes and (c)(d)

long-distance VMD processes.

Monte Carlo (MC) simulated data samples have been
produced with a GEANT4-based [20] software package. It
includes the geometric description of the BESIII detector
and the detector response, and is used to determine the
detection efficiencies and estimate backgrounds. The
simulation models include the beam energy (Epcam)
spread and initial-state radiation in the e™e™ annihila-
tions with the generator KKMC [21,22]. The inclusive
MC samples consist of the production of DD pairs, the
non-DD decays of the y(3770), the initial-state radiation
production of the J/w and w(3686) states and the
continuum processes. All particle decays are modeled
with EVTGEN [23,24] using the BFs taken from the
Particle Data Group (PDG) [25], when available, or
otherwise estimated with LUNDCHARM [26]. Final state
radiation from charged final state particles is incorpo-
rated using PHOTOS [27].

For the signal MC samples, we generated three million
events for each of the decay channels shown in Table I. The
relative fractions of all intermediate decay processes are set
according to the BFs listed by the PDG [25]. The radiative
decays D — yK, are simulated using the HELAMP algo-
rithm of EVTGEN [28] to ensure the conservation of angular

TABLE I. The signal decays and their subsequent decays.
Decay subdecay subdecay
D’ - yKY Ky — pTK- pt = atad
K9 - K=zt K~ — K= n°
KY - K*07° K — K-zt
D - yKf Ki - Kp° p0 = atn
K{ —» KOz* K — K*tn~

momentum. The K, decays are simulated with the
VSS_ PWAVE model [28].

1. METHOD

At /s = 3.773 GeV, D" D~ or D’ D pairs are produced
without additional accompanying hadrons, thereby offering
a clean environment to investigate hadronic decays of the D
meson with a tag technique [29-31]. There are two types of
samples selected with the tag technique: single-tag (ST)
and double-tag (DT) methods. The ST method is employed
to select a data sample with one D meson reconstructed. For
the D~ (D) meson, the hadronic final states reconstructed
are K'n~n~, Kn~, K"'n~n"n°, and K*K~n~ (K'xn~,
Ktz 2% and K*z*7~z~). The DT method is utilized to
constrain the process on the opposite side to search for the
signal decays, D" — yK| and D° — yKY. The BF of a
signal decay is determined by

Bsig = NDT/(NtSO"lt“ * Esig Bsub)v (1)

where N = >~ Ni and Npy are the total yields of the ST
and DT candidates in data, respectively. The By, is defined
as the sum of the products of BFs for all intermediate decay
chains from the K, to the final state

Bsub: Z HBiv (2)

all chains i

where B; denotes the BF of p*, K*~ and K* intermediate
decay for D° channel, p° and K*~ intermediate decay for
D" channel. In addition, the BF of z° — yy is also
incorporated into the above calculation for D° channel.
The summation includes all K; decay modes listed in
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Table 1. The efficiency, e, for detecting the signal decay is
averaged over the tag modes i,

o >_i(Nir - ebr/€sr)
€sig = Ntso'lt* s

(3)

where el is the efficiency of reconstructing the ST mode i
(referred to as the ST efficiency), N is the ST yield, and
ey is the efficiency of finding the tag mode i and the signal
decay simultaneously.

A. Tag selection

All charged tracks detected in the MDC must satisfy
|cos 8] < 0.93, where 6 is defined as the polar angle with
respect to the z axis, which is the symmetry axis of the
MDC. For charged tracks not originating from Kg decays,
the distance of closest approach to the interaction point (IP)
is required to be less than 1 cm in the transverse plane
(|V4y|), and less than 10 cm along the z axis (|V,|). Particle
identification (PID) for charged tracks combines the dE/dx
measurement in the MDC with the time of flight meas-
urement of the TOF detector to define the likelihood
function L£(h)(h = K, z) for each hadron (%) hypothesis.
The charged kaons and pions are identified by comparing
the likelihoods for the kaon and pion hypotheses, £L(K) >
L(r) and L(x) > L(K), respectively.

Each Kg candidate is reconstructed from two oppositely
charged tracks satisfying |V,| < 20 cm. The two charged
tracks are assigned as 7z 7~ without imposing further PID
criteria. They are constrained to originate from a common
vertex and are required to have an invariant mass M+ ,-
such that [Mp- — myo| < 12 MeV/c?, where myo is the
known K% mass [25]. The decay length of the K candidate
is required to be greater than twice the vertex resolution
away from the interaction point. The y? of both the primary
vertex fit and second vertex fit are required to be less
than 100.

Photon candidates are selected by using the information
recorded by the EMC. The time information of the crystal
with the largest energy deposit in a cluster is required to be
within [0, 700] ns of the event start time. To exclude
showers that originate from charged tracks, the opening
angle subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than
10 degrees as measured from the IP.

The 7z° candidates are reconstructed from photon pairs
each with an invariant mass within (0.115, 0.150) GeV/ e,
which corresponds to about three times the invariant mass
resolution. We remove z° candidates where both photons
are not from the barrel region of the EMC to improve the
resolution. The selected z° candidates are constrained to
the known 7° mass [25] via a kinematic fit to improve their
energy and momentum resolution.

TABLE II. Multiple candidate rates (R) for selected tag modes,
all values are given in percentage. Here, the N = 1,2 means one/
two combinations survived in the ST selection and N > 3 means
three or more candidates survive the selection in the same event.

R(N=1) R(N=2) R(N > 3)
Tag mode (Data/MC) (Data/MC) (Data/MC)
D’ — Ktn~ 99.7/99.8 0.3/0.2 0.0/0.0
DY —» Ktz=z0 74.7/74.7 17.0/17.0 8.2/8.4
D’ = Ktztna~  73.0/745 18.6/17.8 8.4/7.6
D™ - K'nn 94.5/94.7 5.2/5.0 0.3/0.3
D™ — K9z~ 99.2/99.3 0.8/0.7 0.0/0.0
D™ - Ktaaa° 65.0/64.8 21.0/20.9 13.9/14.3
D~ — K"K 7~ 93.3/93.6 6.4/6.1 0.3/0.2

To separate the D~(D°) mesons from combinatorial
backgrounds, two useful variables are defined. These are
the beam-constrained mass, M;;](g:, and the energy differ-
ence, AEtag, which are defined as

AEtag = Epeam — ED’(DO)’

M3 = B/ = P P/ (4)

where Ej-(po) and ﬁD-(DO) are the total energy and

momentum of the D~(D°) candidate in the eTe™ c.m.
frame, respectively. If there is more than one candidate in a
given ST mode, the candidate with the smallest value of
|AE,,,| will be kept for the subsequent analysis. Table II
lists the multiple combinations rates for data and MC. The
AE,, and M;;% requirements are listed in Table III. The
AE,, selection requirements are determined from fits to the
signal MC samples for each tag. The signal shape is
modeled by a sum of three-Gaussian functions, while
the background shape is described by a first-order poly-
nomial. The AE,, window is then defined as
(= 3.50,1 + 3.50), where i and o are the average mean
and standard deviation of the three Gaussian components,
respectively.

The ST yields are extracted by performing a binned
maximum likelihood fit to the corresponding M;;](g: distri-
bution. The signal shape is modeled by an MC-simulated
shape convolved with a double-Gaussian function describ-
ing the resolution difference between data and MC simu-
lation. All parameters of the double-Gaussian function are
floated in the fit, as well as the signal yield and background
normalization. The background shape is described by the
ARGUS function [32]

2 2
fARGUS:m'<1_%>p'eXp {C'(l—%ﬂ’ (5)

t . . .
where m = My, e is the end point parameter, ¢ is a shape

parameter, and p is an exponent. The end point parameter
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TABLEI. The AE,, requirements, the M % requirements, the ST D meson yields in data (Ni.), the ST efficiencies (), and the DT
efficiencies (efDT) for each tag mode. The uncertainties are statistical only.

Tag mode AE,, (MeV) MGEE (GeV/c?) Ni,, (x10%) ek (%) ey (%)

DY - Ktz (—=0.27,0.27) (1.859, 1.873) 37257+ 2.0 65.10 £ 0.01 6.10 £0.02
D’ - Ktnxl (—0.62,0.49) 74223 +32 35.60 £+ 0.01 2.81 +0.01
D — Ktntnn~ (—0.26,0.24) 4987.5 £ 2.5 40.94 +£0.01 3.18 £0.01
D™ > K'nn~ (—0.25,0.24) (1.863, 1.877) 5552.8 +2.5 51.10 £ 0.01 8.46 + 0.01
D™ — Kgn'_ (—0.25,0.26) 656.5+0.8 51.42 +0.01 8.71 £0.04
D™ - Ktaa a° (—0.57,0.46) 17237+ 1.8 24.40 + 0.01 3.28 £0.01
D™ - K"K 7~ (—0.24,0.23) 481.44+0.9 40.91 +£0.01 6.14 +0.04

e = 1.8865 GeV is fixed to the Ey,,. The parameter p is
floated for D~ — K~ z*, and fixed at 0.5 for other tags. The
parameter c is floated for all tags.

Figure 2 shows the results of the fits to the Mpye
distributions of the accepted ST candidates for different
tag modes in data. The candidates with Mg5e within
(1.859,1.873) GeV/c? and (1.863,1.877) GeV/c? are
kept for the double-tag analysis for the D° and D~
channels, respectively.

B. Signal selection

In the ST samples, candidates for D° — yK{ and D" —
yK{ are selected from the remaining good tracks and
showers not used in the tag side reconstruction. The K and
K| mesons are reconstructed via K - K=zz° and
K{ — K'z*n~, respectively. The z*, K*, z°, and y
candidates are selected with the same criteria as those
used in the ST selection. The photon with the highest
energy in the signal side is selected as the radiative photon.
If there is more than one candidate, the candidate with the
smallest value of |AEg,| will be kept for the subsequent
analysis. To suppress combinatorial backgrounds and
backgrounds containing a z° meson, we require that there
is no additional pair of photons (N’e’itm) satisfying the 7°
selection criteria, and no extra charged track (NS™2°)
present in the event. Here, the charged track definition is
identical to that described of Sec. III A. The invariant mass
requirements of the K| candidates, M-, 0 and Mg+ + .-,
are optimized using the Punzi method [33] with the figure-
of-merit (FoM) ¢/(1.5 + \/E) where € is the signal
efficiency determined from the signal MC sample and B
is the background yield estimated from the inclusive MC
sample. Based on optimizations, we require the signal
candidates to satisfy M-, 0 within (1.20,1.37) GeV/c?
and Mg+ -+ within (1.22,1.37) GeV/c? for D° — yKY
and D" — yK{, respectively. Background from
D(D") - K%K )n® decays is suppressed through the
use of the variable M,, ., which is the invariant mass of the
radiative y and an extra y not used in the reconstruction of

the tag and signal sides. Events that satisfy M,, <
0.115 GeV/c* or M,, > 0.15GeV/c* are kept for
further analysis. With this z° veto requirement, the

D° — K97° background is suppressed by 52.8%, and the
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FIG. 2. Fits to the Mp¢ distributions of the ST candidates for
different tag modes. In each plot, the points with error bars are
data, the blue curves are the best fits, and the red dashed curves
describe the fitted combinatorial background shapes. The pair of
blue arrows indicate the signal window.
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D" — K|z background is reduced by 32.7%. To remove
the background contamination from the decay D° —
K~wr* in D° > yKY decays and D™ — KYK 7" recon-
structed as the D™ — yK| decay, we veto events with
a recoil mass of K-z around the known @ mass
(0.75 < M%< . < 0.815 GeV/c?) and events with zt7z~
invariant mass around the known K9§ mass (0.4677 <
M- < 0.5277 GeV/c?), respectively. For the signal
side, we also define the AE, and Mg“é in an analogous
way to the tag side as in Eq. (4). After FoM optimization
[33], we require the candidate events to satisty M ]ssif: within
(1.862,1.869) GeV/c? for the D° — yK) channel and
M3 within (1.867,1.874) GeV/c2 for the Dt — yK|
channel.

IV. BRANCHING FRACTIONS

To further study combinatorial backgrounds and deter-
mine the signal yields, we define the K; helicity angle 6y
[34], which is the angle between the normal to the K; decay
plane, in the Kzx final state rest frame and the direction of
flight of the K| meson in the D meson rest frame. The
signal yields are extracted from a two-dimensional (2D)
unbinned-maximum-likelihood fit to the AEg, versus
cosfy distribution for the D —» yKY and D" — yK;
decays. The AE, ensures the property of a D meson
and cos Oy reveals that of D — yK;. The dominant back-
grounds for the D° — yK? and D" — yK| decays are
listed in Table IV. Even with the aforementioned z° veto
applied, the D — Kzzz° decay remains the dominant
background contribution.

In the fits, the signal shapes are derived from the signal
MC samples, and the background shapes are derived from
the inclusive MC samples with a kernel density estimation
technique [35]. The signal and background shapes are fixed
in the fit, while only their yields are set as free parameters.
The expected background yields are 6085 for the D —
yK9 decay and 99 for the D™ — yK| decay, respectively.
Figure 3 shows the fit projections for the D° — yKY and
D" — yK{ decay channels. The signal yields are measured

TABLE IV. The dominant backgrounds for the D° — yKY and
D' — yK| decay channels.

Dominant backgrounds %
D’ = K7t 7920 84
DY —» K=zt 3
D' - K ntw 3
Dt - Ktz zta® 65
ete” - qq 5
Dt - Kx* 5
Dt — KT K$z° 3
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FIG. 3. One-dimensional projections of the 2D fits to the AE

versus cos @y distributions for the DT candidate events for D? —
yK? (up) and DT — yK| (bottom). The dots with error bars are
data, the blue solid curves are the fit results, the red solid curves
are the signal shapes, and the green dashed curves are total
background shapes.

to be 1997% for the D° — yKY decay and 2% for the
DT - yK{| decay. To further illustrate the separation
between signal and background components, we present
the signal-enhanced projections of cos 8y for both decay
modes shown in Fig. 4. These projections are derived from
the 2D fit results within the +2¢ signal region defined
by —0.048 < AEg, < 0.028 GeV.

Since no significant signal is found in either channel, we
set upper limits on the BF by using the frequentist approach
[36,37]. Finally, upper limits on the BFs of D° — yK? and
Dt — yK{ are set to be 7.8 x 107 and 3.9 x 107> at the
90% confidence level, after considering the systematic
uncertainties discussed later, respectively.

V. SYSTEMATIC UNCERTAINTY

The sources of systematic uncertainties on the BF
measurement are categorized into two classes: additive
(independent of the measured BF central value) and
multiplicative (proportional to the BF).

15

1

—
n
S

—
=3
=

Events / 0.
Events /0.1

w
=
T
L

| =

cosOy cosOy

FIG. 4. Signal-enhanced projections of cos @y for D — yK?Y
(left) and D™ — yK 1* (right) decays. The distributions are 2D fit

results obtained from the AEg, signal region.
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Additive uncertainties affect the signal yield determi-
nation, which are dominated by the imperfect background
shape description. These uncertainties are studied by
altering the nominal MC background shape with two
methods. First, alternative MC samples are used to derive
the background shape. Since the D° — K~ z*7%z° and
Dt — K+t n° decays are the major background con-
tributions for D° —» yKY and D' — yK|, and D° —
K~7n"w is the peaking background for D° channel, we
alter the MC shapes by varying the relative fractions of the
background according to the PDG uncertainties [25]. The
largest change is taken as the corresponding systematic
uncertainty. Second, to account for the additive systematic
uncertainty used to determine the background shape
systematic uncertainties related to the fits, the smoothing
parameter in RooKeysPDF from RooFit [38,39] used to
implement the KDE is varied between 0 and 2. Among the
results of these fits, the largest upper limit on the BF is
chosen.

The multiplicative systematic uncertainties considered
are described below. The uncertainty associated with the ST
yield N}, is assigned as 0.3% after varying the signal and
background shapes and floating the parameters of double
Gaussian function in the fits [40]. Following previous
BESIII studies [4], the tracking efficiency systematic
uncertainty is assigned as 1.0% per charged track, and
the PID efficiency uncertainty is 1.0% per charged K* or
7* meson in the final state. The systematic uncertainty due
to the selection criteria of the y is studied with the J/y —
atn~7° decay [41]. The systematic uncertainty due to 7°
selection is examined through the DT hadronic DD events,
as documented in Ref. [42]. These uncertainties are
assigned as 1.0% per photon and 2.0% per z°, respectively.

The differences in the My¢ resolution between data and
MC simulation are obtained from the DT control samples
of D° - K=2*7%° and D* — K*n* 7~ 2" decays, recon-
structed against the same tag modes used in the baseline
analysis. The discrepancies in efficiencies between data and
MC simulation, 0.1% and 1.2%, are taken as the systematic
uncertainties. The combined systematic uncertainty from

the N7, and N2 requirements are estimated to be 1.3%
and 0.4%, which is also assigned by analyzing the control
sample of D — K=zt 7%2° and D — K* 7" 2~ 2° decays,
respectively. The BFs of the intermediate decays K{ —
K-7nt7z° and K| - KTz n" are taken from the PDG
world averages [25], with central values of (46.2 +9.3)%
and (33.6 £ 6.5)%, corresponding to relative uncertainties
of 20.2% and 19.3%, respectively. The systematic uncer-
tainties associated with the MC model are estimated by
changing the BFs of the known decay modes as well as the
masses and widths of the K{ and K| mesons. Their
uncertainties are 1.0% and 0.6%, respectively.

The total multiplicative systematic uncertainty 1is
obtained by adding the individual components in

TABLE V. Relative multiplicative systematic uncertainties (%)
in the BF measurements.

Source D’ - yKY D' - yK{
NgL 0.3 0.3
Tracking 2.0 3.0
PID 2.0 3.0

y and 7° selection 3.0 1.0

M k., Tequirement 0.2 0.2
Mpc requirement 0.1 1.2

0

NEhee&n Lo quirements 1.3 0.4
Quoted BFs 20.2 19.3
MC model 1.0 0.6
Total multiplicative uncertainty 20.7 19.8
Source DY - yKY9 DT - yK|
D° - K=" 7%2% shape 6.6

D’ —» K=zt w shape 1.2

Dt — K*ntz z° shape 2.3
Total additive uncertainty 6.7 23

quadrature. Table V summarizes the sources of the sys-
tematic uncertainties in the BF measurements. The total
systematic uncertainties is 21.8% and 19.9% D° — yK?
and DT — yK |, respectively.

VI. SUMMARY

By analyzing a data sample corresponding to an inte-
grated luminosity of 20.3 fb~! collected in e*e~ annihi-
lations at /s =3.773 GeV, the radiative decays
D° - yK9 and D* — yK| are searched for the first time.
No significant signal is observed. The upper limits on the
BFs of the D° - yK? and D' — yK{ decays at the
90% confidence level are set to be 7.8 x 107* and
3.9 x 107>, respectively. These results are consistent with
SM theoretical expectations. Notably, the signal yields are
19978 (D°) and 278 (D), with systematic uncertainties of
21.8% and 19.9%, respectively. For the D channel, the
statistical uncertainty (~34.7%) is moderately larger than
the systematic uncertainty, while for the D™ channel the
statistical uncertainty (~400%) is overwhelmingly domi-
nant compared with the systematic uncertainty. In both
decay modes, the statistical uncertainty constitutes the main
component of the total uncertainty and governs the size of
the BF upper limits.
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