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Using 2.93 fb−1 of eþe− collision data collected at a center-of-mass energy of 3.773 GeV with the
BESIII detector, the first observation of the doubly Cabibbo-suppressed decay Dþ → Kþπþπ−π0 is
reported. After removing decays that contain narrow intermediate resonances, including Dþ → Kþη,
Dþ → Kþω, and Dþ → Kþϕ, the branching fraction of the decay Dþ → Kþπþπ−π0 is measured to be
ð1.13� 0.08stat � 0.03systÞ × 10−3. The ratio of branching fractions of Dþ → Kþπþπ−π0 over Dþ →

K−πþπþπ0 is found to be ð1.81� 0.15Þ%, which corresponds to ð6.28� 0.52Þ tan4 θC, where θC is the
Cabibbo mixing angle. This ratio is significantly larger than the corresponding ratios for other doubly
Cabibbo-suppressed decays. The asymmetry of the branching fractions of charge-conjugated decaysD� →
K�π�π∓π0 is also determined, and no evidence for CP violation is found. In addition, the first evidence for
the Dþ → Kþω decay, with a statistical significance of 3.3σ, is presented and the branching fraction is
measured to be BðDþ → KþωÞ ¼ ð5.7þ2.5

−2.1 stat � 0.2systÞ × 10−5.

DOI: 10.1103/PhysRevLett.125.141802

Doubly Cabibbo-suppressed (DCS) decays of D mesons
can provide unique insight into weak decay mechanisms of

charmed hadrons. To date, DCS decays of charmed hadrons
remain relatively unexplored [1]. The naive expectation for
the DCS decay rate relative to its Cabibbo-favored (CF)
counterpart [2,3] is of the order tan4θC ∼ 0.29%, where θC
is the Cabibbo mixing angle. The known ratios of DCS
and CF decay rates [4] roughly support this expectation,
with the exception of Dþ → K−πþπþ [5], where the
ratio is doubled due to identical particles in the final
state. A measurement of the branching fraction (BF) of

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 SCOAP3.
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Dþ → Kþπþπ−π0 and a comparison with its CF counter-
part provides a crucial test of this expectation.
In theory the BFs of D → VP decays, where V and P

denote vector and pseudoscalar mesons, respectively, can
be calculated after incorporating quark SU(3)-flavor
symmetry and symmetry breaking as well as charge-parity
(CP) violation [3,6–13]. The experimental information on
DCS D → VP decays is currently limited. Investigation of
Dþ → Kþπþπ−π0 offers an ideal opportunity to determine
the BF of Dþ → Kþω with ω → πþπ−π0, where ω stands
for ωð782Þ throughout this Letter. The result is important
for improving our understanding of quark SU(3)-flavor
symmetry and symmetry breaking and also benefits
theoretical calculations of CP violation [3,6–13].
In the standard model, CP violation in the weak decays

of hadrons arises due to a single irreducible phase in the
Cabibbo-Kobayashi-Maskawa matrix [14]. CP violation in
charmed-hadron decays is expected to be small, up to a few
10−3 for singly Cabibbo-suppressed processes, and much
smaller for CF and DCS processes [12,15]. In the past two
decades, CP violation in the charm sector has been
extensively explored [16]. In 2019, the LHCb collaboration
reported an observation of CP violation in the singly-
Cabibbo-suppressed decays D0 → KþK− and D0 → πþπ−
[17]. Searching for CP violation in DCS decays offers
complementary information about CP violation in the
charm sector.
This Letter reports the first measurement of the

absolute BFs of the DCS decays Dþ → Kþπþπ−π0 and
Dþ → Kþω. Charge-conjugated decays are always implied
unless stated otherwise. The CP asymmetry of D� →
K�π�π∓π0 is also presented.
This work is performed by using 2.93 fb−1 of eþe−

collision data [18] collected with the BESIII detector at the
center-of-mass energy of

ffiffiffi
s

p ¼ 3.773 GeV. This energy is
near the resonance peak of the ψð3770Þ, which predomi-
nantly decays into a DD̄ (D denotes D0 or Dþ) pair. The
two D mesons are produced close to rest in the center of
mass frame without accompanying hadron(s), thereby
offering ideal environment for studying D meson decays
with the double-tag (DT) technique, pioneered by the Mark
III Collaboration [19].
Details about the design and performance of the BESIII

detector are given in Refs. [20,21]. Simulated samples
produced with a GEANT4-based [22] Monte Carlo (MC)
package, which includes the geometric description of the
BESIII detector and the detector response, are used to
determine the detection efficiency and to estimate back-
grounds. The simulation includes the beam energy spread
and initial state radiation (ISR) in the eþe− annihilations
modeled with the generator KKMC [23]. The signal of
Dþ → Kþπþπ−π0 is simulated using an MC generator that
incorporates the resonant decays Dþ → K�ð892Þ0ρð770Þþ,
K�ð892Þþρð770Þ0, Kþη, Kþω, the phase space decay
Dþ → Kþπþπ−π0, and possible interferences. The

parameters of the generator have been tuned to reach a
good data-MC agreement in distributions of the daughter
particle momenta and the invariant masses of each two- and
three-body particle combinations. The signal of Dþ →
Kþω is simulated using an MC generator which simulates
pseudoscalar meson decays into vector meson and scalar
meson [24]. The background is studied using an inclusive
MC sample that consists of the production ofDD̄ pairs with
consideration of quantum coherence for all neutral D
modes, the non-DD̄ decays of the ψð3770Þ, the ISR
production of the J=ψ and ψð3686Þ states, and the
continuum processes incorporated in KKMC. The known
decay modes are modeled with EvtGen [24] using the known
BFs taken from the Particle Data Group (PDG) [1], while
the remaining unknown decays from the charmonium states
are modeled with LUNDCHARM [25]. Final state radiation
from charged final state particles is incorporated with the
PHOTOS package [26].
We obtain the BFs by reconstructing signal Dþ decays

in events with D− decays reconstructed in one of
the three decay modes D− → Kþπ−π−, D− → K0

Sπ
−, and

D− → Kþπ−π−π0. If a D− meson is found, it is referred to
as a single-tag (ST) candidate. An event in which a signal
Dþ decay and an ST D− are simultaneously found is
referred as a double-tag event. The BF of the signal decay is
given by

Bsig ¼
NDTP

3
i¼1 N

i
STðϵiDT=ϵiSTÞ

; ð1Þ

where NDT is the number of events with any D− tag and a
signal candidate, ϵiDT is the signal selection efficiency for an
event with aD− in the ith tag mode, andNi

ST and ϵ
i
ST are the

number of tags and reconstruction efficiency for D−

candidates in mode i.
The K0

S and π0 candidates are reconstructed via K0
S →

πþπ− and π0 → γγ, respectively. For the reconstruction and
identification of K�, π�, K0

S, and π0 we use the same
criteria as in Refs. [27–36]. The tagged D− mesons are
selected using two variables, the energy difference

ΔEtag ≡ ED− − Eb; ð2Þ

and the beam-constrained (BC) mass

Mtag
BC ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
b − jp⃗D− j2

q
; ð3Þ

where Eb is the beam energy, and p⃗D− and ED− are the
momentum and the energy of the D− candidate in the eþe−
rest frame. For each tag mode, if there are multiple
combinations, the one giving the minimum jΔEtagj is
retained for further analysis. The tagged D− are required
to satisfy ΔEtag ∈ ð−55; 40Þ MeV for the decay mode
containing a π0, and ΔEtag ∈ ð−25; 25Þ MeV for the other
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decay modes. The yields of ST D− mesons were obtai-
ned from maximum likelihood fits to the Mtag

BC distri-
butions of the accepted ST candidates [27–32]. The fit
results are shown in Fig. 1. The total ST D− yield
is NST ¼ ð1150.3� 1.5statÞ × 103.
The signal Dþ candidates are reconstructed from the

particles that have not been used for the tagged D−

reconstruction. They are identified using the energy differ-
ence and the beam-constrained mass of the signal side,
ΔEsig and Msig

BC, calculated similarly to Eqs. (2) and (3),
respectively, with D− replaced by Dþ. If there are multiple
combinations, caused mainly due to incorrectly π0, the
one giving the minimum jΔEsigj is retained for further ana-
lysis. The signal side is required to be within
ΔEsig ∈ ð−58; 45Þ MeV. The invariant mass of the
πþπ− pair must satisfy the condition jMπþπ− −MK0

S
j >

20 MeV=c2 to reject the dominant peaking back-
ground from the singly Cabibbo-suppressed decay
Dþ → K0

SK
þπ0. This requirement corresponds to about

�5σ of the experimental resolution. To suppress non-
DþD− events, the opening angle between the Dþ and
D− candidates is required to be greater than 160°, which
results in a loss of 6% of the signal but rejects 34% of the
background contributions. The top-left panel of Fig. 2
shows the Mtag

BC vs Msig
BC distribution of the accepted

candidates for Dþ → Kþπþπ−π0 in data. The comparison
of two-body and three-body mass distributions of the
accepted Dþ → Kþπþπ−π0 candidate events can be found
in the Supplemental Material [37].
Furthermore, the Dþ → Kþω candidates are selected

from events with πþπ−π0 invariant mass within
jMπþπ−π0 −Mωj < 40 MeV=c2, where Mω is the nominal
mass of the ω meson [1]. This requirement is set by taking
into account both the natural width of the ω meson and the
invariant mass resolution. To suppress non-ω backgrounds,
the ω helicity angle is required to satisfy j cos θωj > 0.57,
where θω is the opening angle between the normal to the
ω → πþπ−π0 decay plane and the direction of the Dþ
meson in the ω rest frame. Moreover, the normalized slope
parameter λ=λmax, introduced in Ref. [38], is required to be

greater than 0.21, where the criterion is based on an
optimization using the inclusive MC sample. The
middle-left and bottom-left figures of Fig. 2 show the
Mtag

BC vs Msig
BC distributions of the accepted candidates

with the aforementioned additional requirements for
Dþ → Kþπþπ−π0 in data, with Mπþπ−π0 in the ω signal
region and the ω sideband region, defined as
Mπþπ−π0 ∈ ð0.60; 0.70Þ ∪ ð0.85; 0.95Þ GeV=c2, respec-
tively. Figure 3 shows the definitions of the ω signal
and sideband regions.
In the Mtag

BC vs Msig
BC distributions, as shown in the left

column of Fig. 2, signal events concentrate around
Mtag

BC ¼ Msig
BC ¼ MD, where MD is the nominal mass of

the Dþ meson [1]. Background events (BKG) are divided
into three categories. The first (BKGI) is from events with
correctly reconstructed Dþ (D−) and incorrectly recon-
structed D− (Dþ). This background is distributed along the
horizontal and vertical bands. The second (BKGII)
describes events found along the diagonal, which are
mainly from the eþe− → qq̄ processes. The third
(BKGIII) consists of uniformly distributed events in which
both the tagged D− and the signal Dþ are reconstructed
incorrectly. For the decay Dþ → Kþπþπ−π0 the peaking
backgrounds from Dþ → KþK−ð→ π−π0Þπþ decays and
from the residual Dþ → K0

Sð→ πþπ−ÞKþπ0 events are
evaluated using the MC simulations. For the decay
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dashed curves are the fit results and the fitted backgrounds,
respectively.
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Dþ → Kþω, the peaking background contributions are
dominated by the non-ω decays Dþ → Kþπþπ−π0. This
peaking background has the same event topology as the
signal and is estimated using data events in the ω sideband
region defined above.
To extract the DT yields, a two-dimensional (2D)

unbinned maximum likelihood fit is performed on the
corresponding Mtag

BC vs Msig
BC distribution. The 2D

probability density function (PDF) for the signal is
taken from the MC simulation. The PDFs of back-
ground contributions are constructed as [31,34,35,39,40]:
(i) BKGI: bðxÞ · cyðy;Eb; ξyÞ þ bðyÞ · cxðx;Eb; ξxÞ,
(ii) BKGII: czðz;

ffiffiffi
2

p
Eb; ξzÞ · gðk; 0; σkÞ, and (iii) BKGIII:

cxðx;Eb; ξxÞ · cyðy;Eb; ξyÞ. Here, x ¼ Mtag
BC, y ¼ Msig

BC,

z ¼ ðxþ yÞ= ffiffiffi
2

p
, and k ¼ ðx − yÞ= ffiffiffi

2
p

. The functions
bðxÞ and bðyÞ are the one-dimensional signal shapes taken
from the MC simulation. The function cf is the ARGUS
function [41] defined as

cfðf;Eb; ξfÞ ¼ Aff

�
1 −

f2

E2
b

�1
2

eξf ½1−ðf
2=E2

bÞ�; ð4Þ

where f denotes x, y, or z, Eb is fixed at 1.8865 GeV, Af is a
normalization factor, and ξf is a fit parameter. The function
gðk; σkÞ is a Gaussian distribution with a mean of zero and a
standard deviation σk ¼ σ0 · ð

ffiffiffi
2

p
Eb − zÞp, where σ0 and p

are parameters determined by the fit. For the decay

Dþ → Kþπþπ−π0, the yields and shapes of the peaking
background contributions are fixed to the expectation from
the MC simulations. The BKGIII component is ignored due
to limited data. All other parameters are left free.
To extract the signal yield of Dþ → Kþω, simultaneous

2D fits are performed on the events in the ω signal and
sideband regions. The background PDFs are fixed to the
shapes obtained from theDþ → Kþπþπ−π0 fit. The ratio of
the background yield in the ω sideband region and in the ω
signal region is fixed to the value fω ¼ 4.12� 0.08
obtained using the Dþ → Kþπþπ−π0 MC simulation.
The reliability of the choice and normalization of the
nominal ω sideband region has been further verified by
using those events with Mπþπ−π0 ∈ ð0.85; 1.35Þ GeV=c2
arbitrarily. Both BKGI and BKGIII components are
ignored in these two fits because of limited data.
The spectra in the middle and right columns in Fig. 2

show the projections on Mtag
BC and Msig

BC of the 2D fits to
data. For both signal decay modes the statistical signifi-
cance is evaluated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
, where Lmax is the

maximum likelihood of the nominal fit and L0 is the
likelihood of the fit excluding the signal PDF, and
the degree of freedom is assumed to be 1. The statistical
significance is found to be 23.3σ forDþ → Kþπþπ−π0 and
3.3σ for Dþ → Kþω. For Dþ → Kþω, the effect of the
fluctuation of the ω sideband events has been considered in
the simultaneous fit.
The numbers of NDT and ϵsig as well as the obtained BFs

of the two decays are summarized in the first two rows of
Table I.
With the DT method, most of the uncertainties related to

the ST selection are negligible. The systematic uncertain-
ties arise from the following sources and are estimated
relative to the measured BFs. The uncertainty on the total
ST D− yield is due to the fit to theMtag

BC distributions and is
estimated to be 0.5% [27–29]. The tracking and particle
identication (PID) efficiencies of K� and π� are studied
with DT DD̄ hadronic events. A small difference between
the K� tracking efficiency in data and in MC simulation is
found, but those for the efficiencies of K� PID, π� tracking
and π� PID are negligible. The averaged data − MC
difference of K� tracking efficiency weighted by the
momentum spectrum of signal MC events is 1.8%. After
correcting the MC efficiencies by this averaged data-MC
difference, the systematic uncertainties of tracking effi-
ciencies are estimated to be 0.3% per K� or π�. The
systematic uncertainties originating from PID efficiencies
are assigned as 0.3% per K� or π�. The efficiency of
reconstructing a π0 meson is investigated by using the DT
DD̄ hadronic decay samples of D0 → K−πþ, K−πþπþπ−

vs D̄0 → Kþπ−π0, K0
Sπ

0 [27,28]. The averaged data-MC
difference of the π0 reconstruction efficiencies, weighted by
the momentum spectra of signal MC events, is 0.7% per π0.
After correcting the MC efficiencies by this averaged
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FIG. 3. Distribution of Mπþπ−π0 for Dþ → Kþπþπ−π0 candi-
dates in data (dots with error bars). Histograms in yellow, pink,
and cyan are the signal MC events ofDþ → Kþπþπ−π0jnon−η;ω;ϕ,
Dþ → Kþω, and Dþ → Kþη normalized with individual BFs
and efficiencies, and blue histogram is the background esti-
mated using the inclusive MC sample, scaled to the rest event

yield in data. Events have been selected using MtagðsigÞ
BC ∈

ð1.863; 1.875Þ GeV=c2 and all other requirements for Dþ →
Kþω except for the ω signal mass window. The red arrows denote
the ω signal region. The blue arrows denote the ω sideband
regions.
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data-MC difference the systematic uncertainty arising from
π0 reconstruction is estimated as 0.8% per π0. The
uncertainties of the quoted BFs of ω → πþπ−π0 and π0 →
γγ decays are 0.8% and 0.03% [1], respectively.
To estimate the systematic uncertainty from the 2D fit,

the measurements are repeated by varying the signal shape,
the endpoint of the ARGUS function, and the fixed number
of peaking background events (by varying �1σ of the
quoted BFs of the dominant peaking backgrounds of
Dþ→K0

Sð→πþπ−ÞKþπ0 and Dþ → KþK−ð→ π−π0Þπþ).
Quadratically summing over the changes of the BFs gives
the systematic uncertainties, which are 0.9% for Dþ →
Kþπþπ−π0 and negligible for Dþ → Kþω. The systematic
uncertainty related to theDþD− opening angle requirement
is assigned as 0.5% based on DT events where the signal
decays are replaced by the CF Dþ → K−πþπþπ0 channel.
The systematic uncertainty associated with the ΔEsig

requirement is evaluated to be 0.2%, estimated by smearing
the ΔEsig distribution for signal MC events. The systematic
uncertainty due to K0

S rejection is negligible since the mass
resolution is well reproduced by the MC simulation. The
boundaries of the ω sideband regions were varied by
�5 MeV=c2 and the corresponding uncertainty was found
to be negligible. The limited number of simulated events
contributes 0.5% uncertainty for Dþ → Kþπþπ−π0 and
0.6% forDþ → Kþω. The systematic uncertainty related to
the MC modeling for Dþ → Kþπþπ−π0 is assigned to be
1.3%, which is the difference of the DT efficiencies with
and without involving the less significant decays of
Dþ → Kþη, Kþω, and Kþϕ, and the effects of high
excited states are negligible. For Dþ → Kþω, the system-
atic uncertainties of the MC modeling are mainly from the
imperfect simulations on cos θω and λ=λmax. They are
estimated using the DT events D0 → K0

Sω vs
D̄0 → Kþπ−, Kþπ−π0, and Kþπ−π−πþ. The differences
of the acceptance efficiencies of the cos θω and λ=λmax
requirements between data and MC simulations, 3.0% and
1.2%, are assigned as the corresponding systematic uncer-
tainties, respectively. The uncertainty on the scale factor
fsid=sigω results in 0.6% uncertainty on the Dþ → Kþω
signal.
The total systematic uncertainty of the BF measurement

is 2.3% for Dþ → Kþπþπ−π0 and 3.8% for Dþ → Kþω,
obtained by adding the above effects quadratically.

The BFs of the charge-conjugated decays Dþ →
Kþπþπ−π0 and D− → K−π−πþπ0, BDþ→Kþπþπ−π0 and
BD−→K−π−πþπ0 , are measured separately. The asymmetry
of these two BFs is determined as

AD�→K�π�π∓π0
CP ¼ BDþ→Kþπþπ−π0 − BD−→K−π−πþπ0

BDþ→Kþπþπ−π0 þ BD−→K−π−πþπ0
: ð5Þ

The corresponding STyields, DTyields, signal efficiencies,
and the obtained BFs are summarized in the last two
rows of Table I. The asymmetry is determined to be
AD�→K�π�π∓π0

CP ¼ ð−0.04� 0.06stat � 0.01systÞ, where the
systematic uncertainties of tracking and PID of the πþπ−

pair, π0 reconstruction, quoted BFs, and MC modeling
cancel. Other systematic uncertainties are estimated
separately as above. No evidence for CP violation is
found.
In summary, using 2.93 fb−1 of data taken at

ffiffiffi
s

p ¼
3.773 GeV with the BESIII detector, the first observation
and BF measurement of the DCS decay Dþ → Kþπþπ−π0
are presented. Removing the contribution of the known
decays Dþ → Kþη, Kþω, and Kþϕ [42] and igno-
ring the possible interferences between these decays and
the other processes in Dþ → Kþπþπ−π0, we obtain
B�
Dþ→Kþπþπ−π0 ¼ ð1.13� 0.08stat � 0.03systÞ × 10−3, which

is the largest among all known DCS decays in the charm
sector. The evidence for the decay Dþ → Kþω is found,
and its BF is measured to be ð5.7þ2.5

−2.1 stat � 0.2systÞ × 10−5.
This BF is consistent with theoretical predictions that
incorporate quark SU(3)-flavor symmetry and symmetry
breaking [8], but disfavors predictions based on quark SU
(3)-flavor symmetry without symmetry breaking [3,9] and
predictions based on the pole model [43] by 1.8–2.8σ. This
result will benefit future calculations of CP violation in the
charm sector [3,6–14].
The ratio of our result B�

Dþ→Kþπþπ−π0 over the world
averaged value of BDþ→K−πþπþπ0 is ð1.81� 0.15Þ%,
corresponding to ð6.28� 0.52Þ tan4 θC, where sin θC ¼
0.2257 [1]. This ratio is significantly larger than the values
(0.21–0.58)% measured for the other DCS decays, D0 →
Kþπ−,D0→Kþπ−π−πþ,D0 → Kþπ−π0,Dþ → Kþπþπ−,
Dþ

s → KþKþπ−, and Λþ
c → pKþπ− [1]. It is already

known that the ratio of BD0→Kþπ−π−πþ=BD0→K−πþπþπ−

TABLE I. The STand DTyields in data (NST and NDT), the signal efficiencies (ϵsig), and the obtained BFs before (Bsig) and after (B�
sig)

removing the contribution from Dþ → Kþη, Kþω, and Kþϕ [42]. Here, we ignore the possible interferences between these two-body
decays and the other processes in Dþ → Kþπþπ−π0. The uncertainties are statistical only.

Decay mode NSTð×103Þ NDT ϵsigð%Þ Bsigð×10−3Þ B�
sigð×10−3Þ

D� → K�π�π∓π0 1150.3� 1.5 350� 22 25.03� 0.13 1.21� 0.08 1.13� 0.08
D� → K�ω 1150.3� 1.5 9.2þ4.0

−3.4 14.14� 0.09 ð5.7þ2.5
−2.1Þ × 10−2 � � �

Dþ → Kþπþπ−π0 573.5� 1.0 181� 15 25.20� 0.18 1.25� 0.11 1.17� 0.11
D− → K−π−πþπ0 572.7� 1.0 165� 15 24.95� 0.18 1.16� 0.11 1.08� 0.11
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roughly supports tan4 θC [1]. This unexpected ratio implies
that there is a massive isospin symmetry violation in the
decays Dþ → Kþπþπ−π0 and D0 → Kþπ−π−πþ, which
may be caused by final state interactions and very different
resonance structures in these two decays. Amplitude
analyses of these decays with larger data samples [21]
will provide crucial information for understanding the
origin of the anomalously large ratio. The asymmetry of
the BFs of charge-conjugated decays D� → K�π�π∓π0 is
determined, and no evidence for CP violation is found.
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