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Using eþe− data taken at the center-of-mass energy of 3.773 GeV with the BESIII detector,
corresponding to an integrated luminosity of 20.3 fb−1, we report the first measurement of the decay
dynamics of the semileptonic decays Dþð0Þ → K−πþπ0ð−Þeþνe. The amplitude analysis gives the hadronic
form factors of the semileptonic D transitions into the axial-vector meson K̄1ð1270Þ to be rA ¼ ð−11.2�
1.0stat � 0.9systÞ × 10−2 and rV ¼ ð−4.3� 1.0stat � 2.5systÞ × 10−2. This is the first in the semileptonic
decays of heavy mesons into axial-vector mesons. The angular analysis yields an up-down asymmetry
A0

ud ¼ 0.01� 0.11, which is consistent with the standard model prediction. In addition, the branching
fractions of Dþ → K̄1ð1270Þ0eþνe and D0 → K1ð1270Þ−eþνe are determined with improved precision to
be ð2.27� 0.11stat � 0.07syst � 0.07inputÞ × 10−3 and ð1.02� 0.06stat � 0.06syst � 0.03inputÞ × 10−3, re-

spectively. No significant signals of Dþ → K̄1ð1400Þ0eþνe and D0 → K1ð1400Þ−eþνe are observed
and their branching fraction upper limits are set as 1.4 × 10−4 and 0.7 × 10−4 at 90% confidence level,
respectively.
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The partial decay rates of semileptonic (SL)D decays are
usually decomposed as functions of the quark mixing
matrix element jVcsj or jVcdj [1,2] and the hadronic form
factors (FFs) describing strong interaction effects binding
quarks into hadrons. Over the past few decades, the
hadronic FFs of the SL D decays into S-wave states
(pseudoscalar or vector mesons) have been precisely and
extensively studied in theory [3] and experiment [4,5].
However, there is scant information regarding the SL decay
of D into P-wave states. As a Cabibbo-favored transition
into the lowest lying axial-vector meson octet, the D →
K̄1ð1270Þ transition is expected to be the most promising
channel with significantly higher statistics. There have been
some model predictions on its hadronic FFs [6–10], but no
experimental information yet.
In theory, the physical mass eigenstates of the strange

axial-vector mesons, K1ð1270Þ and K1ð1400Þ, are a mix-
ture of the 1P1 and 3P1 states with a mixing angle θK1

. Some
theoretical calculations of the hadronic FFs of D →
K̄1ð1270Þ have come from light-cone QCD sum rules
[6], three-point QCD sum rules (3PSR) [7], AdS/QCD
[8], and covariant light front approach [9,10]. The predicted

FFs are in wide range due to being sensitive to both the
theoretical approaches and θK1

. However, the value of θK1

is still very controversial in various phenomenological
analyses of different processes [11–19]. Experimental
measurements of the hadronic FFs of D → K̄1ð1270Þ are
crucial to test different theoretical calculations, and thereby
restrict the θK1

. A verified θK1
value is key to guide the

theoretical calculations of different decays of τ [12], B
[14,20], and D [21,22] particles into strange axial-vector
mesons.
Additionally, Refs. [23,24] state that the analysis of B →

K1ð1270Þγ when combined with D0ðþÞ → K̄1ð1270Þlþνl
offers a potential way to extract photon polarization in
b → sγ transitions without considerable theoretical ambi-
guity. The improved knowledge of photon polarization in
b → sγ transitions is powerful to probe right-handed
couplings in new physics [25–27]. Previously, a signi-
ficant photon polarization was observed in the
Bþ → K1ð1270Þþð→ Kþπ−πþÞγ decay by measuring its
up-down asymmetry Aud ¼ fhλγ [28]. Therefore, determi-
nation of the up-down asymmetry A0

ud in the SL decays
Dþð0Þ → K̄1ð1270Þ0ð−Þð→ K−πþπ0ð−ÞÞeþνe, is highly desi-
red to quantify the hadronic effects of K1ð1270Þ− →
K−πþπ− with fh ¼ 3

4
A0

ud.
Previously, only CLEO and BESIII reported the

branching fraction (BF) measurements of Dþð0Þ →
K̄1ð1270Þ0ð−Þeþνe [29–32]. This Letter reports the first
determinations of the hadronic FFs of D → K̄1ð1270Þ (rA
and rV) and up-down asymmetry (A0

ud), using 20.3 fb−1 of
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eþe− data [33] collected by BESIII at
ffiffiffi
s

p ¼ 3.773 GeV.
Improved measurements of the BFs ofD → K̄1ð1270Þeþνe
and the first search for D → K̄1ð1400Þeþνe are also
presented [34].
Details about the design and performance of the BESIII

detector are given in Refs. [35,36]. The inclusive
Monte Carlo (MC) samples, described in Refs. [37–42],
are used to model the background in this analysis. The
signal MC samples of the Dþð0Þ → K−πþπ0ð−Þeþνe decay
are generated based on the amplitude analysis result
obtained in this Letter.
At

ffiffiffi
s

p ¼ 3.773 GeV, the D and D̄ mesons are produced
in pairs without accompanying particles in the final state;
this allows us to study SL D decays with the double-tag
(DT) method [43]. The single-tag (ST) D̄ mesons are
reconstructed with the hadronic decay modes D̄0 →
Kþπ−; Kþπ−π0, and Kþπ−π−πþ; D− → Kþπ−π−; K0

Sπ
−;

Kþπ−π−π0; K0
Sπ

−π0; K0
Sπ

þπ−π−, and KþK−π−. In the
presence of the ST D̄ mesons, candidates for the signal
decays Dþð0Þ → K−πþπ0ð−Þeþνe are selected to form DT
events. The BF of the signal decay is determined by

Bsig ¼
Nsig

DT

Ntot
STϵ̄sig

; ð1Þ

where Ntot
ST ¼ P

i N
i
ST and Nsig

DT are the total ST and DT
yields after summing over all tag modes; ϵ̄sig ¼P

iðNi
ST=N

tot
STÞðϵiDT=ϵiSTÞ is the averaged signal efficiency

of selectingDþð0Þ → K−πþπ0ð−Þeþνe in the presence of the
ST D̄ mesons, where ϵiST and ϵiDT are the ST and DT
efficiencies for the ith tag mode, respectively.
The selection criteria for π�; K�; K0

S; γ, and π0 candi-
dates are the same as Ref. [43]. Two kinematic variables,
the energy difference ΔE≡ ED̄ − Ebeam and the beam-
constrained mass MBC ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam − jp⃗D̄j2

p
, are used to

distinguish the ST D̄ mesons from the combinatorial
background, where Ebeam is the beam energy and
ðED̄; p⃗D̄Þ is the four-momentum of ST D̄ in the eþe− rest
frame. The combination with the smallest jΔEj is chosen if
there are multiple combinations in the event.
The ST candidates are required to satisfy the tag mode

requirements of ΔE, corresponding to about �3.5σ around
the fitted peaks. The STyields in data for each tag mode are
extracted by fitting individual MBC distributions.
Candidates with MBC ∈ ½1.859; 1.873� GeV=c2 for D̄0

and MBC ∈ ½1.863; 1.877� GeV=c2 for D− are retained
for further analysis. The ΔE requirements, the ST yields
in data, and the ST efficiencies for different tag modes are
provided in Ref. [44]. Summing over all tag modes gives
Ntot

ST to be ð10677.9� 3.8Þ × 103 for D− and ð16146.2�
4.6Þ × 103 for D̄0.
In the presence of the tagged D̄, candidates for Dþð0Þ →

K−πþπ0ð−Þeþνe are selected from the residual tracks and

showers. The selection criteria ofK−; π�, and π0 candidates
are the same as those used in the ST selection. The eþ
candidates are selected by performing particle identifica-
tion (PID) based on the specific ionization energy loss
dE=dx, time of flight, and electromagnetic calorimeter
information. Confidence levels (CL) for the positron, pion,
and kaon hypotheses, denoted as CLe;π;K , are calculated.
Charged tracks are assigned as eþ candidates if CLe >
0.001 and CLe=ðCLe þ CLπ þ CLKÞ > 0.8. To further
distinguish the positron candidates from hadrons, the eþ

candidates are required to satisfy E=p − 0.05 × χ2e−dE=dx >

0.53 and 0.60 for Dþ and D0 channels, respectively. Here,
E is the deposited energy in the electromagnetic calorim-
eter, p is the momentum measured by the drift chamber,
and χ2e−dE=dx is the χ

2 with the positron hypothesis based on
the dE=dx information. To partially recover the energy loss
due to final state radiation for positrons, the neutral showers
within 5° of the initial positron direction are merged to the
four-momentum of the positron measured by the drift
chamber. No additional charged tracks are allowed in the
event to suppress the hadronic background.
Since the neutrino cannot be detected by the BESIII

detector, its four-momentum ðEmiss; p⃗missÞ is obtained by
calculating the missing energy and momentum, defined as
Emiss ≡ Ebeam −

P
j Ej and p⃗miss ≡ p⃗D −

P
j p⃗j. Here, the

index j sums over the K−; πþ; π0ð−Þ, and eþ of the signal
candidates and ðEj; p⃗jÞ is the four-momentum of the jth
particle. A kinematic variable Umiss ≡ Emiss − jp⃗missj is
defined to extract the signal yield. To further improve
the resolutions of the above variables, the momentum of the

D meson is constrained as p⃗D ¼ −p̂D̄

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam −m2

D̄

q
,

where p̂D̄ is the unit vector in the momentum direction
of the ST D̄ meson and mD̄ is the known D̄ mass [48].
Further requirements are applied to veto the background

following Refs. [30,31]. For the Dþ channel, the momen-
tum of the π0 candidate must be greater than 0.2 GeV=c to
suppress the fake π0 candidates; the invariant mass of
K−πþπ0eþ is required to be less than 1.78 GeV=c2 to reject
the hadronic decay Dþ → K−πþπ0πþ; to suppress the
background from Dþ → K−πþeþνe with a fake π0, the
U0

miss variable is calculated by ignoring the π0, and events
with U0

miss < 0.03 GeV are rejected. For the D0 channel,
the invariant mass of K−πþπ−πþe→π is required to be less
than 1.80 GeV=c2 to reject the hadronic decay
D0 → K−πþπ−πþ, where πþe→π is obtained by replacing
the energy of the eþ track with the pion mass; the opening
angle between eþ and π− is required to satisfy cos θeþπ− <
0.93 to suppress the background from D0 →
K−πþπ0ðπ0Þ; π0 → eþe−γ with e− misidentified as π−;
the background D0 → K−πþπ−πþπ0 is suppressed by
requiring cosðνe; γÞ < 0.78, where γ is the most energetic
extra photon; the background from D0 → K−π0eþνe; π0 →
eþe−γ with eþe− misidentified as πþπ− is rejected by

PHYSICAL REVIEW LETTERS 135, 091801 (2025)

091801-2



requiring the πþπ− invariant mass to be less than
0.31 GeV=c2; events with D− → Kþπ−π− versus Dþ →
π0X can be potentially reconstructed as the tag mode
D̄0 → Kþπ−π0, and are suppressed by requiring
jΔE½ðKþπ−Þtagπ−sig�j > 7 MeV.
To extract the signal yields of Dþð0Þ → K−πþπ0ð−Þeþνe,

unbinned maximum likelihood fits are performed on the
Umiss distributions of the accepted candidates, as shown in
Fig. 1. In the fit, the signal is modeled by the MC-simulated
shape convolved with a Gaussian function with free
parameters, and the background shape is derived from
the inclusive MC sample. For the D0 channel, the peaking
background D0 → K−πþπ−πþ is modeled based on the
amplitude analysis result [49] with fixed yield according to
the simulated sample, while the yield of the other back-
ground components is allowed to float. There is no
significant peaking background for the Dþ channel and
the yield of all the background contributions is allowed to
float. The signal efficiencies are estimated based on the
signal MC samples generated with the amplitude analysis
result. The fitted signal yields from the data, the averaged
signal efficiencies, and the obtained BFs are summarized in
Table I.
Events satisfying jUmissj < 0.03 GeV are kept for the

amplitude analysis. In total 1226 and 882 data candidates
for the Dþ and D0 channels survive with background
fractions of ð21.9� 1.4Þ% and ð26.7� 1.4Þ%, respec-
tively. In the amplitude analysis, the covariant tensor
amplitude is constructed as

M ¼ ðV − AÞμη ·
�X

λW

ϵ�ðλWÞμϵðλWÞρ
�

·

�X
λK1

ϵ�ðλK1
ÞηϵðλK1

Þσ
�
·RK̄1

· Jσ · ūνγρð1 − γ5Þvl:

ð2Þ

Here, ðV − AÞμηϵ�ðλK1
Þη is the current for D → K̄1W�

following the convention in Ref. [24], written as

Vμηϵ�ðλK1
Þη ¼ −ðmD −MK1

ÞV1ðq2Þϵ�μðλK1
Þ

þ V2ðq2Þ
�
q · ϵ�ðλK1

Þ
mD −MK1

�
ðpD þ pK1

Þμ;

Aμηϵ�ðλK1
Þη ¼ −

2iAðq2Þ
mD −MK1

ϵμϵ
�ðλK1 ÞpDpK1 : ð3Þ

Both vector and axial-vector FFs take single pole form,
written as V1;2ðq2Þ ¼ ½V1;2ð0Þ=ð1 − q2=m2

VÞ� and Aðq2Þ ¼
½Að0Þ=ð1 − q2=m2

AÞ� with qμ ¼ pμ
D − pμ

K1
. More sophisti-

cated parametrizations [50,51] are discussed as shown in
Appendix A; ϵðλWÞ and ϵðλK1

Þ are the polarization vectors
of the W boson and the K̄1 meson, respectively; RK̄1

¼
½1=ðs −m2

0 þ im0Γ0Þ� is the Breit-Wigner function of K̄1

with mass m0 and width Γ0; Jσ is the hadronic current of
K̄1 → K−πþπ0ð−Þ; W� → eþνe is described with
ūνγρð1 − γ5Þvl. See more details about the amplitude
formula in Ref. [44]. For the charge conjugate decay
modes, the three-momenta of the final states from D̄ decay
are inverted to incorporate them with the D by assuming
charge-parity conservation.
The log-likelihood function for this unbinned maximum

likelihood fit is constructed as

lnL ¼
XNdata

k

ln

�
ð1 − ωbkgÞ

jMðpk
jÞj2R

ϵðpjÞjMðpjÞj2R5ðpjÞdpj

þ ωbkg

Bϵðpk
jÞR

ϵðpjÞBϵðpjÞR5ðpjÞdpj

�
; ð4Þ

whereNdata is the number of events in the data sample, ωbkg

is the background fraction, pj is the four-momentum of
final states, Bϵ is the background distribution corrected by
acceptance. The integration over five-body phase space R5

is calculated numerically [52] based on massive MC
samples. A simultaneous fit is performed to Dþ and D0

channels by summing over their log-likelihood functions.
The isospin relationships are imposed to constrain the FFs
in the SL decays and complex coupling coefficients in the
hadronic current Jσ as shown in Ref. [44]. Here, V1ð0Þ is
fixed to be 1 with the ratio rV ¼ ½V2ð0Þ=V1ð0Þ� and rA ¼
½Að0Þ=V1ð0Þ� allowed to float. The mass and width of
K1ð1270Þ are free in the fit.

(a) (b)

FIG. 1. Fits to the Umiss distributions of the (a) Dþ and (b) D0

channels. The points with error bars are data. The blue solid lines
denote the total fits. The black, green, and red lines show the
signal, peaking background, and nonpeaking background con-
tributions, respectively. The pairs of red arrows indicate the
requirement jUmissj < 0.03 GeV.

TABLE I. Fitted signal yields in data (Nsig
DT), averaged signal

efficiencies (ϵ̄sig), and obtained BFs (Bsig), where the first
uncertainties are statistical and the second systematic.

Channel Nsig
DT ϵ̄sig (%) Bsigð×10−3Þ

Dþ 1270� 56 9.45� 0.02 1.27� 0.06� 0.04
D0 731� 35 14.12� 0.03 0.32� 0.02� 0.02
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Several potential substructures in K̄1ð1270Þ →
K−πþπ0ð−Þ, including ρ; K̄�ð892Þ;ω, and ðK̄πÞS-wave, are
considered in the significance test. The contribution from
K̄1ð1400Þ → K̄�ð892Þπ is also tested, which yields stat-
istical significance less than 3σ. The nominal solution is
determined to include K̄1ð1270Þ → ρK− (S wave) and
K̄1ð1270Þ → πK̄�ð892Þ (S and D waves) with statistical
significance greater than 5σ. Figure 2 shows the projections
of the nominal fit result. The kinematic variable cos θL is
the angle between the vector opposite to the flight direction
of D and eþ in the W-boson rest frame; cos θK is the angle
between the vector opposite to the flight direction of D and
the normal to theK1 decay plane n⃗ ¼ p⃗πþ × p⃗π0ð−Þ in the K̄1

rest frame. The projections on helicity angles in the
secondary decay K̄1ð1270Þ → K−πþπ0ð−Þ are presented
in Appendix B. The fitted parameters and the fit fractions
are summarized in Table II. Here, the fit fraction fi of the
ith component is determined with

fi ¼
Z

jMij2R5ðpjÞdpj=
Z

jMj2R5ðpjÞdpj; ð5Þ

where Mi is the amplitude with the ith component’s
contribution only. The BF ratio of fB½K1ð1270Þ →
K�π�=B½K1ð1270Þ → Kρ�g is calculated to be ð20.3�
2.1stat � 8.7systÞ%, which is consistent with those derived
from Refs. [53–55] but disfavors those obtained in
Refs. [56,57]. Furthermore, with K̄1ð1400Þ → K̄�ð892Þπ
involved in fit, the upper limit of corresponding fit fraction
is set to be 9% for D0 and 5% for Dþ at 90% CL.
By applying the isospin relationship and ignoring the

insignificant contribution from K1ð1270Þ → K�
0ð1430Þπ,

the BFs of BðK̄1ð1270Þ0 → K−πþπ0Þ ¼ B3body · ½ð3þ
4αÞ=9ð1þ αÞ� and BðK1ð1270Þ− → K−πþπ−Þ ¼
B3body · ½ð6þ 4αÞ=9ð1þ αÞ� are calculated to be ð56.0�
1.7Þ% and ð31.3� 0.9Þ%, respectively. Here, B3body ¼ 1 −
B½K1ð1270Þ → Kω� is the BF of the three-body decay of
K1ð1270Þ and α ¼ fB½K1ð1270Þ → K�π�=B½K1ð1270Þ →
Kρ�g. We further determine B½Dþ → K̄0

1ð1270Þeþνe� ¼
ð2.27� 0.11stat � 0.07syst � 0.07inputÞ × 10−3 and B½D0 →
K−

1 ð1270Þeþνe� ¼ ð1.02� 0.06stat � 0.06syst � 0.03inputÞ×
10−3. Our BFs of D → K̄1ð1270Þeþνe are consistent with
the previous measurements [29–32] but with improved
precision. The upper limits of B½Dþ → K̄0

1ð1400Þeþνe� and
B½D0 → K−

1 ð1400Þeþνe� are set to be 1.4 × 10−4 and 0.7 ×
10−4 at 90% CL, respectively.

(a)

(e) (f) (g)

(b) (c) (d)

FIG. 2. Projections of the amplitude analysis result on (a) cos θL, (b) cos θK , (c) q2, (d) Mπþπ0ð−Þ , (e) MK−πþ , (f) MK−π0ð−Þ , and
(g) MK−πþπ0ð−Þ . The dots with error bars are data, the blue solid curves are the total fit results, the dashed curves represent the various
components, and the blue hatched histograms are the simulated backgrounds derived from the inclusive MC sample. The pull
distributions, defined as χ ¼ ðNdata − NfitÞ=

ffiffiffiffiffiffiffi
Nfit

p
, are shown in the lower plots, where Ndata and Nfit are the data and fit projection

numbers of events for each bin, respectively.

TABLE II. Fitted parameters and fit fractions, where the first
uncertainties are statistical and the second systematic.

Variable Value

rAð×10−2Þ −11.2� 1.0� 0.9
rVð×10−2Þ −4.3� 1.0� 2.5
fD

þ
ρK− (%) 79.3� 2.0� 25.7

fD
þ

πK̄�ð892Þ (%) 10.9� 1.2� 3.0

fD
þ

K̄1ð1400Þ (%) < 5

fD
0

ρK− (%) 71.8� 2.3� 23.9

fD
0

πK̄�ð892Þ (%) 19.5� 1.9� 5.2

fD
0

K̄1ð1400Þ (%) < 9

mK1ð1270Þ (MeV=c2) 1271� 3� 7

ΓK1ð1270Þ (MeV) 168� 10� 20
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An additional binned two-dimensional χ2 fit is per-
formed on the cos θL versus cos θK distributions of the
Dþ and D0 channels simultaneously, to extract the up-
down asymmetry A0

ud in the D → K̄1ð1270Þeþνe decay.
This asymmetry relates to the photon polarization λγ
in b → sγ via λγ ¼ 4

3
ðAud=A0

udÞ [24], where Aud ¼
0.069� 0.017 is the up-down asymmetry in Bþ →
K1ð1270Þþð→ Kþπ−πþÞγ [28]. The probability density
function fðcos θL; cos θK;A0

ud; dþ; d−Þ is cited from
Ref. [58], where dλW ¼ jcλw j2=jc0j2 is the contribution ratio
of λw ¼ � to λw ¼ 0. To keep consistent with the con-
vention in Ref. [28], the direction normal to the K1 decay
plane is defined as n⃗ ¼ p⃗π;slow × p⃗π;fast instead, and addi-
tional mass window MK̄ππ ∈ ½1.1; 1.3� GeV=c2 is required.
The construction of the χ2 function and the fit projections
are described in Appendix C. The fit gives A0

ud ¼
0.01� 0.11, which is consistent with the SM prediction
(0.092� 0.022). Additionally, the fraction of K̄1ð1270Þ
longitudinal polarization FL ¼ jc0j2=ðjc0j2 þ jcþj2 þ
jc−j2Þ ¼ 1=ð1þ dþ þ d−Þ is determined to be 0.50�
0.04 with statistical uncertainty only, which is consistent
with Ref. [31] but with 4 times higher precision. Here, the
potential systematic uncertainties are negligible.
The systematic uncertainties in the BF measurements are

discussed below. The uncertainty associated with the ST
yield Ntot

ST is estimated to be 0.3% [59]. The efficiencies of
tracking, PID, and π0 reconstruction are studied with
eþe− → γeþe− andDD̄ hadronic decays. The uncertainties
are assigned to be 0.5% for tracking or PID for each
charged track and 1.0% for each π0. The uncertainties
associated with various cuts are studied with the control
samples Dþð0Þ → K0

Sπ
0ð−Þeþνe, which are estimated to be

2.0% for Dþ and 4.6% for D0, respectively. The uncer-
tainties of the Umiss fits are estimated to be 0.2% for both
Dþ and D0 channels by changing the fit range and
background shapes, as well as varying the peaking back-
ground yield. The uncertainties due to the MC model are
estimated by varying the parameters in the amplitude model
when generating the MC samples. The relative signal
efficiency variations are 0.8% and 0.9% for Dþ and D0,
respectively. The uncertainty of final state radiation recov-
ery is assigned to be 0.3% [60]. Combining all individual
contributions in quadrature, the overall uncertainties are
3.3% and 5.5% for Dþ and D0, respectively.
The systematic uncertainties of the amplitude analysis

are given below. The uncertainty due to nonsignificant
components is estimated by including them into the
solution separately. The uncertainty of the radius parameter
in the Blatt-Weisskopf factor [48] is estimated by vary-
ing it from 3 GeV−1 to 2 and 4 GeV−1. The uncertainty
due to the line shape of K̄1ð1270Þ is estimated by
using the alternative energy-dependent width ΓðsÞ ∝
ð1= ffiffiffi

s
p Þ R jMR→abcj2dΦ3 [55]. The uncertainty associated

with the background level is estimated by varying it within

its uncertainty. The uncertainty due to parametrization of
FFs is estimated by applying alternative modified pole
model and parameter series expansion model following
D → K̄lþνl [61,62] with detailed results given in
Appendix A. The maximum changes on the amplitude
fit results are assigned as the corresponding uncertainties.
The uncertainty of fit bias, which is caused by the
resolution effects as well as imperfect background model-
ing, is studied via 200 toy MC samples with background
included. Amplitude fits are repeated to each sample, and
the pull distributions of the fit results are fitted by a
Gaussian function. The obtained mean values are assigned
as this uncertainty. Detailed systematic uncertainties are
given in Ref. [44].
In summary, we have made the first measurements of the

hadronic FFs of D → K̄1ð1270Þ, which are the first in the
SL transitions of heavy mesons into axial-vector mesons.
We have also presented the improved measurements of the
BFs of D → K̄1ð1270Þeþνe and the first search for
D → K̄1ð1400Þeþνe. Figure 3 shows a comparison of
the measured FFs and BFs with different theoretical
predictions [6–10] as a function of θK1

. Our rA, rV , and
B½D → K̄1ð1270Þeþνe� are consistent with the 3PSR pre-
dictions [7] with θK1

∈ ð61; 67Þ°, and disfavor all other
theoretical calculations by more than 5σ. However, our
upper limits on B½D → K̄1ð1400Þeþνe� disfavor the cor-
responding 3PSR predictions. More universal theoretical
calculations for all four variables are still desired.
Additionally, the up-down asymmetry A0

ud is extracted
for the first time and no new physics effect is found with the
current statistics. Forthcoming larger B → K̄1ð1270Þγ
[63,64] and D → K̄1ð1270Þeþνe [65] samples are expected
to provide more effective restriction on the right-handed
couplings in new physics models.

FIG. 3. Comparisons of (a) rA, (b) rV ,
(c) B½D0 → Kð1270Þ−eþνe�, and (d) B½D0 → Kð1400Þ−eþνe�
measured in this Letter and predicted by various theoretical
approaches as a function of θK1

. The yellow bands show �5σ
limit for (a), (b), (c), and the upper limit at 90% CL for (d).
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Appendix A: Parametrization of form factors—In
principle, the FFs can be expressed in terms of the
dispersion relation [50]. Based on that, several
parametrizations of FFs are developed for experimental
measurements and the following are considered in this
Letter. (1) The simplest parametrization is the single
pole model fðq2Þ ¼ fð0Þ=½1 − ðq2=M2

poleÞ�, where the
contributions other than the lowest lying pole are
ignored. Because of limited statistics, we take this
parametrization for the nominal solution. (2) Another
parametrization is known as the modified pole model
fðq2Þ ¼ ffð0Þ=½1 − ðq2=M2

poleÞ�½1 − βðq2=M2
poleÞ�g [51],

where the other contributions are included as an
effective pole with position s ¼ ð1=βÞM2

pole. The current
statistics are not sensitive to the additional parameter β,
hence we fix it to β ¼ 0.3 [61] determined in
D → K̄lþνl. (3) The third parametrization is
known as the series expansion model fðq2Þ¼
½1=Pðq2ÞΦðq2;t0Þ�a0ðt0Þð1þ

P∞
k¼1rkðt0Þ½zðq2;t0Þ�kÞ [50].

This parametrization gives good description to the D →
K̄lþνl transition in high precision [62] with k ≤ 1. Both
one- and two-parameter series expansion models are
tried. For the two-parameter case, we fix it to r1ðt0Þ ¼
−2.3 determined in D → K̄lþνl [62].

Table III summaries the fitted rA and rV with different
parametrization of FFs. The largest variations are taken as
the corresponding systematic uncertainties.

Appendix B: Projections on helicity angles—The
projections of the amplitude analysis on the helicity
angles in the secondary decay K̄1ð1270Þ → K−πþπ0ð−Þ
are shown in Fig. 4.

Appendix C: Angular fit on cos θL vs cos θK—The
distribution function fðcos θL; cos θK;A0

ud; dþ; d−Þ cited
from Ref. [58] is written as

TABLE III. Fitted rA and rV with different parametrizations of
FFs, and the change of log-likelihood Δ lnL compared to the
single pole model.

Variable rAð×10−2Þ rVð×10−2Þ Δ lnL

Single pole −11.2� 1.0 −4.3� 1.0 0.0
Modified pole −11.3� 1.1 −4.8� 1.0 −0.4
One-parameter series
expansion

−11.2� 1.0 −4.2� 1.0 þ0.1

Two-parameter series
expansion

−11.2� 1.1 −4.5� 1.0 −0.2

Uncertainty 0.1 0.5 � � �
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fðcos θK; cos θl;A0
ud; dþ; d−Þ ¼ ð4þ dþ þ d−Þ½1þ cos2θKcos2θl�

þ 2ðdþ − d−Þ½1þ cos2θK� cos θl þ 2A0
udðdþ − d−Þ½1þ cos2θl� cos θK

þ 4A0
udðdþ þ d−Þ cos θK cos θl − ð4 − dþ − d−Þ½cos2θK þ cos2θl�: ðC1Þ

A binned 2D χ2 fit is performed to extract A0
ud, dþ,

and d−. The bin division is 10 × 10 in the range of
cos θl ∈ ½−1; 1�& cos θK ∈ ½−1; 1�. The χ2 is defined as

χ2 ¼
X
i;j

½Ndata
ij − ðNbkg

ij þ Nsig
ij Þ�2=ðNbkg

ij þ Nsig
ij Þ: ðC2Þ

Here, the Ndata
ij and Nbkg

ij are the number of events of the
data and the normalized inclusive MC sample in bin ði; jÞ.
The Nsig

ij is the expected signal number with efficiency
considered as

Nsig
ij ðA0

ud;dþ;d−Þ¼
PNun

ij
α ϵα×fαðcosθl;cosθK;A0

ud;dþ;d−ÞP
Nun

α ϵα×fαðcosθl;cosθK;A0
ud;dþ;d−Þ

×ðNdata−NbkgÞ: ðC3Þ
Here, ϵα is the binned efficiency determined with signal
MC sample as ϵα∈ ði;jÞ ¼ Nrec

ij =N
tru
ij to take into account

detector effects. The Nun ¼ 100 000 is the number of

random sets ðcos θl; cos θKÞ generated uniformly in the
range of cos θl ∈ ½−1; 1�& cos θK ∈ ½−1; 1� and Nun

ij indi-
cates the set falls into the bin ij. The simultaneous fit is
performed by minimizing χ2sum ¼ χ2Dþ þ χ2D0 . The fit pro-
jections are shown in Fig. 5.

(a)

(d)

(b)

(e)

(c)

(f)

FIG. 4. Projections of the amplitude analysis on the helicity angles (a) cos θπ
þπ0ð−Þ

K1
, (b) cos θK

−πþ
K1

, (c) cos θK
−π0ð−Þ

K1
, (d) cos θπ

þ
πþπ0ð−Þ

,
(e) cos θK

−

K−πþ , and (f) cos θK
−

K−π0ð−Þ . The dots with error bars are data, the blue solid curves are the total fits, the dashed curves are the

various components, and the blue hatched histograms are the backgrounds. The pull distributions defined as χ ¼ ðNdata − NfitÞ=
ffiffiffiffiffiffiffi
Nfit

p
are shown in the lower plots, where Ndata and Nfit are the data and fit number of events of projections for each bin, respectively.

FIG. 5. Fit projections of angular fit on cos θl (left) and cos θK
(right). The blue curves are the fit results with float A0

ud. The red
curves are the fit results with the predicted value A0

ud ¼ 0.092 as
a reference.
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