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1 Introduction

In the rare radiative decays of charmed mesons, it has been established that the short-distance
interactions of the ¢ — u~y process make a negligible contribution [1, 2]. Consequently, long-
distance, non-perturbative processes dominate these decays, potentially enhancing branching
fractions (BFs) up to 1073 [3-7]. Therefore, measurements of BFs of these decays can
be used to test the quantum chromodynamics (QCD)-based calculations of long-distance
dynamics [8, 9]. Theoretical physicists have conducted analyses on the CP asymmetry of
D — yp(770)" considering the matrix element contributions of the Og operator in the rare
decay Hamiltonian [10]. The BF of DI — ~vp(770)* can be used to examine the predictions
regarding CP asymmetry in charmed meson decays.

Recent experimental results on rare radiative charm decays offer a chance to improve
the theoretical understanding of physics involved in the ¢ — wy transition [11]. However,
to date, there have been no experimental results for rare radiative decays of DI mesons,
such as the Cabibbo-favored decay D} — vp(770)". The BF of this mode is expected to
lie within the range of O(107%) — ©O(1073), according to the predictions of different models
like QCD sum rules [12], light-cone sum rules [10], the vector-meson dominance [1], the
hybrid framework [4, 6] and weak annihilation [13]. The predictions of the various theoretical
calculations are quite divergent for the decay mode D} — ~vp(770)", which underlines the
urgent need for experimental results to discriminate among different models.

In this paper, we search for the radiative decay DI — vp(770)" for the first time, using
7.33tb~! data collected with the BESIII detector in eTe™ collision center of-mass energies
(Eem) between 4.128 and 4.226 GeV, where E.p, is the energy of the initial state calculated
from the beam energy in the ete™ center-of-mass frame.



Eem (GeV) [20, 21]  Ling (pb71) [22] Miec (GeV/c?)

4.128 401.5 [2.060, 2.150]
4.157 408.7 [2.054, 2.170]
4.178 3189.0 £0.24+31.9  [2.050, 2.180]
4.189 570.04+0.14£2.2  [2.048, 2.190]
4.199 526.0+0.1+2.1  [2.046, 2.200]
4.209 572.1+0.14+1.8  [2.044, 2.210]
4.219 569.24+0.1+1.8  [2.042, 2.220]
4.226 1100.9£0.1+£7.0  [2.040, 2.220]

Table 1. The integrated luminosities (Liy) and the requirements on the Dy recoil mass (Myec) for
various center-of-mass energies. The definition of M, is given in eq. (4.1). The first and second
uncertainties for £ are statistical and systematic, respectively. The integrated luminosities for the two
data samples at F.p, = 4.128 GeV and E.,, = 4.157 GeV are estimated by using online monitoring
information.

2 Detector and data sets

The BESIII detector records symmetric eTe™ collisions provided by the BEPCII storage
ring [14], in the center-of-mass energy range from 2.0 to 4.95 GeV, with a peak luminosity
of 1.1 x 103 cm™2s™! achieved at the center-of-mass energy of 3.773 GeV. 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(T1) electromagnetic calorimeter (EMC), which are all enclosed 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
TOF barrel region is 68 ps, while that in the end-cap region is 110 ps. The end-cap TOF system
was upgraded in 2015 using multi-gap resistive plate chamber technology, providing a time
resolution of 60 ps [15-17]. About 83% of the data in this analysis benefits from the upgrade.

The data samples are organized into four groups, E., = 4.128 and 4.157GeV (I),
4.178 GeV (II), four energies from 4.189 to 4.219 GeV (III), and 4.226 GeV (IV), that were
acquired during the same year under consistent running conditions. The integrated lumi-
nosities at each energy is given in table 1. At these energies, the cross section of D*DF
production in eTe~ annihilation is about a factor of twenty larger than that of D DT [18, 19].
To increase the sensitivity of this search, the events discussed in this paper are selected
from the process eTe” — D**DT.

Inclusive Monte Carlo (MC) samples, which are 40 times larger than the data sets,
are produced in the energy range E., = 4.128 to 4.226 GeV with a GEANT4-based [23]
software package, which includes the geometric description of the BESIII detector and the



detector response. These samples are used to determine the detection efficiencies and estimate
backgrounds. The samples include the production of open charm processes, the initial-
state radiation production of vector charmonium(-like) states and the continuum processes
incorporated in KKMC [24, 25]. All particle decays are modeled with EVTGEN [26, 27]
using BFs either reported by the PDG [28], when available, or otherwise estimated with
LUNDCHARM [29, 30]. Final state radiation from charged particles is incorporated using
PHOTOS [31]. For the signal Monte Carlo samples we generate 3.2 million events for the
decay D — ~vp(770)*, p(770)" — 7%*, and 7° — vy. The D — 4p(770)* decay is
parameterized by helicity amplitudes [7-9], resulting in an angular distribution of 1 — cos?6y,
in which 0y is the helicity angle between the momentum vector of the particle 71 in the
p(770)* rest frame and the direction of the p(770)" system in the D7 rest frame. The
decay p(770)* — 797 F is modeled with VSS [26, 27], which describes the decay of a vector
meson to scalar-scalar mesons. The decay 7° — v+ is generated with a uniform phase-space
model [24, 25].

3 Analysis strategy

The D:*DF — ~(7°)DE DT pairs are produced by ete™ collisions in the energy range of 4.128
to 4.226 GeV. This property enables the study of D decays utilizing the double-tag (DT)
method, which was pioneered by the MARK-III collaboration [32]. At first, single-tag (ST) Dy
candidates are selected by reconstructing a D7 in five hadronic decay modes: D, — KgK -,
Dy - K*K-n~, Dy - K"K n 7%, D; - KYK*nm 7~ and D; — K 77", based on
the optimization of the figure of merit S/\/(S + B). Here, S is the signal yield expected
based on the predicted BF of D — yp(770)" [10] and B is the scaled background yield
estimated by the inclusive MC sample. Events in which a signal candidate is reconstructed
in the presence of an ST DJ meson are denoted as DT events.
The BF of the signal decay is determined by
NDT

B(DS — yp(770)%) = fotal , 1
= ) = B S S NTRTT .

where B(7 — ) is the BF of 7% — 77 in the p* —> 770 decay. NPT
number of the DT yields for all four sample groups e L is the ST efficiency to reconstruct

ota 18 the summed
the ST mode ¢ in the sample group «, and e T'is the DT efficiency for reconstructing the
ST mode i and the signal decay mode in the sample group «. Charge-conjugated modes
are implicitly considered throughout this paper.

4 Event selection

Charged tracks detected in the MDC are required to be within a polar angle (6) range of
|cosf| < 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 Kg decays, the distance of closest
approach to the interaction point (IP) is 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 the measurements of d£/dx in the MDC and the time of flight in



Tag mode Mass window (GeV/c?)

Dy — KYK~ [1.948, 1.991]
Dy - KtK—n~ [1.950, 1.986]
Dy - KtK—a— 70 [1.947, 1.982]
Dy - KYK nn~ [1.953, 1.983]
Dy - K—n—rnt [1.953, 1.983]

Table 2. Requirements on M;,, for various tag modes.

the TOF to form likelihoods £(h) (h = K, m) for each hadron hypothesis. Charged kaons
and pions are identified by comparing the likelihoods for the two hypotheses, L(K) > L(r)
and L(m) > L(K), respectively.

Kg candidates are reconstructed with two oppositely charged tracks that satisfy |V,| <
20 cm, assigned as 777~ and without PID imposed. Primary vertex and secondary vertex
fits are performed on these two charged tracks with 77~ hypothesis to determine the
invariant mass and the decay length of Kg candidates. The Kg candidates are required to
have a 77~ invariant mass (M,+,-) within [0.487,0.511]GeV /c?, and the decay length to
be larger than twice its resolution. This requirement is not applied for the D, — KgK -
decay due to the low combinatorial background. To avoid double-counting an event in both
the Dy — K2K~ and D; — K7~ 7" ST modes, M+, is required to be outside the mass
range [0.487,0.511] GeV/c? for the Dy — K7~ 7t mode.

Photon candidates are identified using showers in the EMC. The deposited energy of
each shower must be more than 25 MeV in the barrel region (|cosé| < 0.80) and more than
50 MeV in the end-cap region (0.86 < |cosf| < 0.92). 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° as measured from the IP. The
difference between the EMC time and the event start time is required to be within [0, 700] ns

to suppress electronic noise and showers unrelated to the event.

70 candidates are reconstructed through the 7% — v decay, with at least one photon

being detected in the barrel region. The invariant mass of the photon pair must be in the

range of [0.115,0.150] GeV/ ¢?, approximately three times the mass resolution around the

Y mass [28]. A kinematic fit is performed that constrains the 47 invariant mass to

0

known 7
the known 7V mass to improve the mass resolution and the y? is required to be less than 30.

Five ST modes are used for the reconstruction of D; candidates, with corresponding
mass windows on the tagging invariant D mass (M,g) determined through fits as listed in
table 2. The recoiling mass (M) against the tagging D7 is evaluated, and events with M.
within the mass windows specified in table 1 are retained for further analysis. These M.
ranges are chosen by maintaining roughly constant the tag efficiencies for different values

of Fem. The recoiling mass Mg is defined as

2
Mrec = \/(E‘Crn/c2 - \/‘ﬁD;/C‘Q + m%;) — ’ﬁD;/CP s (41)



Tag mode NIST NISiT NISI? NIS\;P

Dy — KK~ 6728+£144  31949+314 19960+270 6837163
D; - KtTK 7~ 276704£280 137138+£614 86918+525 295444335
Dy - KTK—n= 7% 74574397 393404798 246944688 80844481
Dy — KYKTr—n~ 29834129 157054288  9783+247  3380+174
Dy - K nrnt 38044345  17439+565 108411470 51444447

Table 3. The ST yields (N5T) for the data samples collected at F., = 4.128 and 4.157 GeV (),
4.178 GeV (II), from 4.189 to 4.219 GeV (III), 4.226 GeV (IV). The uncertainties are statistical.

Tag mode %) % % %)
Dy — KgK_ 47.64+0.16 47.394+0.07 47.23+0.09 47.95+0.16
DT — KtK—n~ 40.37+0.07 39.474+0.03 39.334+0.04 39.78+0.07

Dy - KTK-7~ 7% 10.5940.08 10.6840.03 10.7440.05 10.89+0.09
Dy — KgK+7r*7r* 21.30+£0.14 21.85+0.06 21.66+0.08 22.27+0.16
Dy - K nrnt 48.37+0.59 47.93£0.25 47.63+£0.34 47.67+0.67

Table 4. The ST efficiencies (¢3T) for the data samples collected at Eep, = 4.128 and 4.157 GeV (1),

[e3

4.178 GeV (II), from 4.189 to 4.219 GeV (III), 4.226 GeV (IV). The uncertainties are statistical.

where p’ po 1s the three-momentum of the D candidate in the ete” center-of-mass frame,
and mp,- is the known DJ mass [28].

In order to remove soft pions from D*T decays, the momentum requirement of p(r) >
100 MeV /c is applied to all pions. In events with multiple ST candidates, the candidate with
Miee closest to the known D*T mass [28] is chosen as the best candidate. It is observed that
approximately 4.1%(4.3%) of events in data (inclusive MC) contain multiple candidates in
the ST samples. The yields for the five ST modes are listed in table 3, and they are obtained
through binned maximum likelihoods fits to the corresponding invariant mass distributions
of ST candidates (Mi,g). As an example, the fits to the accepted ST candidates from the
data sample at E.,, = 4.178 GeV are shown in figure 1. In the fits, the signal is modeled by
an MC-simulated shape convolved with a Gaussian function that accounts for the data-MC
difference. The background is described by a second-order Chebyshev polynomial. For the
tag mode D; — KgK ~, the peaking background originating from D~ — ngﬂ'_ is considered.
The shape of this background is taken from the inclusive MC samples and included in the fit
with a free yield parameter. The same ST selection criteria and fitting approach applied to
data are used to analyze the inclusive MC samples. The number of observed ST events is
extracted from fitting the M;,e distributions. The ST efficiency is calculated as the ratio of
the observed ST events and the generated ST events in the inclusive MC samples, as shown
in table 4. When obtaining the ST efficiencies within a grouped dataset (I and III), the yields
at different energy points are averaged based on their luminosity and cross sections.

In events with a ST D; candidate, we search for the D — ~p(770)" signal process
recoiling against the ST side, with the p(770)" reconstructed with the 77 final states. The
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Figure 1. Fits to the M., distributions of the ST candidates from the data sample at Ec, = 4.178 GeV.
The black points with error bars are data, the blue solid lines are the total fit results, the magenta
dashed lines show the signal component and the black dashed lines show the background component.
The pairs of red arrows denote the signal regions.

v, 7% and 70 are selected with the same criteria used in section 4. The most energetic

not used in the tag side is used as the radiative photon. In the case of multiple candidates,
the DT candidate with the average mass, (Msig + Miag)/2, closest to the known DI mass
is retained, where Mg, represents the invariant mass of the accepted signal D}. For all ST
modes, the average ratio of correct selection for multiple signal candidates is found to be 94%.

To suppress background events from D — 7, n — 77, a requirement of M., >
0.68 GeV/c? is imposed to ensure the invariant mass is above the 7 invariant mass, where 7y, is
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Figure 2. Invariant mass distribution for selected p(770)" — 7+7° candidates at /s = 4.128 —
4.226 GeV. The black points with error bars are data. The solid blue line represents the inclusive MC
sample, which contains no signal and has been normalized to the data. The red vertical dashed lines
indicate the p(770)" signal region, and the pairs of black dashed lines (left and right of the signal
peak) indicate the p(770)T sideband regions.

the photon with higher energy from the 7¥ of the p* decay in the signal reaction and 7 is the
radiative photon from the signal process D} — yp™. If the invariant mass of M, .. falls
within the 7% mass window [0.115, 0.150] GeV/c? or the 1 mass window [0.50, 0.57] GeV/c?,
such candidates are vetoed, with vexa denoting an extra photon not utilized in either the
ST or DT sides. The invariant mass distribution of 7179 for data and inclusive MC sample
is shown in figure 2. The mass range used for the p, between 0.62 and 0.91 GeV/c? keeps
81% of signal events according to the simulation. Mass ranges for sideband regions which
correspond to [0.45, 0.60] and [0.93, 1.06] GeV/c? are expected to contain only 19% of signal
events. These selection criteria are optimized using the figure of merit (FOM) approach,
defined as m [
MC samples and the background yields estimated by the inclusive MC samples, respectively.

33]. Here, € and B denote the signal efficiency estimated by the signal

5 Branching fraction measurement

After imposing all above selection criteria, the comparisons of the M D and cosfy distributions
between data and inclusive MC sample are shown in figure 3. The shapes of the inclusive MC
samples demonstrate consistency with the data. The distributions of the invariant mass (Ms;g)
of signal D} candidates versus cosfy, Mg and cosfy are shown in the figures 4 (a), (b), and
(c), respectively. The signal yield is extracted from a two-dimensional (2D) unbinned maximum
likelihood fit on the Mg versus cosfy distribution for D} — vp(770)*. The signal shape is
described by an MC-simulated 2D probability density function (PDF) convolved with a 2D
Gaussian function, with the parameters obtained from the control sample D — 7 7% [34].
The yield of background events originating from Dt D, (BD:) pairs is constrained to a
Gaussian in the fit, with the mean and resolution fixed at (166 £9). The mean of Gaussian is
estimated from the inclusive MC sample, while the uncertainty is derived from the measured
BFs of the main background processes DI — 77 [34] and D — 7t7%7Y [35]. The shape
of the background components of non-D*T D} reactions (Bother) is derived from the MC
simulated events, and its yield is free in the fit.
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Figure 4. Distributions of Mg, versus cosfyu (a), Msig (b) and cosfy (c) for the DT candidate events
of DF — vp(770)" at Eey = 4128 — 4226 MeV. The black points with error bars are data, the blue
solid curves are the total fit result, the red dotted lines are the signal contribution, the magenta long
dashed lines illustrate Bps+, and the cyan dashed lines illustrate Botper-

Tag mode PTH) B B R
DT — KgK_ 14.394+0.28 14.684+0.13 14.29+0.16 14.66+0.31
Dy — KtK—7n~ 11.54+0.11 11.79+£0.05 11.52+0.06 11.72+0.12

D; - KTK-n~ 7%  3.3840.06 3.4140.02 3.424+0.03 3.51+0.06
Dy — KgK+7r_7r_ 5.77£0.17  6.21+£0.08  6.24£0.09  6.61+0.20
D; - K nnt 14.24+0.37 13.38+0.15 13.16£0.18 13.82+0.37

Table 5. The DT efficiencies (eDT) for the data samples taken at F., = 4.128 and 4.157 GeV (1),
4.178 GeV (II), from 4.189 to 4.219 GeV (III), and 4.226 GeV (IV).

From the 2D fit, the number of signal events is determined to be 33+ 14, with a statistical
significance of 2.50. The statistical significance of the D} — yp(770)" decay is evaluated
using +/—2In(Ly/Lmax), where Lpax is the maximum likelihood of the nominal fit and Ly is
the likelihood of the fit without the signal component. The corresponding DT efficiencies for
each tag mode are determined and listed in table 5. The BF of D — yp(770)7 is determined
to be (2.2 4+ 0.9) x 1074, where the uncertainty is statistical.




6 Systematic uncertainty

The systematic uncertainties in the BF measurement are discussed below. The additive
systematic uncertainties only affect the fitted signal yield, while multiplicative systematic
uncertainties affect the detection efficiency. Most systematic uncertainties related to the
determination of the efficiency for reconstructing the ST side cancel out in the BF measurement
due to the DT technique.

At first, the multiplicative systematic uncertainties are discussed below.

e ST yield. The total ST yield of all five ST modes is 495,398 + 1,900, resulting in the
statistical uncertainty of /1,9002 — 495, 398/495, 398 = 0.4%. Here, we only consider
the statistical fluctuation related to the background of the ST side, as it is not correlated

with the DT sample directly. Hence, a systematic uncertainty of 0.4% is assigned.

o Tracking and PID. The 7" tracking and PID efficiencies are studied with ete™ —
KTK~7ntr~ events. The systematic uncertainties are assigned as the data-MC differ-
ences of the 77 PID and tracking efficiencies, which are both 1.0% [36].

e 7 reconstruction. The uncertainty associated with the v reconstruction efficiency is
studied with the control sample of J/¢ — 7%z F 7~ [37]. The uncertainty due to the v
reconstruction is assigned as 1.0%.

o 70 reconstruction. The systematic uncertainty associated with the 7° reconstruc-

tion efficiency is investigated by using a control sample of the process ee™ —
KTK-ntr= 70 [38]. The uncertainty due to the 7’ reconstruction is assigned as
2.0%.

e MC statistics. The uncertainty due to the limited signal MC sample size is obtained
by /> (%)2, where f; is the proportion of each ST yield to the total ST yield, and
€; and J, are the signal efficiency and the corresponding uncertainty of ST mode i,
respectively. This uncertainty is found to be 0.4%.

e M, requirement and M., extra requirement. The systematic uncertainties due to the
M., requirement and M, extra requirement are studied using a control sample of
D} — 7ta% [34]. The differences in the efficiencies of the M., requirement and
M, extra Tequirement between data and MC simulation, 1.5% and 0.9%, are taken as
the corresponding systematic uncertainties.

e p' mass window. The systematic uncertainties due to the p™ mass window is studied
using a control sample of D° — 7~ 7%* v, [39]. The differences in the efficiencies of the
pT mass window between data and MC simulation, 1.0%, are taken as the corresponding
systematic uncertainties.

The additive systematic uncertainties are discussed below.

e Signal shape resolution. To estimate the systematic uncertainty related with the
signal shape resolution, we examine the BF by varying the mean and resolution of the
convolving Gaussian function within their corresponding uncertainties. We take the



Category Source Uncertainty (%)
ST yield 0.4
Tracking 1.0
PID 1.0
70 and v reconstructions 3.0

Multiplicative MC statistics 0.4
M., requirement 1.5
My rra TEQUITEment 0.9
p(770)T mass window 1.0
Total 3.9
Signal shape resolution 6.4

Additive Background BDj 1.2
Background Bgther 7.2
Total 9.7

Table 6. Systematic uncertainties in the BF measurement of D} — yp(770)*.

change of the BF, 6.4%, as the systematic uncertainty. Among the results of these fits,
the one corresponding to the largest upper limit on the branching fraction is chosen.

¢ Background shape. We vary the yield of the BD:r within corresponding uncertainty and
assign the change of the BF of 1.2% as the systématic uncertainty. For Bgiher, we alter
the MC-simulated shapes by varying the relative fractions of the two major background
components from ¢G and non-D** D open charm by +30% [40], which is the statistical
uncertainty of the individual cross section in data. The largest change of the BF, 7.2%,
is taken as the systematic uncertainty. Among the variations, the fit resulting in the
largest upper limit on the branching fraction is chosen.

The systematic uncertainties are summarised in table 6. Adding them in quadrature gives a
total systematic uncertainty of the BF measurement of 10.5%.

The absolute BF of D} — yp(770)" is measured to be (2.2 4 0.9 +0.2) x 10~%, where
the first uncertainty is statistical and the second is systematic. Because of the limited
statistics, an upper limit on the BF of DI — vp(770)7 is also determined following ref. [19],
after incorporating the systematic uncertainty via a likelihood scan method. To take into
account the additive systematic uncertainties, the maximum-likelihood fits are repeated from
the Bother shapes as mentioned in the previous section and the one resulting in the most
conservative upper limit is chosen. Finally, the multiplicative systematic uncertainty o is
incorporated in the calculation of the upper limit following refs. [41, 42].

_ (e—ep)?
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Figure 5. Normalized likelihood versus the signal yield and BF of DI — vp(770)". The red solid
line is the likelihood curve for the nominal fit model, while the blue solid line represents the likelihood
curve that gives the upper limit after incorporating the systematic uncertainty. The black arrow
indicates the result corresponding to the 90% confidence level.

where L(B) is the likelihood distribution as a function of assumed BFs; € is the expected
efficiency and ¢ is the averaged MC-estimated efficiency. The likelihood distributions with
and without incorporating the systematic uncertainties are shown in figure 5. The upper
limit of the BF of D} — vp(770)* is obtained to be 6.1 x 10~* at the 90% confidence level.

7 Summary

In summary, using 7.33fb~! of ete™~ collision data collected with the BESIII detector between
Eom = 4.128 and 4.226 GeV, we search for the rare radiative decay D — vp(770)% for the
first time. A hint with a statistical significance of 2.5¢ is obtained. The upper limit on the BF
for DF — ~vp(770)T is estimated to be B(DJ — vp(770)T) < 6.1x10~% at the 90% confidence
level, as shown in figure 5. The absolute BF of this decay is measured to be B(Df —
vp(770)) = (2.2 4 0.9+ 0.2) x 10~%, where the first uncertainty is statistical and the second
is systematic. Figure 6 shows the comparison of our measurement with different theoretical
predicted BFs. The obtained result in this analysis agrees with theoretical calculations
based on light-cone sum rules [10], hybrid framework [4, 6] and vector-meson dominance [1].
However, it is 3.80 smaller than the theoretical calculation of weak annihilation [13]. This
study is beneficial for further understanding of the non-perturbative QCD in the D sector.
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