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Using 2.93 fb−1 of eþe− collision data taken with the BESIII detector at a center-of-mass energy of
3.773 GeV, the observation of the D0 → K1ð1270Þ−eþνe semileptonic decay is presented. The statistical
significance of the decay D0 → K1ð1270Þ−eþνe is greater than 10σ. The branching fraction of D0 →
K1ð1270Þ−eþνe is measured to be ð1.09� 0.13þ0.09

−0.16 � 0.12Þ × 10−3. Here, the first uncertainty is
statistical, the second is systematic, and the third originates from the assumed branching fraction of
K1ð1270Þ− → K−πþπ−. The fraction of longitudinal polarization in D0 → K1ð1270Þ−eþνe is determined
for the first time to be 0.50� 0.19stat � 0.08syst.

DOI: 10.1103/PhysRevLett.127.131801

Semileptonic (SL) D decays offer a good testbed to
understand nonperturbative strong-interaction dynamics in
weak decays [1,2]. Studies of the SL D0ðþÞ decays into the
strange axial-vector mesons K1ð1270Þ or K1ð1400Þ are

especially appealing. Reference [3] points out that the
combined measurements of D0ðþÞ → K̄1ð1270Þlþνl and
B → K1ð1270Þγ provide a possible way to determine the
photon polarization in b → sγ transitions without consid-
erable theoretical ambiguity. Knowledge of the b → sγ
photon polarization plays a unique role in probing right-
handed couplings in new physics [3–5]. LHCb reported a
large up-down asymmetry in B− → K−

resð→K−πþπ−Þγ in
the K−πþπ− invariant mass bin of ½1.1; 1.3� GeV=c2 which
is dominated by a K1ð1270Þ− contribution [6]. Therefore,
the decayD0→K1ð1270Þ−ð→K−πþπ−Þlþνl is particularly

Published by the American Physical Society under the terms of
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desired to quantify the hadronic effects of K1ð1270Þ− →
K−πþπ−. Throughout this Letter, charged conjugated
modes are always implied.
To date, the K1ð1270Þ and K1ð1400Þ mesons have been

extensively investigated in τ,D, B, and charmonium decays
[7–16]. In theory, the physical mass eigenstates of
K1ð1270Þ and K1ð1400Þ are decomposed as mixtures of
the 1P1 and 3P1 states with a mixing angle θK1

. Various
approaches were proposed to extract θK1

, but with very
different results [17–24]. Experimental measurements of
D0ðþÞ → K̄1ð1270Þeþνe offer deeper insight into the mix-
ing angle θK1

, which is essential for reliable calculations
describing the τ [17], B [19,25], and D [26,27] decays
involving K1, and for investigations in the field of hadron
spectroscopy [28].
The branching fractions (BFs) ofD0ðþÞ→ K̄1ð1270Þeþνe

have been computed with different models: the Isgur-
Scora-Grinstein-Wise (ISGW) quark model [1] and its
update, ISGW2 [2], three-point QCD sum rules (3PSR)
[29], covariant light-front quark model (CLFQM) [30], and
the light-cone QCD sum rules (LCSR) [31,32]. The
predicted BFs, which are sensitive to θK1

and its sign,
vary from 10−3 to 10−2 [29,30,32]. Measurements of these
decay BFs and related longitudinal polarization are key to
testing different theoretical calculations and understanding
the weak-decay mechanisms of D mesons. For example,
assuming isospin symmetry, the ratio of the partial decay
widths for the SL D0ðþÞ decays, which are both mediated
via c → seþνe, is expected to be unity [33]. Measuring the
BFs thus allows a test of isospin invariance in D0ðþÞ →
K̄1ð1270Þeþνe. Large D0→K1ð1270Þ−lþνl samples also
supply a clean environment, with no additional hadrons in
the final state, to accurately determine the mass and width
of K1ð1270Þ, and to explore the relative strengths and
phases of K1ð1270Þ− decays into various final states that
differ considerably with its neutral counterpart K̄1ð1270Þ0,
which currently all suffer large uncertainties.
An observation of Dþ → K̄1ð1270Þ0eþνe was previ-

ously reported by BESIII [34]. However, the only
evidence for D0 → K1ð1270Þ−eþνe was reported by
CLEO [35]. This Letter presents an observation of D0 →
K1ð1270Þ−eþνe by using 2.93 fb−1 of eþe− collision data
[36] recorded at a center-of-mass energy

ffiffiffi

s
p ¼ 3.773 GeV

with the BESIII detector [37].
Details about the design and performance of the BESIII

detector are given in Ref. [37]. Simulated samples pro-
duced with a GEANT4-based [38] 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 the
backgrounds. The simulation includes the beam-energy
spread and initial-state radiation (ISR) in the eþe− anni-
hilations modeled with the generator KKMC [39]. The
inclusive MC samples consist of the production of the

DD̄ pairs, the non-DD̄ decays of the ψð3770Þ, the ISR
production of the J=ψ and ψð3686Þ states, and the
continuum processes incorporated in KKMC [39]. The
known decay modes are modeled with EVTGEN [40] using
BFs taken from the Particle Data Group [41], and the
remaining unknown decays from the charmonium states
with LUNDCHARM [42]. Final-state radiation (FSR) from
charged final-state particles is incorporated with the
PHOTOS package [43]. The D0 → K1ð1270Þ−eþνe decay
is simulated with the ISGW2 model [2] and the K1ð1270Þ−
is allowed to decay into all intermediate processes with
final state of K−πþπ−. The K1ð1270Þ− resonance shape is
parameterized by a relativistic Breit-Wigner function
with mass of ð1.253� 0.007Þ GeV=c2 and width of
ð90� 20Þ MeV [41]. The BFs of K1ð1270Þ subdecays
measured by Belle [44] are input, since they give better
data/MC consistency than those reported in Ref. [41].
At

ffiffiffi

s
p ¼ 3.773 GeV, D̄0 andD0 mesons are produced in

pairs. The momenta of D̄0 andD0 are equal and in opposite
directions. This advantage allows to study the D decays
with the double-tag (DT) technique first developed by
Mark III [45]. The D̄0 mesons are reconstructed by their
hadronic decays to Kþπ−, Kþπ−π0, and Kþπ−π−πþ. These
inclusively selected events are referred to as single-tag (ST)
D̄0 mesons. In the presence of the ST D̄0 mesons,
candidates for D0 → K1ð1270Þ−eþνe are selected to form
DT events. For a given tag mode, the BF of D0 →
K1ð1270Þ−eþνe, BSL, is obtained by

BSL ¼ NDT=ðNST · εSL · BsubÞ; ð1Þ

where NST and NDT are the ST and DT yields in data,
εSL ¼ εDT=εST is the efficiency of detecting the SL decay
in the presence of the ST D̄0, and Bsub is the BF of
K1ð1270Þ− → K−πþπ−. εST and εDT are the efficiencies of
selecting the ST and DT candidates, respectively.
This analysis uses the same selection criteria of K�, π�,

and π0 as in Refs. [46–49]. The ST D̄0 mesons are
identified by the energy difference ΔE≡ ED̄0 − Ebeam

and the beam-constrained mass MBC ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam − jp⃗D̄0 j2p

,
where Ebeam is the beam energy, ED̄0 and p⃗D̄0 are the total
energy and momentum of the ST D̄0 in the eþe− rest frame.
If there are multiple combinations in an event, the combi-
nation with the smallest jΔEj is chosen for each tag mode.
Combinatorial backgrounds in the MBC distributions are
suppressed by requiring ΔE within ð−29; 27Þ, ð−69; 38Þ,
and ð−31; 28Þ MeV for D̄0 → Kþπ−, Kþπ−π0, and
Kþπ−π−πþ, respectively.
The MBC distributions of the accepted ST candidates in

data for the three tagmodes are shown in Fig. 1. To extract the
ST yield for each tag mode, an unbinned maximum-
likelihood fit is performed to the corresponding MBC dis-
tribution. The signal is described by theMC-simulated shape
convolved with a double-Gaussian function accounting for
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the resolution difference between data and MC simulation,
and the background is modeled by anARGUS function [50].
Fit results are shown in Fig. 1. Events within MBC ∈
ð1.858; 1.874Þ GeV=c2 are kept for further analysis. The
STyields for the D̄0 → Kþπ−,Kþπ−π0, andKþπ−π−πþ tag
modes are 542 153� 774stat, 1 080 690� 1727stat, and
737 036� 1712stat, respectively.
Particles recoiling against the ST D̄0 candidates are used

to reconstruct candidates for D0 → K1ð1270Þ−eþνe. The
K1ð1270Þ− is reconstructed via K1ð1270Þ− → K−πþπ−.
The K− and π� candidates are selected with the same
criteria as the tag side. Positron particle identification (PID)
uses the combined information from the specific ionization
energy loss (dE=dx), time of flight, and electromagnetic
calorimeter (EMC), with which we calculate the combined
confidence levels under positron, pion, and kaon hypoth-
eses CLe, CLπ, and CLK . Positron candidate is required to
satisfy CLe=ðCLe þ CLπ þ CLKÞ > 0.8. To reduce back-
grounds from hadrons and muons, the positron candidate is
required to satisfy E=p > 0.8, where E is the energy
deposited in the EMC and p is the momentum measured
by the multilayer drift chamber (MDC). No additional
charged track is allowed in the event.
To distinguish positrons from backgrounds related to

hadrons, the positron candidates are required to satisfy
E=p − 0.38 > 0.14 × χedE=dx, where χ

e
dE=dx is the dE=dx χ

2

with the positron hypothesis, respectively. To suppress
the background from D0 → K−πþπ−πþ, we require
MK−πþπ−πþe→π

< 1.8 GeV=c2, where πþe→π is the positron
candidate reconstructed with the pion mass hypothesis. To
suppress the background from D0 → K−πþπ0ðπ0Þ, with
π0 → eþe−γ (and missing another π0), the opening angle
between eþ and π− (θa) is required to satisfy cos θa < 0.94.
To suppress the background from D0 → K−πþπ−πþπ0, we
require MK−πþπ−πþe→ππ

0 < 1.4 GeV=c2 when there is at least
one reconstructed π0 among the photons recoiling against
the ST D̄0 meson in an event. Furthermore, the opening
angle between the missing momentum (defined below)
and the most energetic unused shower (θb) is required to
satisfy cos θb < 0.81. To suppress the background
from D0 → K−π0eþνe with π0 → eþe−γ, we require

Mπþπ− > 0.31 GeV=c2. Background involving K0
S decay

is suppressed by requiring Mπþπ− outside the interval
ð0.488; 0.508Þ GeV=c2. For the D̄0 → Kþπ−π0 tag mode,
combinatorial background from D− → Kþπ−π− vs Dþ →
K−πþX is suppressed by requiring the difference between
the beam energy and the energy of the ðKþπ−Þtagπ−sig
combination to be greater than 8 MeV.
Information concerning the undetectable neutrino is

inferred by the kinematic quantity M2
miss≡E2

miss− jp⃗missj2,
where Emiss and p⃗miss are the missing energy and momen-
tum of the SL candidate, respectively, calculated by Emiss ≡
Ebeam − ΣjEj and p⃗miss ≡ −p⃗D̄0 − Σjp⃗j in the eþe− center-
of-mass frame. The index j sums over the K−, πþ, π−, and
eþ of the signal candidate, and Ej and p⃗j are the energy and
momentum of the jth particle, respectively. To partially
recover the energy lost due to FSR and bremsstrahlung, the
four-momenta of photon(s) within 5° of the initial positron
direction are added to the positron four-momentum mea-
sured by the MDC. To improve theM2

miss resolution, all the
candidate tracks plus the missing neutrino are subjected to a
kinematic fit requiring energy and momentum conserva-
tion, as well as the invariant masses of the D̄0 and D0

candidate particles being constrained to the nominal D0

mass. The momenta from the kinematic fit are used to
calculate M2

miss.
Figure 2(a) shows the distribution of MK−πþπ− vs M2

miss
of the accepted D0 → K−πþπ−eþνe candidate events in
data after combining all tag modes. A clear signal, which
concentrates around the K1ð1270Þ− nominal mass in the
MK−πþπ− distribution and around zero in the M2

miss distri-
bution, can be seen. The DT yield is obtained from a two-
dimensional (2D) unbinned extended maximum-likelihood
simultaneous fit to the data for the three tags. In the fit, the
2D signal shape is described by the MC-simulated shape
extracted from the signal MC events of D0 →
K1ð1270Þ−eþνe. The 2D shapes of the peaking background
of D0 → K−πþπþπ− and the other backgrounds are
modeled by those derived from the inclusive MC sample.

FIG. 1. Fits to the MBC distributions of the ST candidates in
data. Points with error bars are data. Blue solid curves are the fit
results and red dashed curves represent the background contri-
butions of the fit. Pair of red arrows in each subfigure indicate the
MBC window.
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FIG. 2. (a) Distribution of MK−πþπ− vs M2
miss of the DT

candidate events. Projections of the 2D fit to (b) M2
miss and

(c) MK−πþπ− . The distributions are summed over all three tags. In
(b) and (c), points with error bars are data; blue solid, red dotted,
green dashed, and black dashed curves are total fit, signal,
peaking background of D0 → K−πþπþπ−, and other back-
ground, respectively. In (b), the peaking background concentrat-
ing around 0.033 GeV2=c4 is from D0 → K−πþπþπ−π0.
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The number of peaking background events from D0 →
K−πþπþπ− is fixed at the simulated value, and the number
of the other backgrounds is a free parameter. The smooth
2D probability density functions of signal and background
are modeled by using RooNDKeysPdf [51,52]. The signal
efficiencies with the ST modes D̄0 → Kþπ−, Kþπ−π0, and
Kþπ−π−πþ are ð14.08� 0.14statÞ%, ð13.38� 0.10statÞ%,
and ð11.22� 0.10statÞ%, respectively. The BFs given by the
three tags are constrained to have the same value in the fit.
The 2D fit projections to the M2

miss and MK−πþπ− distribu-
tions are shown in Figs. 2(b) and 2(c), respectively. From
the fit, we obtain the DT yield of NDT ¼ 109.0� 12.5stat.
The statistical significance of the signal is estimated to be
greater than 10σ, by comparing the likelihoods with and
without the signal component, and taking the change in
the number of degrees of freedom into account. The
fitted product of the BFs for D0 → K1ð1270Þ−eþνe and
K1ð1270Þ− → K−πþπ− is

BSL · Bsub ¼ ð3.59� 0.41stat
þ0.31
−0.52 systÞ × 10−4:

The reliability of the MC simulation is verified since the
data distributions of momenta and cos θ of K−, πþ, π−, and
eþ as well as invariant masses of K−πþ and πþπ− are
consistent with those of MC simulations.
In the BF measurement, the DT method ensures that

most uncertainties arising from the ST selection cancel. The
uncertainty from the ST yield is assigned to be 0.5%, by
examining the relative change in the yield between data and
MC simulation after varying the signal shape and the end
point of the ARGUS function in the yield fits.
The systematic uncertainties originating from eþ

tracking and PID efficiencies are studied by using the
control samples of eþe− → γeþe− events and those for K−

and π� are investigated with the DT DD̄ hadronic events.
All samples provide good coverage on track kinematics.
The eþ efficiencies for tracking and PID are also
reweighted in two dimensions (momentum and cos θ) to
match those of theD0 → K1ð1270Þ−eþνe data. For K− and
πþ, similar weighting is performed on momentum only
since the data and MC angular distributions already
agree well. Small differences between the data and MC
efficiencies for K− tracking, eþ tracking, and eþ PID are
found, which are þð2.6� 0.4Þ%, þð1.0� 0.2Þ%, and
−ð1.4� 0.2Þ%, respectively. The MC efficiencies, cor-
rected by the aforementioned differences, are used for
the BF determination. After corrections, the residual
uncertainties related to the tracking (PID) efficiencies of
eþ, K−, πþ, and π− are assigned as 0.2% (0.2%), 0.4%
(0.3%), 0.2% (0.2%), and 0.2% (0.2%), respectively.
Any systematic effects related to the requirements on

MK−πþπ−πþe→π
, MK−πþπ−πþe→ππ

0 , Mπþπ− , ΔE½ðK−πþÞtagπþsig�,
cos θa, and cos θb, are examined by varying individ-
ual requirements by �0.05 GeV=c2, �0.05 GeV=c2,

�0.01 GeV=c2, �0.004 GeV, �0.02, and �0.02, respec-
tively. Accounting for correlations in the samples, the
changes in the BFs are smaller than the statistical uncer-
tainty on the difference, so neither a systematic correction
nor uncertainty is applied from this source according to
Ref. [53]. The systematic uncertainty from the input BFs of
K1ð1270Þ− subdecays is assigned to be 3.0% by varying
each of the quoted subdecay BFs of Belle [44] by �1σ and
by comparing our nominal signal efficiency to the one
based on the world average BFs of K1ð1270Þ− decays.
The systematic uncertainty of the 2D fit is estimated to

be þ6.9%
−13.5% via two aspects. The uncertainty from signal

shape is mainly caused by varying the K1ð1270Þ width by
�1σ (�6.0%). The uncertainty of background shape is
mainly due to non-K1ð1270Þ− sources of K−πþπ− ( þ0.0%

−8.7% ),
which is the change of the fitted DTyield after fixing a non-
resonant component by referring to the non-resonant
fraction in B → J=ψK̄ππ [44]. The uncertainty due to
ignoring Dþ → K1ð1400Þ−eþνe is assigned as þ0.0%

−7.6% , by
performing pseudoexperiments to evaluate fit biases and
assuming its contribution is one order of magnitude
lower than our signal decay [30,32,41], while the effects
from D0 → K�ð1410Þ−eþνe and D0 → K�

2ð1430Þ−eþνe
are negligible.
The uncertainty due to the MC samples’ limited size,

1.0%, is considered as a source of systematic uncertainty.
The uncertainty from FSR recovery is assigned as 0.3%

by referring to Ref. [49]. The uncertainty due to the
kinematic fit is ignored since it is only used to improve
the M2

miss resolution. The total systematic uncertainty is
estimated to be þ8.7%

−14.5% by adding all the individual con-
tributions in quadrature.
Using the world average of Bsub ¼ ð32.9� 3.6Þ%

[41,54], we obtain

BSL¼BD0→K1ð1270Þ−eþνe ¼ð1.09�0.13þ0.09
−0.16 �0.12Þ×10−3;

where the third uncertainty is from the external uncertainty
of the assumed BF Bsub.
A 2D fit is also performed in each of the five equal-sized

cos θK bins to determine the background subtracted angular
distribution, where θK is the angle between the opposite of
D0 flight direction and the normal p⃗π;slow × p⃗π;fast to the
K−πþπ− plane in the K−πþπ− rest frame, where p⃗π;slow

(p⃗π;fast) is the momentum of the lower (higher) momentum
pion [3,6]. Figure 3 shows the fit to the θK distribution with
a second-order polynomial function [3],

dΓðD0 → K1ð1270Þ−eþνeÞ
d cos θK

∝ 1þ k1 cos θK

þ k2cos2θK; ð2Þ

where k1 is a free parameter, k2 ¼ ð1 − 3FLÞ=ð1þ FLÞ,
FL ¼ ðjc0j2Þ=ðjc0j2 þ jcþj2 þ jc−j2Þ is the fraction of K1
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longitudinal polarization, with c0;� representing the non-
perturbative amplitudes for D → K1 with different polar-
izations. As θK is parity odd, the sign for cos θK in D̄0

decays is flipped. We obtain FL¼0.50�0.17stat�0.08syst,
where the systematic uncertainty mainly comes from signal
shape modeling. Our FL result is compatible within 1σ with
the LCSR predictions in Ref. [32].
In summary, using 2.93 fb−1 of eþe− collision data taken

at
ffiffiffi

s
p ¼ 3.773 GeV, we report the first observation of

D0 → K1ð1270Þ−eþνe. The obtained product of the BFs
for D0 → K1ð1270Þ−eþνe and K1ð1270Þ− → K−πþπ− is
consistent with CLEO’s result but with precision improved
by about threefold [35]. Our BF of D0 → K1ð1270Þ−eþνe
contributes ð1.68� 0.35Þ% of the total SL decay width of
D0 [41], which lies between the ISGW prediction (1%) and
the ISGW2 prediction (2%), consistent with the BESIII
result for the Dþ counterpart [34]. Our BF of D0 →
K1ð1270Þ−eþνe agrees with the CLFQM and LCSR
predictions when θK1

≈ 33° or 57° [30,31] and clearly
disfavors the prediction reported in Ref. [32]. Using the
BF of Dþ → K̄1ð1270Þ0eþνe measured by BESIII [34] and
the world-average lifetimes of D0 and Dþ [41], we
determine the ratio of the partial decay widths of the
two decays to be ΓD0→K1ð1270Þ−eþνe=ΓDþ→K̄1ð1270Þ0eþνe ¼
1.20� 0.20� 0.14� 0.04, where the systematic uncer-
tainties from the background shape, the tracking and PID
efficiencies of K−, πþ, and eþ as well as FSR recovery are
canceled, the uncertainties of the lifetimes of D0 and Dþ
are included; the uncertainties of the quoted BFs for
K1ð1270Þ decays are largely canceled. This result agrees
with unity as predicted by isospin symmetry. Our FL
measurement is compatible with theoretical predictions.
Further studies of the Kππ system with larger D0ðþÞ →

K̄1ð1270Þeþνe samples at BESIII in the near future [55]
and large D�þ→D0πþ;D0→K1ð1270Þ−ð→K−πþπ−Þlþνl
samples at LHCb [56] will allow us to extract the hadronic-
transition form factors, the mass, width, and the subdecay
BFs of K1ð1270Þ, and to quantify the hadronic effects in
K1ð1270Þ → Kππ. These will benefit the precise determi-
nations of photon polarization in b → sγ transitions with
high statistics sample of B → K1ð1270Þγ at Belle II [57]

and LHCb [58], thereby effectively overconstraining the
right-handed couplings in new physics models.
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