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这篇文章要解决什么问题？

同一个中性共振，两个 D∗±D∓ 衰变排列

B+ → RK+, R→ D∗−D+ 或 D∗+D−.

物理问题 这项分析提供的信息

有哪些共振态？ 质量分布与角信息，分解多个重叠振幅。

对于 1+，C = ±1？ 同时关联 D∗±D∓，利用振幅的干涉。

4010 有何意义？ 为较高 1++ 结构提供实验依据，检验它与 X(3872) 的共同动力学。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Introduction、Eq. (2)、Table III. 3/18

https://doi.org/10.1103/PhysRevLett.133.131902
https://arxiv.org/abs/2406.03156v3


数据与重建：约 3400 个信号事例
pp：

√
s = 7, 8, 13 TeV，Run 1 + Run 2 共 9 fb−1。
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原图仅为 Run 2、D0 → Kπ 子样本的 B 质量拟合；图内 6 fb−1 和产额均不代表总样本。

总信号：D∗+D−K+，1636± 43。
总信号：D∗−D+K+，1772± 44。

D∗+ → D0π+；
D0 → Kπ/K3π，D± → Kππ。

信号窗 5260 < m(B) < 5300 MeV，两道本底均约 5%；振幅分析联合拟合四个子样本。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, event selection；原图：LHCb public supplementary, Fig. 10(b,d). 4/18
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振幅模型：质量、角分布

四个运动学变量

m2(D∗D), m2(DK), ϕ2, cos θ2.

ϕ2：两个衰变面的夹角；
θ2：D∗ 的 helicity angle。
相干叠加
D∗D 共振、DK 与 D∗K 衰变链，以及非共振
振幅。

效率由模拟及数据修正；本底比例来自 B 质量拟合，
本底形状由边带约束。

JP = 1+ 同时包含 S、D 波

fR,L(m) =
γL

m2
0 −m2 − im0Γ(m)

Γ(m) = γ2SΓS(m) + γ2DΓD(m), γ2S + γ2D = 1.

近阈值有效项的限度
Baseline 以 X(3872) 尾部线型描述 EFF1++；
另一种非共振参数化可给出相近拟合质量。
该项用于描述阈值区域，不能视为测到了
X(3872) → D∗±D∓ 的真实离壳衰变。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Eqs. (1)–(3)、Table I；四变量定义：LHCb public supplementary, p. 1、Fig.
1. 5/18
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联合振幅拟合：似然函数与 C 宇称关联
每个子样本的对数似然

lnL =
∑
i

ln
[
(1− fbg)

|A(xi)|2∫
|A(x)|2 ϵ(x) dΦ(x) + fbg

B(xi)

ϵ(xi)

]
. (1)

fbg：质量拟合给出的本底比例；B(x)：边带本底 PDF；ϵ(x)：效率。四个子样本联合拟合。
两种 D∗±D∓ 的相干振幅（含共振与非共振）

A(x) = 1 + d

2

 ∑
j∈R(D∗±D∓)

cjAj(x) +
∑

k∈R(D∗−K+, D+K+)

ckAk(x)


+

1− d
2

 ∑
j∈R(D∗±D∓)

Cj × cjAj(x) +
∑

l∈R(D∗+K+, D−K+)

clAl(x)

 .

(2)

d = +1：B+ → D∗−D+K+；d = −1：B+ → D∗+D−K+。
cj,k,l 为复系数；Cj = ±1 关联两道的 D∗D 分量；D(∗)K 项不施加这一约束。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Eqs. (1),(2) 6/18
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最直观的现象：D∗±D∓ 的谱明显不同
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Figure 1: Distributions of two-body invariant masses: (a) M(D∗−D+), (c) M(D+K+) and
(e) M(D∗−K+) in the B+ → D∗−D+K+ sample; (b) M(D∗+D−), (d) M(D−K+) and
(e) M(D∗+K+) in the B+ → D∗+D−K+ sample. The fit results (red-solid lines) are over-
laid on the data distributions. Contributions from different components are also shown in
different line styles as indicated in the legend. The result of fitting the data using a model with-
out the hc(4000), χc1(4010) and hc(4300) components (reference fit) is shown with green-dotted
lines for comparison.

with m0 = 4.35 GeV. The parameters α and β are determined from the fit to data to
be 0.11 ± 0.03 GeV−2 and −0.34 ± 0.05 GeV−2, respectively, where the uncertainty is
statistical only. For the NR1++ contribution, only the S-wave component is considered.
The NR contributions amount to about 50% of the total fit fraction. Alternative models
with fewer NR contributions, or NR amplitudes in the one or more of the D(∗)±K± systems,
are attempted but none provide agreement with the data comparable or better than that
of the baseline model.

The two resonant contributions, T ∗
c̄s̄0(2870)0 and T ∗

c̄s̄1(2900)0, found in B+ → D+D−K+

decays, are included in the B+ → D∗+D−K+ model to describe the enhancement seen
in Fig. 1(e). The statistical significances of the T ∗

c̄s̄0(2870)0 and T ∗
c̄s̄1(2900)0 states are

found to be 11σ and 9.2σ, respectively, thus confirming their existence in a new decay
channel. If their parameters are left free in the fit, their values show some tension with

4

原图 Fig. 1(a,b)：左 D∗−D+，右 D∗+D−。黑点为数据、红线为总拟合；各彩色分量为相干模型中的单项投影。

相近的质量区间可以有不同的可见峰形；必须连同干涉一起分析。
总曲线包含干涉；DK、D∗K 贡献的反射也参与拟合。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Fig. 1(a,b)；两图均为 Baseline 振幅模型的质量投影。 7/18
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关键方法：C = ±1 振幅的干涉项

C 守恒约束 R 的强衰变

A1 = AC+ +AC−,

A2 = AC+ −AC−,

|A2|2 − |A1|2 = −4Re(AC+A
∗
C−).

单个 R 到两排列的率相等；多个态的干涉可以
不同。

1++ 与 1+− 有相同 JP，单靠相同部分波的角分布不
能区分二者。
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原图 Fig. 3。黑点：数据；红线：总拟合；蓝线：4010
与其余振幅的干涉。

A1：D∗−D+；A2：D∗+D−；图中为 |A2|2 − |A1|2 的对应差谱。实际还含其他衰变链反射等贡献；已知态帮助
固定绝对 C。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Eq. (2)；原图：arXiv v3 内嵌附录 Fig. 3. 8/18
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自由相位检验：数据是否支持 C = ±1？
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Figure 2: Results of the C-parity determination, where Cj = ±1 is replaced by exp(i∆ϕj).
Uncertainties are statistical only.

on Eq. (2), the phase ϕ should be either ∆ϕ = 0 for C = + or ∆ϕ = π for C = −. The
results are shown in Fig. 2. Clear separation between C = + and C = − states is found,
with the fit results agreeing with the C-parities assigned to the resonant contributions.
The largest tension occurs for the ψ(4040) state which has phase 2.7σ away from the
expected value of π when considering statistical uncertainty only. These results are robust
against systematic variations, including the modeling of the EFF1++ line shape.

An alternative approach to describe the threshold enhancement is to replace the EFF1++

component with a JPC = 1+− contribution, modeled by the tail of Tcc̄1(3900)0 state. The
two states lead to the same angular distributions, but their C-parities are different. The
C-parities of other contributions, except χc2(3930) and ψ(4040), are also changed. The
alternative fit has an LL value that is worse than the baseline by 50 units, due to the
unchanged C-parities of the well-determined χc2(3930) and ψ(4040) resonances [6]. It also
results in very large NR contributions with exotic quantum numbers, which is considered
unnatural. Thus, this hypothesis is rejected. Nonetheless, it is interesting to note that in
this fit the new hc(4300) state from the baseline solution now has JPC = 1++, so that
its parameters agree with those of the well-established χc1(4274) state. Additionally, the
χc1(4010) properties become close to those of the previously observed Tcc̄(4020)0 state [35],
with some tension on the width, while the ηc(3945) state takes exotic quantum numbers
JPC = 0−−.

Systematic uncertainties due to limited precision on the background fraction, back-
ground modeling, efficiency map (including simulation sample size and uncertainties due to
data-simulation corrections) and fixed parameters (i.e. resonance masses and widths) are
estimated by generating pseudovalues (or distributions) according to their uncertainties.
The root mean squares of the fit results obtained with the newly generated settings
are assigned as the related systematic uncertainties. Systematic uncertainties due to
amplitude modeling are estimated by adding other known resonances and by adding an
extra resonance with freely varying mass and width under different JPC assumptions.
The largest differences in fit results between all considered scenarios are assigned as the
corresponding systematic uncertainties. The dominant systematic uncertainties on all
measured quantities are those due to amplitude modeling.

In summary, a simultaneous amplitude analysis of B+ → D∗±D∓K+ decays is per-
formed for the first time. The analysis is based on a pp collision data sample collected
by the LHCb experiment, corresponding to an integrated luminosity of 9 fb−1, and ex-

8

原图 Fig. 2。将 Cj 放松为 ei∆ϕj；误差棒仅含统计。近阈值 EFF1++

为相位参考。

预期相对相位

∆ϕj =

{
0, Cj = +1,

π, Cj = −1.

数据整体支持所赋 C 标签。

最大偏离来自 ψ(4040)，与预期 π 相距
2.7σ。

这是一项基于联合振幅模型的相位检验；它补
充自旋、宇称的角信息。

“1+”来自自旋与宇称假设；“C = +”还需要两道之间的相位关联。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Fig. 2、正文 C-parity cross-check. 9/18
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结果概览：四个共振态，至少三个此前未观测的态

态 JPC m0 (MeV) Γ0 (MeV) 统计显著性

ηc(3945) 0−+ 3945+28+37
−17−28 130+92+101

−49−70 10σ

hc(4000) 1+− 4000+17+29
−14−22 184+71+97

−45−61 9.1σ

χc1(4010) 1++ 4012.5+3.6+4.1
−3.9−3.7 62.7+7.0+6.4

−6.4−6.6 16σ

hc(4300) 1+− 4307.3+6.4+3.3
−6.6−4.1 58+28+28

−16−25 6.4σ

ηc(3945) 可能与既有 X(3940) 相容。

替代 JPC 假设被排斥的统计显著性均 > 5.7σ，与上表分量存在显著性是不同检验。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Table III；表格由论文实验结果重排。误差依次为统计、系统。 10/18
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为什么需要 χc1(4010)？
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原图 Fig. 4(c,d)。红：Baseline；蓝：删除 4010、其余参数固定；棕：删除后重新拟合。青：自身平方；品红：干涉；绿：两者之和。

检验“其他振幅能否吸收它”
关注棕线与数据、Baseline 之间的差异。

相消干涉可以遮住一个态
右图的 Peak 与干涉项抵消。

论文报告该分量的统计显著性为 16σ；本图展示其作用，显著性来自似然比较。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Table III、arXiv v3 内嵌附录 Fig. 4(c,d). 11/18
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主要系统误差来自振幅模型
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更换阈值线型、增加振幅、改变固定的质量宽度，
并传播本底与效率不确定度。

仍有局部残差
部分拟合优度检验在 D∗−D+K+ 样本超出 95%
区间。

尚未确立的附加结构
约 4462 MeV 的 1++ 项仅 3.7σ 统计；不纳入
Baseline 新态结论。
理论比较时还应区分：实验线型参数 (m0,Γ0) 与模型的
复极点 Ep =Mp − iΓp/2。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, systematic uncertainties、goodness-of-fit；原图：LHCb public supplementary,
Fig. 1(a,b). 12/18
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理论预言：Unquenched 谱与物理态
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FIG. 2: Charmonium mass spectrum compared with the observations. The well established states in the charmonium mass spectrum are labeled

with blue color. The results obtained within the unquenched and quenched quark models are labeled by a red cross and a solid green circle,

respectively.

is close to the lower limit of the data 0.24 ± 0.05 ± 0.12 mea-

sured by the BABAR collaboration [71]. However, the pre-

dicted ratio

Γ(D∗D∗)

Γ(DD∗)
≃ 3.4, (18)

is inconsistent with the measured value 0.18 ± 0.14 ± 0.03 by

BABAR. It should be mentioned that the D∗D∗ as the domi-

nant channel of ψ(4040) is supported by the measurements of

Belle [72].

2. ψ(4415)

Considering ψ(4415) as the ψ(4S ) assignment, from Ta-

ble III, one can see that both the mass and width are consis-

tent with the quark model expectations. The predicted partial

width ratios,

Γ(DD)

Γ(D∗D∗)
≃ 0.12,

Γ(DD∗)

Γ(D∗D∗)
≃ 0.02, (19)

are consistent with the data 0.14±0.12±0.03 and 0.17±0.25±
0.03 measured by the BABAR collaboration [71], respectively,

within uncertainties. Recently, the ψ(4415) was observed in

the D∗+s D∗−s final state by the BESIII collaboration [6]. As

the ψ(4S ) assignment, we find that the branching fraction of

ψ(4415) into D∗+s D∗−s is predicted to be ∼ 1.5% (see Table III),

which is similar to that into D̄sD
∗
s+c.c.. Thus, ψ(4415) should

be observed in the D̄sD
∗
s + c.c. final states as well.

It should be mentioned that the quark model classifica-

tion for ψ(4415) still bears some controversies. In the lit-

erature [42, 73, 74], ψ(4415) is suggested to be a 5S state

or a 5S -4D mixing state based on the screening potential

model. The screening effect is considered to be partly equiv-

alent to the coupled-channel effect. The magnitude of mass

shifts due to the coupled-channel effects estimated within the

screening potential model reaches up to a fairly large value

∼ 200 − 300 MeV, which is about a factor of ∼ 5 − 10 larger

than our estimations with a more comprehensive considera-

tion of the coupled-channel effects (see Table III). In Ref. [75],

the strong decays of ψ(4415) as the ψ(5S ) assignment based

on the screening potential model have been studied by our

group, it is found that the decay width Γ ≃ 8.4 MeV is notably

smaller than the experimental value Γexp ≃ 62±20 MeV. Thus,

ψ(4415) as the ψ(5S ) assignment should be excluded accord-

ing to our study within the unquenched quark model.

原 Fig. 2：保留完整图例与 JPC 分类。

Quenched（绿）
Bare cc̄ 势模型的能级。
Unquenched（红）
加入两介子道耦合后的质量结果。

物理态的展开
|Ψ⟩ = cA|A⟩

+
∑
BC

∫
cBC(p) d3p |BC, p⟩. (7)

|A⟩：Bare cc̄ 态。
|BC, p⟩：两介子连续谱（如 DD̄∗）。
p：两介子相对动量。
cA, cBC：模型中的展开振幅。

Deng et al., PRD 110 (2024) 056034, arXiv:2312.10296v1（2023-12-16）；Fig. 2（PDF 第 6 页）、Eq. (7)（第 3 页）。 13/18
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理论预言：阈值窄态与约 3990 MeV 宽态
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FIG. 3: The mass shift ∆M(M) (upper panel) and spectral density

function ω(M) (lower panel) for the χc1(2P) including the coupled-

channel effect of DD∗. Three solutions are found by solving the

coupled-channel equation (12), i.e., the intersection points of the two

lines of ∆M(M) and M−MA. The first and third solution with masses

of 3871 MeV and 3990 MeV correspond to the narrow and broad

structures shown in the spectral density function, respectively. The

middle solution with a mass of 3888 MeV is unphysical.

that χc0(3930) perfectly favors the χc0(2P) assignment. The

χc0(3930) resonance may correspond to X(3915) observed in

the ωJ/ψ final state by Belle [84, 85] and BABAR [86, 87].

In Ref. [88], the authors analyzed the Belle and BABAR

data of γγ → DD̄. From the data, a broad resonance with

mass 3837.6 ± 11.5 MeV and width 221 ± 19 MeV was ex-

tracted. They claimed that this broad resonance should corre-

spond to χc0(2P), rather than the narrow X(3915) resonance.

Soon after the work was published, the Belle collaboration

reported the observation of a χc0(3860) state with a mass of

Mexp = 3862+66
−45

MeV and a width of Γexp = 201+242
−149

MeV

in the process e+e− → J/ψDD̄ [89]. However, based our

present study, the χc0(3860) resonance disfavors the χc0(2P)

assignment. The broad width is out of theoretical expecta-

tion, although the mass seems to be consistent with the un-

quenched quark model predictions. Our conclusion is consis-

tent with that in Refs. [75, 81]. It should be pointed out that the

χc0(3860) is not seen in a recent observation of B→ D+D−K+

at LHCb [83], where such a state might be expected to play a

significant role. The broad χc0(3860) resonance may be con-

tributed by several states or nonresonant backgrounds.

Then, we focus on the χc1(2P) state. This state has a

strong S -wave coupling to the DD∗ channel. When solving

the coupled-channel Eq. (12), it is seen that there are three

solutions with masses 3871 MeV, 3888 MeV and 3990 MeV,

respectively, as shown in the upper panel of Fig. 3. The first

solution with a mass of 3871 MeV lies just below the D0D∗0

threshold. The second solution with a mass of 3888 MeV is

just above the D±D∗∓ threshold. While the third solution with

a mass of 3990 MeV is heavier than the bare state. To uncover

the nature of the solutions obtained from the coupled-channel

model, we further analyze the spectral density function,

ω(M) =
1

2π

Γ

[M − (MA + ∆M(M))]2 + Γ2/4
, (20)

as adopted in the literature [23, 90–92]. The line shape of the

spectral density function is shown in the lower panel of Fig. 3.

It is found that the first solution with a mass of 3871 MeV cor-

responds to a very narrow state with a width of about several

MeV shown in the spectral density function. The third solu-

tion with a mass of 3990 MeV corresponds to a broader reso-

nance with a width of Γ ≃ 60 MeV. However, the second solu-

tion with a mass of 3888 MeV does not exhibit any resonance

structures in the spectral density function, thus, this solution is

unphysical. Similar line shape of the spectral density function

was also found in the previous studies [23, 93]. Two similar

solutions are also found by the other coupled-channel analysis

of the χc1(2P) [23, 93–95]. Considering the integral intervals

as shown in the lower panel of Fig. 3, from the spectral den-

sity function, one can estimate the cc̄ core components for the

resonance structures. Our results are given in Table IV. The

narrow state with a mass of 3871 MeV is dominated by the

DD∗ component, while the cc̄ core component is only ∼ 10%.

The broad resonance with a mass of 3990 MeV is a cc̄ dom-

inant state, the cc̄ core component is estimated to be 60%.

The narrow state favors the famous χc1(3872) resonance. The

nature of χc1(3872) originating from the χc1(2P) is also sug-

gested in the literature [25–27, 81, 95–101]. To confirm the

nature of χc1(3872), it is crucial to look for the broad state

with a mass of about 3990 MeV in the DD∗ final state.

Finally, we focus on the χc2(2P) state. The unquenched

coupled-channel effects play a significant role as well. The

D∗D∗ and DD∗-loops lower the bare mass of the χc2(2P),

4002 MeV, to the physical point ∼ 3947 MeV. The mass shift

reaches up to a fairly large value ∆M ≃ −55 MeV. Consid-

ering the χc2(3930) resonance as χc2(2P), the measured mass

is well described within the unquenched framework, which

can be clearly seen from Fig. 2. Within the unquenched pic-

ture, the mass gap between χc2(2P) and χc0(2P) is predicted

to be ∼ 40 MeV, which is much smaller than ∼ 60 − 120

MeV predicted in the quenched quark model (see Table II).

Our predictions are consistent with that in Ref. [81]. Tak-

ing χc2(3930) as the χc2(2P) state, one find the decay width

Γ ≃ 21 MeV predicted in theory is also compatible with the

data Γexp = 35.2±2.2 MeV [2]. The χc2(2P) state dominantly

decays into both DD and DD∗ channels, the partial width ratio

between them is predicted to be

Γ(DD∗)

Γ(DD)
≃ 0.74. (21)

原图 Fig. 3：上为质量移位方程，下为谱密度。两图中
的结构属于该 Unquenched 模型。

Bare χc1(2P ) 与 DD̄∗ 的 S 波耦合

M =MA +∆M(M), MA = 3965 MeV.

谱密度给出两个物理结构：

• 3871 MeV 附近的窄结构，与 X(3872) 联系。

• 3990 MeV、Γ ≃ 60 MeV 的较宽结构。

原文明确建议在 DD̄∗ 末态寻找高态。
这是 LHCb 发现前的模型预言；质量比实测低约 23 MeV。
3888 MeV 的另一实方程解无共振谱形，被作者舍弃。

Deng et al., PRD 110 (2024) 056034, arXiv:2312.10296v1（2023-12-16）；Sec. III.B.1、Fig. 3、Eq. (20). 14/18
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约 4462 MeV：较高 1++ 分量的实验迹象
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官方补充 Fig. 2(a,b)。红实线为 Baseline；棕实线为加入额外项后的总拟合；青色点划线为该项自身。图内名称为 χc1(4450)。

JPC = 1++, M = 4462± 13 MeV, Γ = 67± 18 MeV.
统计显著性 3.7σ，误差仅统计；该模型变化计入系统误差，未纳入 Baseline 新态结果。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, additional-amplitude tests；原图：LHCb public supplementary, Fig. 2(a,b). 15/18
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Barnes：含径向激发粲介子的 X ′(4480)

把 DD̄∗ 分子框架扩展到含一个内部 2S 激发的粲介子

D(1S)D̄∗(2S) ←→ D(2S)D̄∗(1S) (+c.c.)

模型动力学
长程单 π 交换 + 短程夸克交换；
包含两介子相对运动的 S/D 波耦合。
标准参数的中性共振

I = 0, JPC = 1++, M ≃ 4480 MeV.
采用 Λ = 1.2 GeV；高于模型的 ψ(2S)ω 阈值 4469
MeV。

与 X(3872) 的关系
2S 是组成粲介子的内部激发；
两介子的相对运动仍含 S/D 波。
可以检验的末态
数值模型含 ψ(2S)ω 开放道；
作者另建议用 J/ψω、γψ(2S)、
γJ/ψ 搜索这类 I = 0, 1++ 伙伴。

4480 是指定参数下的结果；同组参数未产生 I = 1 束缚态。原文未给可与 LHCb 4462 分量直接比对的定量总宽或
D∗D̄ 分支比。

T. Barnes, F. E. Close and E. S. Swanson, PRD 91 (2015) 014004, arXiv:1409.6651v2；Secs. II.A–C（PDF 第 3–5 页）、III(b)
（第 7–8 页）。通道关系按原文归纳。 16/18
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Giron：双夸克体系的 2S 径向激发

动力学双夸克模型
δ = (cq)3̄c , δ̄ = (c̄q̄)3c .

X(3872) ∈ Σ+
g (1S) −→ Σ+

g (2S).

在 Born–Oppenheimer 势中求径向谱；用
X(3872) 固定 1S 输入。
2S 激发的是 δ–δ̄ 相对运动。
1S/2S 多重态均含 1++ 成员。

Table 3. Mass eigenvalues M (in GeV) for hidden-charm dynamical diquark states that are eigenstates of the
indicated BO potentials corresponding to quantum numbers nL, for given diquark masses mδ (in GeV). The
particular form of the BO potential used is that given by lattice simulations JKM [26] or CPRRW [27], or (for
the Σ+

g potential) by the Cornell potential obtained from a fit BGS [42] to conventional charmonium. Also
predicted are the corresponding expectation values for the length scales 〈1/r〉−1 and 〈r〉 (in fm). Fixing to the
experimental mass of X(3872) or Z−

c (4430) predicts mδ and the whole spectrum, either under the assumption
that X(3872) is a Σ+

g (1S) state or that Zc(4430) is a Σ+
g (2S) state (as indicated by boldface).

X(3872) Zc(4430)
BO states Potential M mδ 〈1/r〉−1 〈r〉 M mδ 〈1/r〉−1 〈r〉
Σ+
g (1S) JKM 3.8711 1.8747 0.27202 0.36485 3.9077 1.8946 0.27075 0.36322

CPRRW 3.8721 1.8535 0.27519 0.36904 3.9108 1.8745 0.27384 0.36694
BGS 3.8718 1.9402 0.21347 0.30268 3.8824 1.9462 0.21301 0.30221

Σ+
g (2S) JKM 4.4430 1.8747 0.42698 0.69081 4.4782 1.8946 0.42524 0.68825

CPRRW 4.4410 1.8535 0.43057 0.69640 4.4781 1.8745 0.42877 0.69360
BGS 4.4674 1.9402 0.42621 0.69756 4.4781 1.9462 0.42562 0.69640

Σ+
g (1P ) JKM 4.2457 1.8747 0.48968 0.56601 4.2816 1.8946 0.48773 0.56392

CPRRW 4.2435 1.8535 0.49379 0.57067 4.2814 1.8745 0.49170 0.56834
BGS 4.3471 1.9402 0.48361 0.56787 4.3580 1.9462 0.48285 0.56718

Σ+
g (2P ) JKM 4.7128 1.8747 0.62445 0.84285 4.7473 1.8946 0.62201 0.83982

CPRRW 4.7092 1.8535 0.62911 0.84913 4.7456 1.8745 0.62664 0.84564
BGS 4.7416 1.9402 0.65333 0.89663 4.7523 1.9462 0.65243 0.89547

Σ+
g (1D) JKM 4.5318 1.8747 0.66414 0.73132 4.5669 1.8946 0.66168 0.72853

CPRRW 4.5282 1.8535 0.66921 0.73668 4.5653 1.8745 0.66651 0.73365
BGS 4.6151 1.9402 0.69780 0.77323 4.6259 1.9462 0.69690 0.77230

Σ+
g (2D) JKM 4.9476 1.8747 0.78634 0.98022 4.9813 1.8946 0.78332 0.97672

CPRRW 4.9431 1.8535 0.79199 0.98697 4.9787 1.8745 0.78879 0.98348
BGS 4.9486 1.9402 0.84597 1.0645 4.9592 1.9462 0.84497 1.0633

Π+
u (1P ) & JKM 4.9156 1.8747 0.44931 0.56950 4.9539 1.8946 0.44833 0.56834
Σ−u (1P ) CPRRW 4.8786 1.8535 0.44614 0.56438 4.9190 1.8745 0.44512 0.56298

Π+
u (2P ) & JKM 5.2281 1.8747 0.54325 0.84052 5.2648 1.8946 0.54181 0.83819
Σ−u (2P ) CPRRW 5.2066 1.8535 0.52965 0.81887 5.2450 1.8745 0.52816 0.81677

Π−u (1P ) JKM 5.0291 1.8747 0.66230 0.74739 5.0667 1.8946 0.66066 0.74552
CPRRW 4.9949 1.8535 0.65075 0.73435 5.0344 1.8745 0.64908 0.73225

Π−u (2P ) JKM 5.3701 1.8747 0.74501 0.98068 5.4060 1.8946 0.74307 0.97789
CPRRW 5.3564 1.8535 0.71810 0.94716 5.3939 1.8745 0.71619 0.94436

Σ−u (1S) JKM 5.3139 1.8747 0.58948 0.63819 5.3507 1.8946 0.58803 0.63609
CPRRW 5.2897 1.8535 0.56550 0.64448 5.3285 1.8745 0.56357 0.64238

Σ−u (2S) JKM 5.7375 1.8747 0.74128 0.88755 5.7725 1.8946 0.73975 0.88452
CPRRW 5.7105 1.8535 0.66424 0.88336 5.7473 1.8745 0.66209 0.88080

Π+
u (1D) & JKM 5.1028 1.8747 0.66444 0.75321 5.1401 1.8946 0.66280 0.75134
Σ−u (1D) CPRRW 5.0718 1.8535 0.65632 0.74296 5.1110 1.8745 0.65472 0.74110

Π+
u (2D) & JKM 5.4114 1.8747 0.74038 0.97253 5.4471 1.8946 0.73835 0.96974
Σ−u (2D) CPRRW 5.4012 1.8535 0.71834 0.94157 5.4386 1.8745 0.71631 0.93901

– 9 –

原 Table 3 的 1S/2S 节选。M,mδ：GeV；长度：fm。

2S 未分裂能级：4.441–4.467 GeV
JKM、CPRRW 为格点势；BGS 为 Cornell 势。自旋
及同位旋分裂尚未计入。

正文另粗估整个 2S 物理谱带约 4.48–4.63 GeV。该谱带并非单个 1++ 的误差区间。

J. F. Giron, R. F. Lebed and C. T. Peterson, JHEP 05 (2019) 061, arXiv:1903.04551v3；Eq. (2.1)、Table 3（PDF 第 10 页）、
Sec. 4（第 13 页）。 17/18

https://doi.org/10.1007/JHEP05(2019)061
https://arxiv.org/abs/1903.04551v3


总结
振幅分析： LHCb 通过对 B+ → D∗−D+K+ 的振幅分析，发现了至少三个此前未观测的新共振
态，并通过联合拟合确定了 C 宇称。
4010： JPC = 1++，M ≃ 4012.5、Γ ≃ 62.7 MeV；分量存在的统计显著性 16σ。
4462： 额外 1++ 项，3.7σ 迹象。

Deng
耦合道机制

同一 Bare χc1(2P ) 耦合 DD̄∗ 连续谱，产生 3871 MeV 窄结构与 3990 MeV 宽结
构（Γ ≃ 60 MeV）。X(3872) 与高态由同一耦合体系联系。

Barnes
粲介子激发

分子通道含一个内部 2S 激发的粲介子；标准参数得到约 4480 MeV、I = 0, 1++

的 X ′。

Giron
双夸克激发

以 X(3872) 固定 Σ+
g (1S)，激发双夸克–反双夸克的相对径向运动。含 1++ 的 2S

多重态未分裂能级为 4.441–4.467 GeV。

实验：LHCb, PRL 133 (2024) 131902. 理论：Deng et al., PRD 110 (2024) 056034, Sec. III.B.1.
Barnes et al., PRD 91 (2015) 014004, Sec. II.C；Giron et al., JHEP 05 (2019) 061, Table 3. 18/18
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Backup：Baseline 分量、fit fraction 与乘积分支比

Baseline 模型：13
项

内容

D∗D 共振与阈值项
（7）

EFF1++，ηc(3945)，hc(4000)，χc1(4010)，hc(4300)，χc2(3930)，ψ(4040)。

D−K+ 共振（2） T ∗
c̄s̄0(2870)

0，T ∗
c̄s̄1(2900)

0；在本产生过程中确认。
D∗D 非共振（4） 1−−, 0−−, 1++, 0−+；NR 的量子数不等于发现了同量子数的粒子。

4010 的拟合份额和产生乘积
FD∗+D− = 10.1+1.6+1.3

−0.9−1.6%, FD∗−D+ = 9.1+1.4+1.2
−0.8−1.4%.

B(B+ → K+χc1)B(χc1 → D∗+D−) =
(
0.69+0.11+0.09

−0.06−0.11 ± 0.06
)
10−4.

前两项误差为统计、系统；第三项来自 B(B+ → D∗+D−K+) 归一化输入。若对两排列求和，中心值及绝对误差
均乘 2。fit fraction 的定义包含振幅干涉，不能视为独立事件概率。

LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3, Table I、Eqs. (1)–(3). 下表按原文重排；乘积分支比针对单个 D∗±D∓。 A1

https://doi.org/10.1103/PhysRevLett.133.131902
https://arxiv.org/abs/2406.03156v3


Backup：4010 对 X(3872) 极点起源的约束
4

- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0

- 1 . 0

- 0 . 5

0 . 0

0 . 5

1 . 0

3 . 8 5 3 . 9 0 3 . 9 5 4 . 0 0 4 . 0 5

- 0 . 2 0

- 0 . 1 5

- 0 . 1 0

- 0 . 0 5

0 . 0 0

0 . 0 5

- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0
- 1 . 0

- 0 . 5

0 . 0

0 . 5

1 . 0

3 . 7 0 3 . 7 5 3 . 8 0 3 . 8 5 3 . 9 0 3 . 9 5 4 . 0 0- 0 . 1 4
- 0 . 1 2
- 0 . 1 0
- 0 . 0 8
- 0 . 0 6
- 0 . 0 4
- 0 . 0 2
0 . 0 0
0 . 0 2
0 . 0 4

      S h a d o w  p o l e  o f  χ′c 1                  T h e  D D *  p o l e             T h e  χ′c 1  p o l e

Im
(z)

X ( 3 8 7 2 )( a - 1 )

- 1 0 - 5 0 5 1 0

- 5

0

D + D * -

( a - 2 )

 A n t i - r e s o n a n c e  i n  ( - , + )
 B o u n d  s t a t e  i n  ( + , + )
 R e s o n a n c e  i n  ( - , - )

Im
(E)

  (G
eV

)
D 0 D * 0

( b - 1 ) X ( 3 8 7 2 )

Im
(z)

R e ( z )

- 1 0 - 5 0 5 1 0
- 4

- 2

0 ( b - 2 )

D + D * -

D 0 D * 0

 V i r t u a l  s t a t e  i n  ( - , + )
 B o u n d  s t a t e  i n  ( + , + )
 R e s o n a n c e  i n  ( - , - )

Im
(E)

  (G
eV

)

R e ( E )   ( G e V )

FIG. 2. The pole evolutions of the two-channelDD̄∗ → DD̄∗

scattering (isospin violation) in the coupled-channel dynam-
ics. Left and right figures are related to the uniformization
z-plane and the corresponding energy E-plane. It is worth
emphasizing that the solid and hollow blue (purple) points
refer to the same pole.

sheet. In Fig. 2(a-2), we show the corresponding pole
trajectories in the complex energy plane. It can be seen
that the dressed χ′

c1 resonance is always higher than the
[D+D̄∗−] threshold. Its shadow pole in the (−,+) sheet
first moves into the energy region below the [D0D̄∗0]
threshold and then returns and crosses the unitary cut
of [D0D̄∗0] into the (+,+) sheet and becomes a bound
state X(3872). This trajectory is still maintained when
employing a stronger coupling mode such as α = 1.4
GeV. However, when adopting a weaker coupling mode
(α = 0.8 GeV), as presented in Fig. 2(b-1) and (b-2), the
shadow pole of χ′

c1 in the (−,+) sheet will not be pulled
to the imaginary axis of the z-plane and the X(3872)
originates from a DD̄∗ virtual state pole in the (−,+)
sheet.

A novel approach to reveal the nature of X(3872) —
Recently, the LHCb and BESIII Collaborations extracted
the pole position of X(3872) by analyzing the line shape,
whose imaginary parts are −(130+320

−180)i keV [64] and

−(190+206
−161)i keV [65], respectively. Both of the center

absolute values are obviously larger than −(24± 1)i keV
[15, 16] of T+

cc . The pole width of T+
cc has been repro-

duced well in theoretical calculations, attributed mainly
to its three-body DDπ decay [26–29, 31]. However, the
DD̄π half decay width of X(3872) from the three-body
cut of the OPE potential is estimated to be only 15 ∼ 34
keV in Refs. [28, 29], and the reason for the large pole
width of X(3872) remains unclear in the current theoret-
ical studies.

Here, we perceive that the coupled-channel dynamics

plays a key role in the large pole width of X(3872). This
idea is supported by the fact that the experimental to-
tal width of the ground state charmonium χc1(1P ) with-
out open-charm decay channels, can reach 0.88 ± 0.05
MeV [60]. Hence, it is reasonable to expect that the non-
open-charm decay widths of the bare χ′

c1 state are of a
similar order of magnitude. We employ a quark-model-
independent scheme to estimate the decay behaviors of
the bare χ′

c1 state. The relevant details can be found in
the SM [59]. The coupling amplitude V0j(q) and Vi0(q

′)
in Eq. (6) can also be obtained in the quark pair cre-
ation (QPC) model without extra parameter dependence.
Now, the s-channel effective potential should be modified
as

Vij(q,q
′) =

Vi0(q
′)V0j(q)

E −M0 + iϵ
→ Vi0(q

′)V0j(q)e
−λ2(q2+q′2)

E −M0 + i 12 (Γa + Γb)
,

(12)

where Γa = 3488 keV and Γb = 220 keV correspond to
the light hadron decays and radiative decays of the bare
χ′
c1, respectively. According to suggestions from Refs.

[66–68], an extra cutoff parameter λ is required to adjust
the large momentum suppression in Vi0 from the input
of the QPC amplitude. Additionally, we also simultane-
ously take into account the three-body DD̄π threshold
effect from the OPE interaction [28] and the dynamical
width of D̄∗ from its strong decay D̄π and electromag-
netic decay D̄γ. The complete scattering amplitudes of
DD̄∗ → DD̄∗ involving these three potential mechanisms
contributing to the pole width are presented in Fig. 3.
The inclusion of these decay dynamics makes the sys-

tem Hamiltonian no longer Hermitian. In this situation,
a more convenient approach to extract the pole positions
with the full scattering amplitudes in Fig. 3 is the com-
plex scaling method (CSM) [69–71]. In our previous stud-
ies on T+

cc with ChEFT [28], the pole width is not sen-
sitive to the cutoff Λ within a large range Λ = 0.4 − 1.0
GeV, and then the Λ cutoff dependence can be safely
cancelled by renormalizing the contact interaction. Thus,
the Λ is fixed to 0.5 GeV and the undetermined param-
eters are λ, Ct and C ′

t. The last two can be related to
two new contact constants V I=0

ct and V I=1
ct (see SM for

their definitions [59]). First, we ignore the isospin vio-
lation of the contact interaction, i.e., V I=1

ct = 0. The
solved observable poles and their corresponding compo-
nent possibilities are listed in Table I. For different cut-
off values λ, we adjust V I=0

ct in a one-to-one manner to
match the small binding energy of X(3872). When only
the width Γa +Γb from the bare state is involved, whose
contribution can be transferred into other poles via the
coupled-channel mechanism, the pole width of X(3872)
can be significantly enlarged to the order of O(10−1)
MeV, which highlights the crucial role of coupled-channel
dynamics.
As a notable prediction, a higher resonance pole is

found around 4 GeV as shown in Table I, which cor-

原图 Fig. 2：简化模型的极点轨迹，Bare 质量 3.96
GeV。标记区分来源与 Riemann sheet；并非实验
Argand 图。

完整框架包含
Bare cc̄、中性/带电 DD̄∗、同位旋破缺、DD̄π 三体
效应及 D∗ 宽度。

X(3872) 的两种来源
弱耦合模式：DD̄∗ 极点。
强耦合模式：与 cc̄ 相关的 shadow pole。
加入较高 1++ 态的信息
若把预测的高态指认为 4010，作者的质量–宽度约束
倾向弱耦合模式。

这是给定模型与指认下的推断。极点来源与组分比例是不同概
念，不能把这一推断当作实验测得的“分子概率”。

J.-Z. Wang et al., PRD 111 (2025) L111502, arXiv:2404.16575v2, Fig. 2、完整耦合道计算及 Appendix B. A2

https://doi.org/10.1103/929g-cv15
https://arxiv.org/abs/2404.16575v2


Backup：格点中的两个 1++ 结构
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FIG. 5. Phase shifts at E2, E3, E4 and the K-matrix
parameterization. The layout is similar to that of Fig. 3. The
green bands illustrate the K-matrix expression of p cot δ0(p)
K-matrix in Eq. 9.

of K−1(s). Thus we tentatively solve the equation given
by Eqs. (9) and (10) to determine these parameters
using the values of p cot δ0(p) at E2,3,4. The obtained
parameters M, g, γ at the four values of mπ are listed
in Table II, where the errors are obtained through the
jackknife analysis.

The green bands in Fig. 5 illustrate the function form
in Eq. (9) with the determined parameters. It is seen that
the green bands intersect with the lower branch of the
parabola (green dashed line) and indicate the possible
existence of a bound state for each mπ. By solving
the pole equation p cot δ0(p) = ip in the physical sheet,
we obtain positive imaginary values of pB and therefore
negative binding energies EB < 0 for the bound states
at the four mπ, which are also listed in Table II. The
values of EB are compatible with the results from the
E2,3 through ERE. The tiny slopes of the green bands
near the threshold also indicate small positive effective
ranges r0 (if ERE is applicable in this region), which
also imply the compositeness X ≈ 1 of the bound states.
Let s0 = (mD + mD∗ + EB)

2 be the bound state pole
position in s-plane, then close to the pole, the scattering
amplitude t has the asymptotic behavior

t0(s ≈ s0) =
c20

s0 − s
, (11)

with the pole residual c20 giving the coupling of the bound
state to DD̄∗. With the parameterization of K(s) in
Eq. (10) and performing a contour integral around s0,
we obtain positive values of c20, which give the couplings

c0(mπ ≈ 250 MeV) = 7.9(3) GeV

c0(mπ ≈ 307 MeV) = 7.6(3) GeV

c0(mπ ≈ 362 MeV) = 4.8(5) GeV

c0(mπ ≈ 417 MeV) = 4.9(5) GeV. (12)

By assuming a pure bound state for X(3872) (the
compositeness X ≈ 1), an effective field theory study
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FIG. 6. Pole positions in the complex p-plane (left) and
√
s-

plane (right). Only physical poles are shown. The bound state
poles reside on the positive imaginary axis of the p-plane (left)
and the negative real axis of

√
s-plane (right). The points in

the lower half of the p-plane (left) and the sight-bottom
√
s-

plane illustrate the resonance poles.

comes out with the effective coupling [68]

c20 ≈ 16π

µ

√
2|EB |
µ

(
mDmD∗

√
s0
)
, (13)

with µ = (mD + mD∗)/(mDmD∗) being the re-
duced mass of the DD̄∗ system, which gives c0 ≈
(10.6+0.3

−0.3, 10.4
+0.5
−0.6, 6.7

+0.6
−0.8, 6.7

+0.6
−0.8) GeV at the four pion

masses mπ = (250, 307, 362, 417) MeV. These values
are qualitatively compatible with those in Eq. (12) from
the pole residuals. In addition, these bound state poles
also pass the sanity check that the S-matrix satisfies

the asymptotic behavior S(p ≈ pB) ≈ −ig2B
p−pB with g2B =

c20µ/
√
s0 > 0 [69].

With the parameters M, g, γ, we check if there
exist resonance poles by solving the pole equation
p(s) cot δ0(p(s)) − ip(s) = 0 in the unphysical Riemann
sheet with Imp(s) < 0. A pair of conjugate resonance
poles

√
s0 = mR ± iΓR

2 are obtained for each mπ,

(mR,ΓR)(mπ ≈ 250 MeV) = (4008(4), 60(6)) MeV

(mR,ΓR)(mπ ≈ 306 MeV) = (4029(4), 38(9)) MeV

(mR,ΓR)(mπ ≈ 362 MeV) = (4050(3), 43(8)) MeV

(mR,ΓR)(mπ ≈ 417 MeV) = (4071(3), 50(7)) MeV,

(14)

whose positions in the complex p-plane and
√
s-plane are

illustrated in Fig. 6. We also use Eq. (11) to extract
the resonance coupling c0 at the pole s ≈ s0 and obtain
complex values of c20 at different mπ. Their modulus
|c0|2, |c0| and the corresponding dimensionless coupling
ĝ = |c0|/mR are collected in Table III. With the coupling
|c0|2 of the resonance R to DD̄∗, the partial decay width
ΓDD̄∗ is predicted using

ΓDD̄∗ = |c0|2
ρ(m2

R)

mR
, (15)

which are also listed in Table III. It is seen that, for all
the four mπ, we have ΓDD̄∗ ≈ ΓR, which implies that
the decay branching fraction ΓDD̄∗/ΓR is almost 100%,
as is expected since DD̄∗ is the only open-charm decay
channel permitted by the kinematics and symmetries.

原图 Fig. 6。右图纵轴为 2 Im
√
s = −ΓR。最轻组按正文表格记为

mπ ≃ 250 MeV；原图图例标 247。

Nf = 2 格点，I = 0, JPC = 1++。
通过能级提取散射振幅，联合拟合得到阈值下束缚极点
与较高共振。

mπ MR ΓR

250 4008(4) 60(6)

307 4029(4) 38(9)

362 4050(3) 43(8)

417 4071(3) 50(7)

单位均为 MeV；误差为该格点分析的统计误
差。

物理 pion 质量尚未外推。
4008(4) 不能直接当作对实测 4012.5
的精密预言。

有限能级与振幅参数化仍有限制；较轻 pion 组近阈值提取还受单 pion 交换左手割线问题影响。

H. Li et al., arXiv:2402.14541v2（预印本）, Fig. 6、Table III、Eq. (14)；下表取 E2,3,4 联合 K-matrix 结果。 A3

https://arxiv.org/abs/2402.14541v2


Backup：常规 2P 赋值与辐射衰变

修改的相对论势模型 + 3P0 强衰变模型，尝试 χc1(4010) = χc1(2P )。

模型结果 如何与实验比较

质量 3948 MeV 比实测 4012.5 MeV 低约 65 MeV。
强衰变总宽度 48 MeV 初态用候选物理质量计算相空间；实测宽 62.7 MeV。

Initial state Final state Γi(Our Result) Γi(LP/SP)[65] Γi(NR/GI)[66] Γi(SNR0/1)[58] Γexp

χc0(1P ) γJ/ψ(1S) 145 151±18

χc0(2P ) γJ/ψ(1S) 43/56 4.0/1.5 56/1.3 74/9.3
γψ(2S) 80/197 108/89 64/135 61/44
γψ1(1D) 15/71 21/12 13/51 ...

χc0(3P ) γJ/ψ(1S) 51 0.14/0.08 27/1.5 ...
γψ(2S) 27 13/6.9 32/0.045 ...
γψ(3S) 125 214/56 109/145 ...
γψ1(1D) 40 0.31/0.44 0.037/9.7 ...
γψ1(2D) 1×10−1 ... ... ...

χc0(4P ) γJ/ψ(1S) 46
γψ(2S) 23
γψ(3S) 29
γψ(4S) 9
γψ1(1D) 10
γψ1(2D) 23
γψ1(3D) 4×10−1

χc0(5P ) γJ/ψ(1S) 39
γψ(2S) 19
γψ(3S) 17
γψ(4S) 11
γψ(5S) 9
γψ1(1D) 4
γψ1(2D) 7
γψ1(3D) 20

χc1(1P ) γJ/ψ(1S) 339 288±24

χc1(2P ) γJ/ψ(1S) 54 64/68 71/14 83/45
γψ(2S) 416 129/145 183/183 103/60
γψ1(1D) 51 8.6/10.8 22/21 ...
γψ2(1D) 75 2.8/3.4 35/18 ...

χc1(3P ) γJ/ψ(1S) 15 36/33 31/2.2 ...
γψ(2S) 21 78/63 45/8.9 ...
γψ(3S) 107 305/111 303/181 ...
γψ1(1D) 2×10−2 4.4/2.7 0.0014/0.39 ...
γψ1(2D) 7 8.6/0 19/15 ...
γψ2(1D) 4 0.13/0.09 0.0035/4.6 ...
γψ2(2D) 33 22/11 58/35 ...

χc1(4P ) γJ/ψ(1S) 10
γψ(2S) 14
γψ(3S) 31
γψ(4S) 602
γψ1(1D) 9×10−4

γψ1(2D) 9×10−4

γψ1(3D) 154
γψ2(1D) 2
γψ2(2D) 12
γψ2(3D) 405

χc1(5P ) γJ/ψ(1S) 5
γψ(2S) 6
γψ(3S) 8
γψ(4S) 9
γψ(5S) 361
γψ1(1D) 5×10−3

γψ1(2D) 3×10−2

γψ1(3D) 1×10−2

γψ1(4D) 30
γψ2(1D) 1
γψ2(2D) 2
γψ2(3D) 7
γψ2(4D) 55

TABLE V. The E1 radiative transitions of 3P0 and 3P1 charmonium states. The unit is keV.
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TABLE V. The E1 radiative transitions of 3P0 and 3P1 charmonium states. The unit is keV.
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原 Table V 节选，单位 keV，保留原表各模型列。Our Result：ΓγJ/ψ = 54，Γγψ(2S) = 416。

测量 γψ(2S) 与 γJ/ψ，可以检验这一具体的 2P 赋值。

Gao et al., arXiv:2504.14575v1（预印本）, Tables I、V及 Secs. III–IV；实验：LHCb, PRL 133 (2024) 131902, arXiv:2406.03156v3,
Table III. A4

https://arxiv.org/abs/2504.14575v1
https://doi.org/10.1103/PhysRevLett.133.131902
https://arxiv.org/abs/2406.03156v3


Backup：4010 与 2++ 自旋伙伴的区别

对象 量子数 与 X(3872) 的关系

χc1(4010) 1++ 上述耦合道模型中，可对应同一 DD̄∗–cc̄ 体系的较高结构。

分子 X2 ∼ 4014 2++ HQSS 联系 DD̄∗ 与 D∗D̄∗ 的相互作用。

V LO
1++, DD̄∗ = V LO

2++, D∗D̄∗ = C0a + C0b (I = 0).

此等式是最低阶接触 EFT 的 HQSS 关系，不保证精确质量简并。

Belle 在 γγ → γψ(2S) 中的约 4014 MeV 结构仅 2.8σ 全局显著性，自旋未定；它尚不能被当作已
确立的 X2。

同通道：Deng et al., PRD 110 (2024) 056034; J.-Z. Wang et al., PRD 111 (2025) L111502.
Shi et al., PRD 111 (2025) 074043. HQSS：Nieves and Pavón Valderrama, PRD 86 (2012) 056004.
Belle, PRD 105 (2022) 112011. 完整 arXiv 版本见参考文献。 A5

https://doi.org/10.1103/PhysRevD.110.056034
https://doi.org/10.1103/929g-cv15
https://doi.org/10.1103/PhysRevD.111.074043
https://doi.org/10.1103/PhysRevD.86.056004
https://doi.org/10.1103/PhysRevD.105.112011


Backup：Shi 等对格点能级的含 cc̄ 再分析
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FIG. 10. Infinite volume predictions for the 𝑋 (3872) mass (𝑀𝑋 (3872) ) and molecular probability (𝑃𝑋 (3872) ) as a function of the LEC 𝑑′ for the
(𝑏 = 0) fit (top left and bottom left panels respectively). In the right panels, the mass𝑀𝑅 and width Γ𝑅 of the dressed charmonium state are
also shown. The bands reflect the uncertainties propagated from the LECs (see Fig. 8 for details). The results correspond to the bound state
(𝑀𝑋 (3872) ) and resonance (𝑀𝑅 ,Γ𝑅/2) pole positions obtained from the 𝑇-matrix in Eq. (1) with the use of physical meson masses.
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FIG. 11. Same as Fig. 10 but in the 𝑏 ≠ 0 scenario. In this case, the derived quantities correspond to the LECs shown in Fig. 9.
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respectively.

原图 Fig. 10：b = 0，扫描混合参数 d′，两种截断 Λ = 0.5, 1 GeV。左为 X 质量与模型组分，右为较高共振的质量与全宽 ΓR。

以 mπ ≃ 266 MeV 的既有 DD̄∗ 格点能级约束 EFT；加入 Bare P 波 cc̄，外推后可同时出现近阈
值态与较高 1++ 共振。

图中采用物理的同位旋平均 D/D∗ 质量，并对 Bare 质量移位 640(20) MeV；不是原始格点能级。1++ 数据约束
不足，参数扫描与外推影响极点指认；与 Li 的独立格点计算是不同工作。

Shi et al., PRD 111 (2025) 074043, arXiv:2410.19563v2, Sec. IV、Fig. 10. A6

https://doi.org/10.1103/PhysRevD.111.074043
https://arxiv.org/abs/2410.19563v2


Backup：各态与 X(3872) 的伙伴关系

对象 关系 含义与适用条件

X2 ∼ 4014，2++ 重夸克自旋 HQSS 分子框架中联系 DD̄∗ 与 D∗D̄∗；需要控制 HQSS
破缺。

χc1(4010)，1++ 同通道的两个极点 Bare cc̄ 与介子道耦合的动力学图景；不由对称性直
接推出。

X(4140)，1++ 轻味 SU(3)f 特定四夸克模型的 nonet 归属；需考虑味混合与对
称性破缺。

约 4480 区间 径向谱系：X ′、2S 依赖具体激发机制；没有普适的径向对称性保证其
质量与存在。

W 0,±
c1 同位旋方向的伙伴 I = 0 与 I = 1 相互作用独立；SU(2)I 只联系同一

多重态内成员。
Xb，1++ 重夸克味 HQFS 分子框架中 c→ b，DD̄∗ → BB̄∗；结合能可不同。

HQSS：Nieves and Pavón Valderrama, PRD 86 (2012) 056004；同位旋：Zhang et al., JHEP 08 (2024) 130.
重味：Guo et al., PRD 88 (2013) 054007；同通道：Shi et al., PRD 111 (2025) 074043.
其他模型：Maiani et al., Sci. Bull. 66 (2021) 1616–1619; Barnes et al., PRD 91 (2015) 014004.
Giron et al., JHEP 05 (2019) 061. 完整 arXiv 版本见参考文献。 A7
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Backup：Wc1：X(3872) 的同位旋伙伴
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FIG. 3. Best fit in Scheme-I0 to the BESIII and LHCb data. (a) BESIII data on e+e− → γD0D̄0π0 [20]; (b) BESIII data
on e+e− → γJ/ψπ+π− [20]; (c) LHCb data on B+ → K+(J/ψπ+π−), with the J/ψπ+π− distribution from Ref. [16]; (d)
the π+π− distribution from Ref. [38]. The red solid curves show the best-fit results, while the orange bands indicate the fit
uncertainty. The green dashed and gray dash-dotted curves represent the X(3872) contribution, described by a Flatté formula
as detailed in the Supplementary Material, and the non-X(3872) contribution, respectively. The line shapes in Scheme-I1 are
almost indistinguishable from those in Scheme-I0.
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relative to the nominal D+D∗− threshold at
3879.92 MeV, where the decomposition of errors is
the same as in Eq. (3). It corresponds to the isovector
W 0
c1 state predicted recently [25]. In contrast to the

X(3872) pole, this one is not directly connected to the
physical region. It manifests itself as a cusp at the
D+D∗− threshold [25]. Both poles are presented in
Fig. 4.
Note that, as a result of the apparent isospin viola-

tion the two neutral states get coupled and due to this
coupling the two levels repel each other, leading to an in-
creased attraction leading to the lower state, the X, and
a reduced attraction leading to the higher state, theW 0

c1,
which turns into a pole above threshold on RS+−. For
an extensive discussion about the impact of channel cou-
pling on pole moving of a two-channel system, we refer
to Ref. [29].
To quantify the impact ofW 0

c1, we remove the X(3872)
contributions, represented by the green dashed curves
from the D0D̄0π0 and J/ψπ+π− distributions, from the

0 4 8 12
Re[E] [MeV]

0

2

4

6

Im
[E

]
[M

eV
]

RS+−
0.4 0.2 0.0 0.2

Re[E] [MeV]

0.6

0.4

0.2

0.0

Im
[E

]
[M

eV
]

RS+ +

X : 2σ sta.
X : 1σ sta.
X : This work

X : BESIII [20]

W 0
c1 : 2σ sta.

W 0
c1 : 1σ sta.

W 0
c1 : Best fit

D +D ∗−  cut
D 0D̄∗0 cut
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c1, relative to the

D0D̄∗0 threshold, from our analysis in Scheme-I0 with 1σ and
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tions of X(3872) and W 0

c1, including the D+D∗− and D0D̄∗0

cuts. (b) Zoom-in view of the X(3872) pole region. The
X(3872) pole position with total uncertainties determined in
this work is compared with that from the BESIII analysis [20].
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原 Fig. 3(b)，Scheme-I0：BESIII 数据与 Ji 等的联合拟合。红：总
拟合；绿：匹配的 X(3872) 项；灰：non-X(3872) 余项。

同位旋伙伴多重态
同位旋极限下 I = 1，记作 W 0,±

c1 ；中性
成员为 1++。
I = 0、I = 1 的接触耦合独立，单靠同位旋
不能推出 Wc1。

EFT 预言与联合线形分析
BESIII、LHCb 数据的重分析给出近阈值虚
态极点。
可表现为阈值尖点或凹陷，仍需不同产生过
程检验。

灰线含非 X(3872) 的其余振幅效应，不能标为纯 Wc1 产额。文中 2.7σ 针对 X(3872) 的准束缚解释。

图与联合拟合：Ji et al., Sci. Bull. 71 (2026) 4416–4421, arXiv:2502.04458v4, Fig. 3(b).
理论：Zhang et al., JHEP 08 (2024) 130, arXiv:2404.11215v2；数据：BESIII, PRL 132 (2024) 151903. A8
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