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Abstract：The nature of strange axial-vector mesons are not well understood and can be investigated in

D meson decays. In this work, it is found that the experimental data of D0 →K±K∓
1 (1270)(→ ρK or K∗π)

in the D0 →K+K−π+π− mode, disagree with the equality relation under the narrow width approximation

and CP conservation of strong decays. Considering more other results of K1(1270) decays, the data of

B(D0 →K−K+
1 (1270)(→K∗0π+)) is probably overestimated by one order of magnitude. We then calculate

the branching fractions of the corresponding processes with K1(1400) in the factorization approach, and

find B(D0 →K−K+
1 (1400)(→K∗0π+)) is comparable to the predicted B(D0 →K−K+

1 (1270)(→K∗0π+))

using the equality relation. Besides, we suggest to measure the ratios between K1(1270)→ ρK and K∗π or

to test the equality relations in other D meson decay modes.

Key words: strange axial-vector meson; equality relation; D meson

CLC number: O572.24+3 Document code: A DOI: 10.11804/NuclPhysRev.36.02.125

1 Introduction

In the quark model, there are two nonets of axial-

vector (JP =1+) mesons, namely, 3P1 and 1P1 in the

spectroscopic notation 2S+1LJ , which correspond to

the charge parity of C =+ and C =−, respectively, for

the neutral mesons with isospin I3 = 0 in each nonet.

The strange axial-vector mesons in these two nonets

are called as K1A and K1B, respectively. They can

mix with each other to construct the mass eigenstates,

K1(1270) and K1(1400), by the mixing angle θK1
:(

|K1(1270)⟩
|K1(1400)⟩

)
=

(
sinθK1

cosθK1

cosθK1
−sinθK1

)(
|K1A⟩
|K1B⟩

)
.

(1)

The experimental measurements on K1(1270) and

K1(1400) have been performed in Kp scattering
[1–2]

,

τ± decays
[3–6]

, B-meson decays
[7–12]

and D-meson

decays
[13–18]

. However, the mixing angle θK1
has not

yet been well determined. Many phenomenological

analysis indicate that the value of θK1
is around ei-

ther 35◦ or 55◦ through the strong decays of K1(1270)

and K1(1400)
[19–20]

, τ → K1(1270),K1(1400)ν
[19]

,

B→K1(1270),K1(1400)γ
[21]

and the mass relation
[22]

,

θK1
∼ 45◦ in the relativized quark model

[23]
and the

modified Godfrey-Isgur model
[24]

, or θK1
∼ 60◦ based

on the 3P0 quark-pair-creation model for decays of

K1(1270) and K1(1400)
[25]

. 35◦ . θK1
. 65◦ are ob-

tained in some other analysis
[26–28]

.

The mixing angle θK1
can also be investigated

in heavy flavor decays. The difference between the

production rates of K1(1270) and K1(1400) may pro-

vide the indication on the value of θK1
. It has been

widely studied in B-meson decays, such as hadronic

decays of B → K1(1270),K1(1400)P (V )
[29–38]

, with

P = π,K,η(′), and V = ρ,ω,K∗,ϕ,J/Ψ, semi-leptonic

decays of B→K1(1270),K1(1400)ℓ
+ℓ−

[39–43]
, and ra-

diative decays of B → K1(1270),K1(1400)γ
[21, 44–46]

.

The two-body hadronic D-meson decays with an axial-

vector meson in the final states have been studied

in Refs. [47–54]. The large non-perturbative contri-

butions in charm decays always pollute the analysis

on the K1(1270) and K1(1400) productions. On the

other hand, at the LHCb, more data of D decays

are obtained than B decays, due to the larger pro-

duction cross sections of D mesons and the larger

branching fractions of D decays. Besides, the run-

ning BESIII and the upcoming Belle II experiments

will provide large data of D decays as well. For ex-

ample, K1(1270) and K1(1400) have been analyzed in

the D0 → K−π+π+π− mode at the BESIII
[17]

and

LHCb
[18]

very recently. With the large data and thus
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high precision of measurements in the near future, the

processes of D decaying into K1(1270) and K1(1400)

are worthwhile to be studied with more efforts.

Among the exclusive D→K1(1270), K1(1400) de-

cays, the D0 →K+K−π+π− mode is of particular in-

terest since there are more cascade channels involving

K−K+
1 (1270)(→K+ρ0(→ π+π−)), K−K1(1270)

+(→
π+K∗0(→ K+π−)), K+K1(1270)

−(→ K−ρ0(→
π+π−)), K+K1(1270)

−(→ π−K
∗0
(→ K

0
π+)), and

the corresponding ones with K±
1 (1400) instead of K±

1

(1270). Besides, all the particles in the final states

are charged and thus easier to be measured in exper-

iments. So far the relevant measurements have been

performed by the E791
[13]

, FOCUS
[14]

and CLEO
[15]

collaborations. In Ref. [15], only K±
1 (1270) are in-

volved but with K±
1 (1400) neglected. The fractions

of decay widths of D0 →K±K∓
1 (1270)(→ ρK,K∗π→

K∓π±π∓) compared to that of D0 → K+K−π+π−

are shown in Table 1∗.

Table 1 List of the fractions for the K±
1 (1270)-involved

cascade modes in the D0 → K+K−π+π− decay

measured by CLEO
[15]

, Γ (D0 → K±K∓
1 (1270)(→

ρK,K∗π → K∓π±π∓))/Γ (D0 → K+K−π+π−).
The first and second uncertainties are statistical and
systematic respectively.

Modes Fractions/%

K−K1(1270)+[→π+K∗0(→K+π−)] 7.3±0.8±1.9

K+K1(1270)−[→K−ρ0(→π+π−)] 6.0±0.8±0.6

K−K+
1 (1270)[→K+ρ0(→π+π−)] 4.7±0.7±0.8

K+K1(1270)−[→π−K
∗0

(→K−π+)] 0.9±0.3±0.4

We find a puzzle in the fractions given in Table 1.

In the narrow width approximation and the CP conser-

vation of strong decays, the four partial widths satisfy

a relation of

Γ (D0 →K−K+
1 (1270), K+

1 (1270)→K∗0π+)

Γ (D0 →K−K+
1 (1270), K+

1 (1270)→ ρ0K+)

=
Γ (D0 →K+K−

1 (1270), K−
1 (1270)→K

∗0
π−)

Γ (D0 →K+K−
1 (1270), K−

1 (1270)→ ρ0K−)
, (2)

in which the weak-decay parts are canceled and it re-

tains only the strong decays of the K1(1270). However,

from Table 1, the left-hand side of the above relation

is 1.55±0.56, while the right-hand side is 0.15±0.09.

They deviate from the equality relation by more than

2σ. The central values are even different by a factor

of 10.

We calculate the branching fractions of D0 →
K±K∓

1 (1400) considering the finite-width effect in the

factorization approach. It is found that the branch-

ing fraction of D0 → K−K+
1 (1400),K+

1 (1400) →

K∗0π+,K∗0 → K+π−) is comparable to D0 →
K−K+

1 (1270),K+
1 (1270) → K∗0π+,K∗0 → K+π−).

Thus the inclusion of K1(1400) in 1+ state may con-

tribute to the overestimation of the latter process. Be-

sides, we propose to test some relations of D mesons

decaying into K1(1270) processes in the subsequent

measurements.

This paper is organized as follows. In Sec. 2,

we discuss the puzzle of the experimental data of

D0 →K+K−π+π− decays with K1(1270) resonances.

In Sec. 3, the branching fractions of D → K1(1400)

transitions are estimated. Some relations about D de-

cays into K1(1270) are listed in Sec. 4. And Sec. 5 is

the conclusion.

2 K1 puzzle in D0→K+K−π+π−

The puzzle introduced above is based on the nar-

row width approximation in the chain decays of heavy

mesons. Taking the process of D → f1f2f3 with a

resonant contribution of R→ f2f3 as an example, the

branching fraction of D→ f1R→ f1f2f3 is the product

of branching fractions of D→ f1R and R→ f2f3:

B(D→ f1R→ f1f2f3)=B(D→ f1R)B(R→ f2f3).

(3)

The narrow width approximation is valid in the de-

cay of D → KK1(1270),K1(1270) → Kππ where the

first decay is kinematically allowed and the width of

K1(1270) is much smaller than its mass, ΓK1(1270) ≪
mK1(1270), as seen in Table 2.

Table 2 Masses and widths of K1(1270) and K1(1400).

Data are from PDG
[55]

.

Mesons Mass/MeV Width/MeV

K1(1270) 1272±7 90±20

K1(1400) 1403±7 174±13

Therefore, the ratios of branching fractions of the

processes in Eq. (2) are thus

B(D0 →K−K+
1 (1270),K+

1 (1270)→K∗0π+)

B(D0 →K−K+
1 (1270),K+

1 (1270)→ ρ0K+)

=
B(D0 →K−K+

1 (1270)) B(K+
1 (1270)→K∗0π+)

B(D0 →K−K+
1 (1270)) B(K+

1 (1270)→ ρ0K+)

=
B(K+

1 (1270)→K∗0π+)

B(K+
1 (1270)→ ρ0K+)

, (4)

and

B(D0 →K+K−
1 (1270),K−

1 (1270)→K
∗0
π−)

B(D0 →K+K−
1 (1270),K−

1 (1270)→ ρ0K−)

∗Very recently, PDG[55] reversed these decay modes according to the re-analysis on the CLEO data by Ref. [16]. We will discuss on

it in Sec. 4.
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=
B(D0 →K+K−

1 (1270)) B(K−
1 (1270)→K

∗0
π−)

B(D0 →K+K−
1 (1270)) B(K−

1 (1270)→ ρ0K−)

=
B(K−

1 (1270)→K
∗0
π−)

B(K−
1 (1270)→ ρ0K−)

. (5)

The equality relation in Eq. (2) can then be obtained

from Eqs. (4) and (5), due to the CP conservation of

the strong interaction.

The branching fractions of the cascade decays in-

volving K1(1270) are obtained from the fractions by

CLEO
[15]

shown in Table 1 and the data of B(D0 →
K+K−π+π−)= (2.42±0.12)×10−3[55],

B1 =B(D0 →K−K+
1 (1270),K+

1 (1270)→K∗0π+,

K∗0 →K+π−)= (1.8±0.5)×10−4, (6)

B2 =B(D0 →K−K+
1 (1270),K+

1 (1270)→ ρ0K+,

ρ0 →π+π−)= (1.14±0.26)×10−4, (7)

B3 =B(D0 →K+K−
1 (1270),K−

1 (1270)→K
∗0
π−,

K
∗0 →K−π+)= (2.2±1.2)×10−5, (8)

B4 =B(D0 →K+K−
1 (1270),K−

1 (1270)→ ρ0K−,

ρ0 →π+π−)= (1.45±0.25)×10−4. (9)

The narrow width approximation indicates

B1

B2
=

B3

B4
, (10)

while the data in Eqs. (6)∼(9) give

B1

B2
=1.55±0.56, and

B3

B4
=0.15±0.09, (11)

which have large discrepancy with more than 2 stan-

dard deviations. The central values of B1/B2 and

B3/B4 are even different by a factor of 10. This is

the K1 puzzle that the data measured by CLEO are

inconsistent with the equality relation of the narrow

with approximation.

From Eqs. (4) and (5), it can be found that only

the strong decays of K1(1270) are left. There are some

other measurements on the K1(1270) decays. It would

be useful to compare among the measurements, to give

some implications on the solution of the K1 puzzle. Be-

fore the comparison, it is more convenient to define a

parameter, η, describing the ratio of branching frac-

tions of K1(1270)→K∗π and K1(1270)→ ρK,

η≡ B(K1(1270)→K∗π)

B(K1(1270)→Kρ)
, (12)

where the branching fractions are the sums of all

the possible charged and neutral final states. For

example, B(K+
1 (1270) → K∗π) = 3

2B(K
+
1 (1270) →

K∗0π+) due to the isospin relation of A(K+
1 (1270)→

K∗0π+) = −
√
2A(K+

1 (1270) → K∗+π0). Similarly,

B(K+
1 (1270) → ρK) = 3B(K+

1 (1270) → ρ0K+),

ΓK∗0 = 3
2Γ (K∗0 →K+π−). Therefore, the values of η

obtained from Eq. (11) are then

η1 =
3

4

B1

B2
=1.16±0.42,

and η2 =
3

4

B3

B4
=0.11±0.06. (13)

The K1 puzzle can be taken as the discrepancy be-

tween η1 and η2.

In the following, we discuss on the other mea-

surements which can provide the information on the

value of η. Except for the singly Cabibbo-suppressed

mode of D0 → K+K−π+π−, K1(1270) → K∗π and

ρK are also measured in the Cabibbo-favored D0 →
K−π+π+π− decay by BESIII

[17]
and LHCb

[18]
. With

1.6×104 signal events of D0 →K−π+π+π− and fixing

the mass and width of K1(1270) as the PDG values,

BESIII obtains the branching fractions of Ref. [17].

B5 =B(D0 →π+K−
1 (1270),K−

1 (1270)→K
∗0
π−,

K
∗0 →K−π+)= (0.07±0.02)%, (14)

B6 =B(D0 →π+K−
1 (1270),K−

1 (1270)→ ρ0K−,

ρ0 →π+π−)= (0.27±0.05)%. (15)

Similarly to Eq. (13), we have

η3 =
3

4

B5

B6
=0.19±0.10, (16)

which is consistent with η2.

At the LHCb with even more data of D0 →
K−π+π+π− with 9×105 signal events

[18]
, more discov-

eries and higher precisions are obtained. K1(1270)→
ρ(1450)K is observed and has a relatively large branch-

ing fraction. They also find the D-wave K∗π with

a high significance. The interference between ampli-

tudes are considered in Ref. [18]. The results of par-

tial fractions are (96.3±1.64±6.61)% for K−
1 (1270)→

ρ0K−, (27.08± 0.64± 2.82)% for S-wave K
∗0
π− and

(3.47±0.17±0.31)% for D-wave K
∗0
π−. The phases

of the amplitudes of the S-wave and D-wave are

(−172.6±1.1±6.0)◦ and (−19.3±1.6±6.7)◦, respectively.
Then, it is obtained that

η′3 =0.10±0.03. (17)

The decays of K1(1270) are also studied in B+ →
J/ΨK+π+π− by Belle

[11]
. Two amplitude analysis

have been performed with the mass and width of

K1(1270) fixed or floated, named as Fit 1 and Fit 2,
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respectively. The analysis are based on the assump-

tion of K1(1270) decaying only to K∗π, Kρ, Kω and

K∗
0 (1430)π, and neglect the interference between de-

cay channels. The results are thus not reliable. We

just list them in Table 3.

Table 3 Values of observable η extracted from different
experiments..

η Processes Experiments

η1 =1.16±0.42 D0 →K+K−π+π− CLEO[15]

η2 =0.11±0.06 D0 →K+K−π+π− CLEO[15]

η3 =0.19±0.10 D0 →K−π+π+π− BESIII[17]

η′3 =0.10±0.03 D0 →K−π+π+π− LHCb[18]

η4 =0.45±0.05 B+ → J/ΨK+π+π− Belle[11] (Fit 1)

η′4 =0.30±0.04 B+ → J/ΨK+π+π− Belle[11] (Fit 2)

η5 =0.38±0.13 K−p→K−π−π+p ACCMOR[1]

The values of branching fractions of K1(1270) de-

cays in PDG are obtained from the K−p→K−π−π+p

scattering experiment by the ACCMOR collaboration

in 1981
[1]
, with

B(K1(1270)→Kρ)= (42±6)%,

B(K1(1270)→K∗π)= (16±5)%, (18)

and thus

η5 =0.38±0.13. (19)

All the values of η obtained from different experi-

ments are listed in Table 3 for comparison. We can find

that except η1, all the other η’s indicate a smaller value

of η ≪ 1, especially η2,3,4 =O(0.1 ∼ 0.2) in D decays.

Thus it is of a large probability that η1 =1.18±0.43 is

overestimated. Due to its large uncertainty, η1 can be

decreased by about 2 standard deviations to be consis-

tent with other values of η.

Using the equality relation of Eq. (10) and the

measured values of B1,2,3,4 in Eqs. (6)∼(9), it can be

estimated that

B′
1 =B′(D0 →K−K+

1 (1270),K+
1 (1270)→K∗0π+,

K∗0 →K+π−)

=
B2B3

B4
=(1.7±1.1)×10−5, (20)

if B1 = (1.8 ± 0.5) × 10−4 was overestimated, or

B′
2 =B′(D0 →K−K+

1 (1270),K+
1 (1270)→ ρ0K+,ρ0 →

π+π−) = B1B4/B3 = (1.2 ± 0.8) × 10−3, if B2 =

(1.14±0.26)×10−4 was underestimated. That means,

under the equality relation, either B1 should be re-

duced to be one-order smaller, or B2 to be one-order

larger. However, with an uncertainty of 20%, the mea-

sured value of B2 deviates too much from the cen-

tral value of B′
2. Considering the large uncertainty

of B′
2, the lower bound of B′

2 is close to B2. Therefore,

the true value of B(D0 →K−K+
1 (1270),K+

1 (1270)→
ρ0K+,ρ0 → π+π−) would be around B2. On the con-

trary, the value of B′
1 deviates from the measured B1

by about 3σ. It is of large possibility that B1 is over-

estimated.

Recall that in the CLEO analysis
[15]

, only

K±
1 (1270) are considered as the 1+ states but with

K±
1 (1400) neglected. It deserves to test whether

K1(1400) contributes to the overestimation of B(D0 →
K−K+

1 (1270),K+
1 (1270)→K∗0π+,K∗0 →K+π−).

Note in the end of this section that, we have tested

the finite width effect of K1(1270) in the factorization

approach, and find that this effect shifts the branching

fractions from the narrow width approximation by less

than 10%. From Table 3, any uncertainty of the η’s

is larger than 10%. Therefore, the finite width effect

can be neglected. The narrow width approximation is

valid in the discussions.

3 D→K1(1400) transitions

The contributions from K±
1 (1400) in the D0 →

K+K−π+π− decay are studied in this section.

The branching fractions of D0 → K±K∓
1 (1400)(→

ρK,K∗π) decays are calculated in the factorization

approach. Note that the above processes are kine-

matically forbidden due to mD0 < (mK1(1400)+mK).

However, the chain decays of D0 → K±K∓
1 (1400)(→

ρK,K∗π) can still happen considering the finite width

of K1(1400). From Table 2, mK1(1400)+mK −mD0 =

(32±7) MeV <ΓK1(1400) =(174±13) MeV.

The decay constant of axial-vector meson (A) and

the form factors D→A transition are defined as

⟨A(p,ε)|Aµ|0⟩= fAmAϵ
∗
µ,

⟨A(p,ε)|Aµ|D(pD)⟩= 2

mD−mA
×

ϵµναβϵ
∗νpαDpβAD→A(q2),

⟨A(p,ε)|Vµ|D(pD)⟩=−i

{
(mD−mA)ϵ

∗
µV

D→A
1 (q2)−

(ϵ∗ ·pD)(pD+p)µ
V D→A
2 (q2)

mD−mA
−

2mA
ϵ∗ ·pD
q2

qµ
[
V D→A
3 (q2)−V D→A

0 (q2)
]}

, (21)

in which qµ = (pD−p)µ. The decay constant of pseu-

doscalar meson (P ) and the form factors of D → P

transition are

⟨P (p)|Aµ|0⟩=ifP pµ,

⟨P (p)|Vµ|D(pD)⟩=
(
(pD+p)µ−

m2
D−m2

P

q′µ

)
×
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FD→P
1 (q′2)+

m2
D−m2

P

q′2
q′µF

D→P
0 (q′2), (22)

with q′µ = (pD − p)µ. In the factorization approach,

the amplitudes of D0 → K−K+
1 (1400) and D0 →

K+K−
1 (1400) are expressed as

M(D0 →K−K+
1 (1400))=−GF√

2
V ∗
csVus×[

2a1(µ)
√
q2fK1(1400)F

D→K
1 (q2)

]
(ϵ∗ ·pD), (23)

M(D0 →K+K−
1 (1400))=

GF√
2
V ∗
csVus×[

2a1(µ)
√

q2fK(cosθK1
V D→K1A
0 (m2

K)−

sinθK1
V D→K1B
0 (m2

K))
]
(ϵ∗ ·pD), (24)

where ϵ∗ is the polarization vector of K1(1400) and the

effective Wilson coefficient a1(µ) = C2(µ) +C1(µ)/3.

In this work, we take µ = µc = mc, so that

a1(µc) = 1.08
[56]

. Note that, to consider the finite-

width effect
[47–48]

, a running mass
√

q2 for the unsta-

ble particle K1(1400) is considered in Eqs. (23) and

(24). According to Ref. [30], the form factors of charm

decays are parameterized as

F (q2)=
F (0)

1−a(q2/m2
D)+b(q2/m2

D)2
. (25)

In this work, the values of form factors of D→K1A,1B

and K are taken from Ref. [30] in the covariant light-

front quark model, as shown in Table 4. The decay

constant of K1(1400) is taken as 139.2+41.3
−45.6 MeV ob-

tained from the τ →K1(1400)ν decay∗∗[54]. The decay

constant of K meson is from Ref. [55].

Table 4 The form factors of D → K,K1A,K1B transi-
tions under the parametrization of Eq.(25), taken

from the covariant light-front quark model
[30]

.

F F (0) a b

V
DK1A
0 0.34 1.44 0.15

V
DK1B
0 0.44 0.80 0.27

FDK
1 0.78 1.05 0.23

Considering the finite-width effect, the decay

widths of the chain decay of D0 → K±K∓
1 (1400)(→

ρ0K∓ orK∗0π+,K
∗0
π−) can be expressed as

Γ (D0 →K−K+
1 (1400)(→K∗0π+))=

∫ (mD−mK)2

(mK∗+mπ)2

dq2

π
×

Γ (q2)(D0 →K−K+
1 (1400))×B(K+

1 (1400)→K∗0π+)×√
q2Γ (q2)

(q2−M2)2−M2Γ 2(q2)
, (26)

Γ (D0 →K−K+
1 (1400)(→ρ0K+))=

∫ (mD−mK)2

(mρ+mK)2

dq2

π
×

Γ (q2)(D0 →K−K+
1 (1400))×B(K+

1 (1400)→ ρ0K+)×√
q2Γ (q2)

(q2−M2)2−M2Γ 2(q2)
, (27)

Γ (D0 →K+K−
1 (1400)(→K

∗0
π−))=

∫ (mD−mK)2

(mK∗+mπ)2

dq2

π

Γ (q2)(D0→K+K−
1 (1400))×B(K−

1 (1400)→K
∗0
π−)×√

q2Γ (q2)

(q2−M2)2−M2Γ 2(q2)
, (28)

Γ (D0 →K+K−
1 (1400)(→ ρ0K−))=

∫ (mD−mK)2

(mρ+mK)2

dq2

π

Γ (q2)(D0 →K+K−
1 (1400))×B(K−

1 (1400)→ρ0K−)×√
q2Γ (q2)

(q2−M2)2−M2Γ 2(q2)
, (29)

where
√
q2 is the invariant masses of the K∗π and Kρ

final states, and M and Γ are the mass and width

of K1(1400), respectively. The q2-dependent width of

K1(1400) is
[57]

:

Γ (q2)=ΓK1(1400)

MK1(1400)√
q2

(
p(q2)

p(M2
K1(1400)

)

)3

F 2
R(q

2),

(30)

in which

FR(q
2)=

√
1+R2p2(M2

K1(1400)
)√

1+R2p2(q2)
, (31)

and p(q2) = λ1/2(q2,m2
1,m

2
2)
/
(2
√
q2), λ(q2,m2

1,m
2
2) =

(q2−(m1−m2)
2)(q2−(m1+m2)

2), m1,2 are the masses

of K∗ and π or ρ and K. The radius of the axial

meson is taken as R=1.5 GeV−1[58]. The branching

fractions of K1(1400) decays are
[55]

B(K1(1400)→K∗π)= (94±6)%,

and B(K1(1400)→Kρ)= (3.0±3.0)%. (32)

To calculate the branching fractions, the mixing

angle of θK1
has to be fixed. We test the values of 35◦,

45◦, 55◦ and 60◦ which are usually predicted in litera-

tures as shown in the Sec. 1. The numerical results of

D0 → K±K∓
1 (1400)(→ ρ0K± orK∗0π+,K

∗0
π−) de-

cays are listed in Table 5. The finite width effect allow

∗∗Note that from the τ →K1(1400)ν decay the decay constant of K1(1400) is actually obtained as |fK1(1400)|=139.2+41.3
−45.6 MeV. Its

sign cannot be determined from an individual process. However, in this work our results are independent on the sign of fK1(1400), since

in the factorization approach the decay width of D0 →K−K+
1 (1400) is the squared magnitude of the amplitude in Eq. (23).
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the D0 →K±K∓
1 (1400) processes to happen. In prin-

ciple, the branching fractions depend on theK1 mixing

angle. The predictions on B(D0 → K−K+
1 (1400)(→

ρ0K+ andK∗0π+)) are, nevertheless, invariant for dif-

ferent values of θK1
, since the mixing angle is involved

in the decay constant of K1(1400) which is however

taken as a constant from the τ → K1(1400)ν decay,

seen in Eq. (23). The branching fractions of the

processes associated with K1(1400) → K∗π and ρK

differ by about two orders of magnitude, due to the

hierarchy of branching fractions of K1(1400) decays

in Eq. (32), and the difference of integral lower lim-

its in Eqs. (26)∼(29). The branching fractions of

the K−K+
1 (1400) modes are larger than those of the

K+K−
1 (1400) modes by two or three orders of magni-

tude, since the transition form factor of D→K1(1400)

is destructive and suppressed as (cosθK1
V D→K1A
0 −

sinθK1
V D→K1B
0 ) with θK1

in the range between 35◦

and 60◦, given in Eq. (24). The uncertainties in our

calculation include errors of the width ΓK1(1400), the

decay constant fK1(1400) and the branching fractions

of K1(1400)→K∗π and ρK decays.

Table 5 Branching fractions of D0 → K±K∓
1 (1400)(→ ρ0K± orK∗0π+,K

∗0
π−) decays with mixing angles

θK1 =35◦, 45◦, 55◦ and 60◦.

Modes B (θK1 =35◦) B (θK1 =45◦) B (θK1 =55◦) B (θK1 =60◦)

K−K+
1 (1400)(→π+K∗0(→K+π−)) (1.3±0.9)×10−5 (1.3±0.9)×10−5 (1.3±0.9)×10−5 (1.3±0.9)×10−5

K−K+
1 (1400)(→K+ρ0(→π+π−)) (6.5±7.8)×10−8 (6.5±7.8)×10−8 (6.5±7.8)×10−8 (6.5±7.8)×10−8

K+K−
1 (1400)(→π−K

∗0
(→K−π+)) (1.5±0.1)×10−8 (3.3±0.3)×10−8 (2.3±0.2)×10−7 (5.9±0.5)×10−7

K+K−
1 (1400)(→K−ρ0(→π+π−)) (6.8±6.8)×10−11 (1.4±1.4)×10−10 (1.0±1.0)×10−9 (2.6±2.6)×10−9

From Table 5, it is found that the branching frac-

tion of D0 → K−K+
1 (1400)(→ K∗0π+) is of the or-

der of 10−5, same order as our prediction of B′(D0 →
K−K+

1 (1270)(→ K∗0π+)) in Eq. (20). The branch-

ing fraction of D0 → K−K+
1 (1270),K+

1 (1270) →
K∗0π+,K∗0 → K+π− is also estimated in the naive

factorization in which the width of K1(1270) is consid-

ered as mD0 −mK± −mK1(1270) ∼ 100 MeV. Its value

is (2.19± 0.88)× 10−5, and again, being as same or-

der as the branching fraction of B(K−K+
1 (1400)(→

π+K∗0(→ K+π−))) = (1.3 ± 0.9) × 10−5. In or-

der to estimate how large the interference between

D0 → K−K+
1 (1270),K+

1 (1270) → K∗0π+,K∗0 →
K+π− and D0 → K−K+

1 (1400)(→ K∗0π+) could

be, we assume that the two chain decays have same

phase space, mK1(1270) ∼ mK1(1400), for simplifica-

tion, since the amplitudes of the strong decays and

their relative phase are unknown. Then the total

branching fraction of the two chain decays and the

maximal interference between them are expected to

be (
√

(2.19±0.88)×10−5 +
√
(1.3±0.9)×10−5)2 =

(6.80± 2.49)× 10−5 and 2×
√
(2.19±0.88)×10−5 ×√

(1.3±0.9)×10−5 = (3.34 ± 1.29) × 10−5, re-

spectively. Therefore, D0 → K−K+
1 (1400)(→

K∗0π+) might contribute to the overestimation of

B(D0 →K−K+
1 (1270)(→K∗0π+)). The contribution

of K1(1400) cannot be neglected in the experimental

analysis.

The estimation of charm decays in the naive fac-

torization approach is not very reliable. For example,

the non-factorizable W -exchange diagram E is missed

in the above calculation, but is usually large and non-

negligible as seen in D→PP and PV modes
[56, 59–60]

.

If more data of D → PA decays are obtained by

experiments, their branching fractions can be calcu-

lated in the factorization-assisted topological ampli-

tude (FAT) approach
[56, 59]

in which some global pa-

rameters are extracted from data. More experimental

data of D → PA decays are beneficial to understand

the charmed meson decays into axial-vector mesons.

Although K1(1400) might contribute to the over-

estimation of B1, we still cannot conclude whether the

K1 puzzle is solved by the consideration of K1(1400),

due to the rough understanding of D → PA decays.

It has to be tested by the experimental measurements

with higher precision, and cross checks from other pro-

cesses.

4 Experimental potentials

The K1 puzzle is found in the D0 →K+K−π+π−

decay measured by the CLEO collaboration
[15]

, based

on 3 × 103 signal events. With such limited data

set, the amplitude analysis heavily depends on the

model. Recently, the CLEO data is re-analyzed

with improved lineshape parameterizations
[16]

. With

B(D0 → K−K+
1 (1270),K+

1 (1270) → K∗0π+,K∗0 →
K+π−) = (1.3 ± 0.9) × 10−4 and B(D0 →
K−K+

1 (1270),K+
1 (1270) → ρ0K+,ρ0 → π+π−) =

(2.2±0.6)×10−4 in Ref. [16], we can obtain η′1 =0.45±
0.32, which is smaller than η1 =1.18±0.43, but larger

than η2 =0.11±0.06. The central value of the branch-

ing fraction of D0 → K−K+
1 (1270),K+

1 (1270) →
K∗0π+,K∗0 → K+π− is larger by one order of mag-

nitude than our prediction in Eq. (20) based on the

equality relation and the previous CLEO result. Be-
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sides, it is found a large contribution from K1(1400)

in Ref. [16], with B(D0 →K−K+
1 (1400),K+

1 (1400)→
K∗0π+,K∗0 → K+π−) = (3.0± 1.7)× 10−4 with its

central value larger by one order than our prediction

in Table 5 under the naive factorization approach, and

also larger than B(D0 → K−K+
1 (1270),K+

1 (1270) →
K∗0π+,K∗0 →K+π−)= (1.3±0.9)×10−4. It is a chal-

lenge to be understood, since the K1(1400)-involved

mode should be suppressed by its phase space from

the finite-width effect in this kinematically forbidden

decay. All the related results are of large uncertainties.

The additional four models in
[16]

also provide different

results. A more precise analysis is required to under-

stand the D0 →K+K−π+π− decay.

LHCb is collecting the data of D decays. In Ref.

[18], LHCb measured the mode of D0 →K−π+π+π−

with 9× 105 signal events. Considering the ratio of

branching fractions B(D0 → K+K−π+π−)/B(D0 →
K−π+π+π−) = (3.00±0.13)%

[55]
, it can be expected

that the yields of D0 → K+K−π+π− could be as

large as 3 × 104 at LHCb, since all the final parti-

cles of charged kaons or pions are of similar detect-

ing efficiencies. With the much larger data of the

D0 →K+K−π+π− decay at LHCb compared to 3×103

events at CLEO, the equality relation in Eq. (2) and

the importance of K1(1400) could be tested.

The equality relation in Eq. (2) is given by

the ratios between the same weak decays, such as

D0 → K−K+
1 (1270),K+

1 (1270) → K∗0π+ v.s. D0 →
K−K+

1 (1270),K+
1 (1270) → ρ0K+. In this way, the

weak decay parts are cancelled in the narrow width

approximation. On the other hand, the equality rela-

tion can also be expressed as

Γ (D0 →K−K+
1 (1270)(→π+K∗0(→K+π−)))

Γ (D0 →K−K+
1 (1270)(→K+ρ0(→π+π−)))

=
Γ (D0 →K+K−

1 (1270)(→π−K
∗0
(→K−π+)))

Γ (D0 →K+K−
1 (1270)(→K−ρ0(→π+π−)))

.

(33)

Experimental measurements can use the equality rela-

tion in the formula as either Eq. (2) or Eq. (33).

Except for testing the equality relation in the

D0 →K+K−π+π− decay, it is also helpful to measure

the ratios or test the relations in other four-body D

decays, such as D0 →K0
SK

0
Sπ

+π−, D+ →K0
Sπ

+π0π0,

D+
s → K0

Sπ
+π+π−, etc. The K1(1270) resonance ex-

ists in such processes. All of the ratios or relations are

listed in Tables 6 and 7, for the Cabibbo-favored and

singly Cabibbo-suppressed modes, respectively. The

ratios are given by the η parameter defined in Eq. (12),

with the factors from the isospin analysis of strong de-

cays of K1(1270), ρ and K∗. Any ratio in Tables 6

and 7 can be measured to be compared with those in

Table 3. More measurements on η will help to solve

the K1 puzzle.

Table 6 The relations of the branching fractions of the Cabbibo-favored cascade decays listed in the table, in
which η is defined by Eq. (12).

Four-body decays Resonant processes Relations

D0 →K+K−π+π−

B11 =B(D0 →K+
1 (1270)K−, K+

1 →K∗0π+, K∗0 →K+π−)

B12 =B(D0 →K+
1 (1270)K−, K+

1 → ρ0K+, ρ0 →π+π−)

B13 =B(D0 →K−
1 (1270)K+, K−

1 →K
∗0

π−, K
∗0 →K−π+)

B14 =B(D0 →K−
1 (1270)K+, K−

1 → ρ0K−, ρ0 →π+π−)

B11/B12 =4η/3,

B13/B14 =4η/3

D0 →K0
SK

0
Sπ

+π−

B21 =B(D0 →K0
1 (1270)K

0
S , K0

1 →K∗+π−, K∗+ →K0
Sπ

+)

B22 =B(D0 →K0
1 (1270)K

0
S , K0

1 → ρ0K0
S , ρ0 →π+π−)

B23 =B(D0 →K
0
1(1270)K

0
S , K

0
1 →K∗−π+, K∗− →K0

Sπ
−)

B24 =B(D0 →K
0
1(1270)K

0
S , K

0
1 → ρ0K0

S , ρ0 →π+π−)

B21/B22 =4η/3,

B23/B24 =4η/3

D0 →K−K0
Sπ

+π0

B31 =B(D0 →K+
1 (1270)K−, K+

1 →K∗0π+, K∗0 →K0
Sπ

0)

B32 =B(D0 →K+
1 (1270)K−, K+

1 → ρ+K0
S , ρ+ →π+π0)

B33 =B(D0 →K
0
1(1270)K

0
S , K

0
1 →K∗−π+, K∗− →K−π0)

B34 =B(D0 →K
0
1(1270)K

0
S , K

0
1 → ρ+K−, ρ+ →π+π0)

B31/B32 = η/3,

B33/B34 = η/3

D0 →K+K0
Sπ

−π0

B41 =B(D0 →K−
1 (1270)K+, K−

1 →K
∗0

π−, K
∗0 →K0

Sπ
0)

B42 =B(D0 →K−
1 (1270)K+, K−

1 → ρ−K0
S , ρ− →π−π0)

B43 =B(D0 →K0
1 (1270)K

0
S , K0

1 →K∗+π−, K∗+ →K+π0)

B44 =B(D0 →K0
1 (1270)K

0
S , K0

1 → ρ−K+, ρ− →π−π0)

B41/B42 = η/3,

B43/B44 = η/3

D+ →K+K0
Sπ

+π−

B51 =B(D+ →K+
1 (1270)K0

S , K+
1 →K∗0π+, K∗0 →K+π−)

B52 =B(D+ →K+
1 (1270)K0

S , K+
1 → ρ0K+, ρ0 →π+π−)

B53 =B(D+ →K
0
1(1270)K

+, K
0
1 →K∗−π+, K∗− →K0

Sπ
−)

B54 =B(D+ →K
0
1(1270)K

+, K
0
1 → ρ0K0

S , ρ0 →π+π−)

B51/B52 =4η/3,

B53/B54 =4η/3

D+ →K0
SK

0
Sπ

+π0 B61 =B(D+ →K+
1 (1270)K0

S , K+
1 →K∗0π+, K∗0 →K0

Sπ
0)

B62 =B(D+ →K+
1 (1270)K0

S , K+
1 → ρ+K0

S , ρ+ →π+π0)
B61/B62 = η/3
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Table 6 (Continued)

Four-body decays Resonant processes Relations

D+ →K+K−π+π0 B71 =B(D+ →K
0
1(1270)K

+, K
0
1 →K∗−π+, K∗− →K−π0)

B72 =B(D+ →K
0
1(1270)K

+, K
0
1 → ρ+K−, ρ+ →π+π0)

B71/B72 = η/3

D+
s →K+π+π−π0

B81 =B(D+
s →K0

1 (1270)π
+, K0

1 →K∗+π−, K∗+ →K+π0)

B82 =B(D+
s →K0

1 (1270)π
+, K0

1 → ρ−K+, ρ− →π−π0)

B83 =B(D+
s →K+

1 (1270)π0, K+
1 →K∗0π+, K∗0 →K+π−)

B84 =B(D+
s →K+

1 (1270)π0, K+
1 → ρ0K+, ρ0 →π+π−)

B81/B82 = η/3,

B83/B84 =4η/3

D+
s →K0

Sπ
+π+π− B91 =B(D+

s →K0
1 (1270)π

+, K0
1 →K∗+π−, K∗+ →K0

Sπ
+)

B92 =B(D+
s →K0

1 (1270)π
+, K0

1 → ρ0K0
S , ρ0 →π+π−)

B91/B92 =4η/3

D+
s →K0

Sπ
+π0π0 B101 =B(D+

s →K+
1 (1270)π0, K+

1 →K∗0π+, K∗0 →K0
Sπ

0)

B102 =B(D+
s →K+

1 (1270)π0, K+
1 → ρ+K0

S , ρ+ →π+π0)
B101/B102 = η/3

Table 7 Same as Table 6 but for singly Cabibbo-suppressed modes.

Four-body decays Resonant processes Relations

D0 →K0
Sπ

+π−π0

B11 =B(D0 →K−
1 (1270)π+, K−

1 →K
∗0

π−, K
∗0 →K0

Sπ
0)

B12 =B(D0 →K−
1 (1270)π+, K−

1 → ρ−K0
S , ρ− →π−π0)

B13 =B(D0 →K
0
1(1270)π

0, K
0
1 →K∗−π+, K∗− →K0

Sπ
−)

B14 =B(D0 →K
0
1(1270)π

0, K
0
1 → ρ0K0

S , ρ0 →π+π−)

B11/B12 = η/3,

B13/B14 =4η/3

D0 →K−π+π+π− B21 =B(D0 →K−
1 (1270)π+, K−

1 →K
∗0

π−, K
∗0 →K−π+)

B22 =B(D0 →K−
1 (1270)π+, K−

1 → ρ0K−, ρ0 →π+π−)
B21/B22 =4η/3

D0 →K−π+π0π0 B31 =B(D0 →K
0
1(1270)π

0, K
0
1 →K∗−π+, K∗− →K−π0)

B32 =B(D0 →K
0
1(1270)π

0, K
0
1 → ρ+K−, ρ+ →π+π0)

B31/B32 = η/3

D+ →K0
Sπ

+π+π− B43 =B(D+ →K
0
1(1270)π

+, K
0
1 →K∗−π+, K∗− →K0

Sπ
−)

B44 =B(D+ →K
0
1(1270)π

+, K
0
1 → ρ0K0

S , ρ0 →π+π−)
B41/B42 =4η/3

D+ →K−π+π+π0 B51 =B(D+ →K
0
1(1270)π

+, K
0
1 →K∗−π+, K∗− →K−π0)

B52 =B(D+ →K
0
1(1270)π

+, K
0
1 → ρ+K−, ρ+ →π+π0)

B51/B52 = η/3

D+
s →K+K0

Sπ
+π−

B61 =B(D+
s →K+

1 (1270)K0
S , K+

1 →K∗0π+, K∗0 →K+π−)

B62 =B(D+
s →K+

1 (1270)K0
S , K+

1 → ρ0K+, ρ0 →π+π−)

B63 =B(D+
s →K

0
1(1270)K

+, K
0
1 →K∗−π+, K∗− →K0

Sπ
−)

B64 =B(D+
s →K

0
1(1270)K

+, K
0
1 → ρ0K0

S , ρ0 →π+π−)

B61/B62 =4η/3,

B63/B64 =4η/3

D+
s →K0

SK
0
Sπ

+π0 B71 =B(D+
s →K+

1 (1270)K0
S , K+

1 →K∗0π+, K∗0 →K0
Sπ

0)

B72 =B(D+
s →K+

1 (1270)K0
S , K+

1 → ρ+K0
S , ρ+ →π+π0)

B71/B72 = η/3

D+
s →K+K−π+π0 B81 =B(D+

s →K
0
1(1270)K

+,K
0
1 →K∗−π+, K∗− →K−π0)

B82 =B(D+
s →K

0
1(1270)K

+,K
0
1 → ρ+K−, ρ+ →π+π0)

B81/B82 = η/3

Note that all the processes listed in Tables 6 and

7 satisfy that mD(s)
−(mK1(1270)+mπ,K)&ΓK1(1270),

so that the narrow width approximation is still valid

in these processes. Besides, in the K0
S involved modes

in Table 6, the doubly Cabibbo-suppressed amplitudes

are neglected due to their smallness.

In Tables 6 and 7, we only list the observables

associated with K1(1270) → K∗π and ρK, which are

relevant to the K1 puzzle. Actually, the ratios could

be between any decay modes of K1(1270), for example,

the fractions between the D-wave and S-wave widths

of K1(1270) → K∗π and ρK. More precise measure-

ments on K1(1270) decays are helpful for the determi-

nation of the mixing angle θK1

[19–20, 24–25]
.

Some of the processes in Tables 6 and 7 are more

preferred in the experimental measurements. Firstly,

the branching fractions of the Cabibbo-favored modes

are usually large, and hence easier to be measured.

In the decay of D+
s → K+K0

Sπ
+π− with a large

branching fraction of (1.03±0.10)%
[55]

, there are four

K1(1270) related processes. Thus the equality rela-

tion can be directly tested with the ratios in D+
s →

K0
SK

+
1 (1270) and D+

s → K+K
0
1(1270). The D0 →

K0
Sπ

+π−π0 decay, with B=(5.1±0.6)%, also has four

K1(1270) related processes to test the equality relation.

The observables in Tables 6 and 7 can be measured

and tested by BESIII, Belle II and LHCb in the near

future.

5 Conclusions

Charmed meson decays can provide much useful

information about strange axial-vector mesons. In this

work, it is found that the data of K1(1270) related
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processes in the D0 → K+K−π+π− mode are incon-

sistent with the equality relation under the narrow

width approximation and CP conservation of strong

decays. The ratio between B(D0 → K−K+
1 (1270)(→

π+K∗0(→ K+π−))) and B(D0 → K−K+
1 (1270)(→

K+ρ0(→ π+π−))), with a value of 1.58 ± 0.57, de-

viates by about 2σ from the one between B(D0 →
K+K−

1 (1270)(→ π−K
∗0
(→ K−π+))) and B(D0 →

K+K−
1 (1270)(→ K−ρ0(→ π+π−))) with a value of

0.15 ± 0.09. In the amplitude analysis by CLEO

of the above measurement, K1(1400) was neglected.

We calculate the branching fractions of the D0 →
K±

1 (1400)(→ ρ0K± orK∗0π+,K
∗0
π−)K∓ modes us-

ing the factorization approach considering the finite-

width effect. It is found that the branching fraction

of D0 → K−K+
1 (1400)(→ π+K∗0(→ K+π−)) is com-

parable to D0 →K−K+
1 (1270)(→ π+K∗0(→K+π−)),

and hence might contribute to the overestimation of

the latter process. Thus K1(1400) could not be ne-

glected in the analysis. In addition, some relations

in other D decay modes to study K1(1270) decays are

proposed to be tested by BESIII, Belle (II) and LHCb.
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D介子衰变中的奇异轴矢介子

郭鹏飞
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摘要: 目前，奇异轴矢介子的性质并没有被很好地理解，而这类介子是可以在D介子衰变中得到更多的研究。

将窄宽近似下的等式关系和强衰变中CP守恒应用到四体衰变D0 → K+K−π+π−中的D0 → K±K∓
1 (1270)(→

ρK orK∗π)的实验数据中，可以发现实验数据与理论存在矛盾，然而，当考虑更多K1(1270)的衰变过程后，可以

发现，B(D0 →K−K+
1 (1270)(→K∗0π+))的实验数据很可能被高估了一个量级。考虑共振态K1(1400) 的贡献，利

用因子化方法计算相应的衰变过程的分支比，可以发现，B(D0 →K−K+
1 (1400)(→K∗0π+))的分支比与使用等式

关系得到的B(D0 →K−K+
1 (1270)(→K∗0π+))的分支比在量级上是相同的。另外，对于含有奇异轴矢介子的D介

子衰变实验数据的合理性，实验可以通过测量K1(1270)→ ρK和K∗π分支比的比值来检验，或者通过验证D介子衰

变中的等式关系来检验。
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