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We analyze the B0 → K0
SΛþ

c Λ̄ −
c decay recently observed by the LHCb Collaboration. The Λþ

c Λ̄ −
c

invariant-mass spectrum exhibits an accumulation near 4.63 GeV, which we investigate together with the
accompanying Λþ

c K0
S spectrum constrained by the known Ξcð2923Þ and Ξcð2939Þ states. Our amplitude

model includes a nonresonant term, the two established Ξc contributions, and high-lying charmonium
states in the Λþ

c Λ̄ −
c channel. Guided by screened Godfrey-Isgur and quark-pair-creation calculations, we

test the 4.63 GeVenhancement with a fixed ηcð6SÞ amplitude at ðM1;Γ1Þ ¼ ð4629.00; 24.20Þ MeV, which
improves the description of the 4.63 GeV region, and examine a fixed ηcð7SÞ contribution at
ðM2;Γ2Þ ¼ ð4718.84; 22.84Þ MeV, which improves the higher-mass region of the spectrum. We also
evaluate the ηcðnSÞ → Λþ

c Λ̄ −
c baryonic decays via a hadron-loop mechanism and estimate the B0 →

K0
SηcðnSÞ production in naive factorization. Within the narrow width approximation, the fit yields a

BðB0 → K0
Sηcð6SÞÞ × Bðηcð6SÞ → Λþ

c Λ̄ −
c Þ of about 6.2 × 10−6, while the factorization and hadron-loop

calculations give rates roughly one to three orders of magnitude lower than the above fitted ratio. These
results highlight the need for more precise data and a full amplitude analysis to determine the line shapes
and clarify the nature of the higher-mass contribution.

DOI: 10.1103/5lcd-6ml6

I. INTRODUCTION

Recently, the LHCb Collaboration reported the first
observation of the decay B0 → Λþ

c Λ̄ −
c K0

S using pp colli-
sion data at

ffiffiffi
s

p ¼ 13 TeV, corresponding to an integrated
luminosity of 5.4 fb−1 [1]. The branching fraction is
measured to be BðB0 → Λþ

c Λ̄ −
c K0

SÞ ≈ 2.6 × 10−4. More
importantly, LHCb found evidence for two Ξþ

c states,
Ξcð2923Þþ and Ξcð2939Þþ, in the Λþ

c K0
S invariant

mass spectrum. Prior to this observation, the decays

B̄0 → K̄0Λþ
c Λ̄ −

c and B− → Λþ
c Λ̄ −

c K− were investigated
by the Belle [2] and LHCb [3] collaborations, respectively.
Upon careful inspection of the Λþ

c Λ̄ −
c invariant mass

spectrum of B0 → Λþ
c Λ̄ −

c K0
S recently reported by LHCb,

one may notice an accumulation of events around 4.63 GeV.
The corresponding spectra measured in B̄0 → K̄0Λþ

c Λ̄ −
c [2]

and B− → Λþ
c Λ̄ −

c K− [3] also show event accumulations
around 4.63 GeV, although neither analysis established a
statistically significant Λþ

c Λ̄ −
c structure in this region. This

observation naturally motivates our interest in investigating
the nature of this enhancement.
In fact, a charmoniumlike structure, Yð4630Þ, was

previously reported in eþe− → Λþ
c Λ̄ −

c by Belle [4]. As
discussed in Ref. [5], Yð4630Þ can be interpreted as a good
candidate for a high-lying charmonium state within an
S‐D mixing scheme of vector charmonium. This naturally
suggests that studies of the Λþ

c Λ̄ −
c invariant mass spectrum

can provide valuable insights for constructing the charmo-
nium family. Recently, the unquenched effects, which
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incorporate coupled-channel contributions such as hadronic
loops, have been shown to be essential for a unified
description of the charmonium spectrum and the exotic
states above open-charm thresholds [6]. The enhancements
observed in B decays and eþe− annihilation may have
different origins because the two production processes allow
different JPC quantum numbers [7].
Returning to the newly observed B0 → Λþ

c Λ̄ −
c K0

S decay,
we carry out a combined analysis of the measured Λþ

c Λ̄ −
c

and Λþ
c K0

S invariant mass spectra. In addition to the known
Ξcð2923Þþ and Ξcð2939Þþ contributions to the Λþ

c K0
S

invariant mass as observed by LHCb [1], we test ηcð6SÞ
and ηcð7SÞ amplitudes in the Λþ

c Λ̄ −
c invariant mass

spectrum using fixed representative masses and widths
selected from the ranges obtained in our screened-GI and
quark-pair-creation (QPC) calculations. These calculations
follow the spectroscopic framework of Refs. [5,8]. Here,
ηcð6SÞ and ηcð7SÞ are suitable as intermediate states of
B0 → Λþ

c Λ̄ −
c K0

S, since their production and baryonic decay
proceed in an S wave. The ηcð6SÞ term gives the main
improvement near 4.63 GeV, and the ηcð7SÞ term probes
the higher-mass region. Future LHCb and Belle II data can
resolve the corresponding line shapes.
In this work, we further calculate the open-charm and

Λþ
c Λ̄ −

c decay rates of the two discussed ηc charmonia, and
roughly estimate B0 → K0

Sηcð6S; 7SÞ production in naive
factorization. Together with the fitted fraction, these calcu-
lations provide a first comparison of the full ηcð6SÞ
production and decay chain. These results provide a
phenomenological reference for future searches for high-
lying ηc states in baryonic B-meson decays.
The remainder of this paper is organized as follows. In

Sec. II, we construct the coherent amplitude model, perform
the baseline fit, test the fixed ηcð6SÞ and ηcð7SÞ amplitudes,
and compare them with the charmonium spectrum. In
Sec. III, we calculate the baryonic decays of the ηcð6SÞ
and ηcð7SÞ states considered here, estimate their weak
production in naive factorization, and compare these esti-
mates with the fitted fraction. Section IV contains a
summary and outlook.

II. LINE-SHAPE ANALYSIS OF THE
Λ +
c Λ̄ −

c AND Λ+
c K0

S INVARIANT MASS
SPECTRA OF B0 → Λ +

c Λ̄ −
cK0

S

The Λþ
c Λ̄ −

c invariant-mass spectrum measured in B0 →
Λþ
c Λ̄ −

c K0
S shows an accumulation of events near 4.63 GeV.

This region is well above the Λþ
c Λ̄ −

c threshold and may
receive contributions from highly excited hidden-charm
states. We study the enhancement together with the
accompanying Λþ

c K0
S spectrum, where the Ξcð2923Þ and

Ξcð2939Þ signals constrain the three-body amplitude.
Starting from a nonresonant term and the two known Ξc
states, we construct the coherent amplitude model and

perform a baseline fit to the two spectra. Guided by the
quantum numbers of the fitted enhancement, we then turn
to the ηcð6SÞ and ηcð7SÞ charmonium states and their
predicted widths. Finally, we use these spectroscopically
constrained masses and widths as the resonant terms in the
amplitude and fit the data, finding that they accommodate
the observed structures.

A. Amplitude model and baseline fit

For bin i of projection α, the expected signal contribution
is obtained by integrating the intensity I ¼ jMj2 over the
other independent invariant mass,

Si;αðθÞ ¼
Z

shighα;i

slowα;i

dsα

Z
smax
β ðsαÞ

smin
β ðsαÞ

dsβεðsα; sβÞIðsα; sβ; θÞ: ð1Þ

Here, i labels an experimental mass bin, and α; β∈
f12; 13; 23g with α ≠ β label the two independent invari-
ant-mass variables. The outer integration limits are the
squared mass edges of bin i, slow=highα;i ¼ ðmlow=high

α;i Þ2, while
the inner limits follow from three-body kinematics at fixed
sα. The mij is defined with

m12¼mðΛþ
c Λ̄−

c Þ; m13¼mðΛþ
c K0

SÞ; m23¼mðΛ̄−
c K0

SÞ:
ð2Þ

The integration covers the physical three-body region. For
the ΛcK0

S spectrum, the two combinations are included as
Si;13 þ Si;23, whereas the Λþ

c Λ̄ −
c spectrum is given by Si;12.

The published spectra contain no efficiency map, and we
therefore take εðs12; s13Þ ¼ 1.
All resonant terms are represented by the relativistic

Breit-Wigner function adopted in Refs. [1,9],

RBWRðsÞ ¼
MRΓR

M2
R − s − iMRΓRðsÞ

: ð3Þ

The running width is

ΓRðsÞ ¼ ΓR

�
qðsÞ
qR

�
2Lþ1

�
MRffiffiffi
s

p
��

BLðqðsÞÞ
BLðqRÞ

�
2

: ð4Þ

Here, qðsÞ denotes the relative momentum of the two decay
products in the resonance rest frame, and qR ≡ qðM2

RÞ
denotes the corresponding value at the resonance pole. The
quantity BL is the Blatt-Weisskopf factor. We use L ¼ 2 for
the two established Ξc contributions. For the ηcðnSÞ terms
we use the lowest-partial-wave form, L ¼ 0, as a phenom-
enological parametrization. Their possible quantum num-
bers are tested later through the spectroscopic comparison.
The signal amplitude contains a nonresonant contribu-

tion and the two established Ξc line shapes. The nonreso-
nant term is represented by a constant amplitude ANR over
the physical region; its mass projections are shaped by
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phase space. The coherent signal form used below is

MΞc
ðs13Þ ¼ ANR þ CΞð1Þ

c
RBWΞð1Þ

c
ðs13Þ

þ CΞð2Þ
c
RBWΞð2Þ

c
ðs13Þ;

Icoh
0 ¼ jMΞc

ðs13Þj2: ð5Þ

The Ξc masses and widths are fixed to the LHCb values [1],
whereas their complex coefficients CΞð1Þ

c
and CΞð2Þ

c
are fitted.

The fixed experimental background is added to the signal
after the phase-space integration. The expected bin contents
are

μi;1ðθÞ ¼ ν1½Bi;1 þ Si;13ðθÞ þ Si;23ðθÞ�;
μi;2ðθÞ ¼ Bi;2 þ Si;12ðθÞ: ð6Þ

Here, label 1 denotes the published mðΛcK0
SÞ spectrum,

which contains both charge-conjugate combinations, and
label 2 denotes the mðΛþ

c Λ̄ −
c Þ spectrum. Bi;k is the back-

ground shape read from the LHCb spectrum and Si;α is
given by Eq. (1). One overall normalization is absorbed into
the amplitude coefficients, while ν1 accounts for the
relative normalization of the two published projections
and is fixed by the total mðΛcK0

SÞ yield. The background
does not interfere with the signal.
For each projection, the fit quality is evaluated using the

published asymmetric uncertainty on the side of the fitted
value,

χ2k ¼
X
i

½ni;k − μi;kðθÞ�2
σ2i;k

; k ¼ 1; 2: ð7Þ

Thus, χ21 and χ
2
2 measure the fit quality of themðΛcK0

SÞ and
mðΛþ

c Λ̄ −
c Þ spectra, respectively. Here, σi;k is chosen from

the upper or lower quoted uncertainty according to whether
the fitted value lies above or below the central bin content.
In our work, the quoted χ2k values are not divided by the

number of degrees of freedom. The experimental error bars
are large compared with the differences between the fitted
curves and the data, so even the baseline gives small
χ2k=Ndof values. Though adding the charmonium ampli-
tudes improves the line-shape description, it also reduces
χ2k=Ndof values. When the χ2k=Ndof is already below 1, a
further decrease does not by itself indicate a worse fit. We
therefore use the decrease in χ2k to describe the improve-
ment in each spectrum.
The coherent baseline in the two projections is shown in

Fig. 1. Its fitted amplitude parameters are ANR ¼ 12.20 and
ðCΞð1Þ

c
; CΞð2Þ

c
Þ ¼ ð2.03 − 10.97i;−1.67 − 12.75iÞ. We

obtain ðχ21; χ22Þ ¼ ð25.35; 24.90Þ for the coherent baseline.
The pull in each bin is defined as pi ¼ ðni − μiÞ=σi, with

σi chosen from the upper or lower quoted uncertainty on the
side of the fitted value, as in Eq. (7). In the pull panels of

Fig. 1, the gray band marks the�1σ range: for a model that
describes the data well, the pulls are expected to scatter
within this band, whereas persistent excursions beyond it
indicate localized deviations from the baseline description.
In panel (b), the shaded vertical intervals highlight the
4.63 GeVand 4.7 GeV regions: near 4.63 GeV several bins
of the m12 spectrum lie above the baseline by almost 2σ,
while near 4.7 GeV a single bin dips below the baseline by
more than 2σ. These deviations are precisely the regions in
which additional Λþ

c Λ̄ −
c -channel amplitudes will be intro-

duced below.
In the charmonium family, the pseudoscalar ηc state

provides the lowest partial-wave configuration for this
process. Both B → Kηc and ηc → Λþ

c Λ̄ −
c can proceed in

(a)

(b)

FIG. 1. Coherent baseline description of the two invariant-mass
projections: (a) the mðΛþ

c K0
SÞ spectrum and (b) the mðΛþ

c Λ̄ −
c Þ

spectrum. The red curves show the complete model, while the
blue, orange, yellow, and gray curves denote the nonresonant,

Ξð1Þ
c , Ξð2Þ

c , and fixed LHCb background contributions, respec-
tively. The lower panels show the pulls, pi ¼ ðni − μiÞ=σi,
evaluated using the corresponding side of the asymmetric
uncertainty as defined in Eq. (7); the gray band marks �1σ
and the shaded intervals in panel (b) indicate the 4.63 GeV and
4.7 GeV regions of interest.
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an S wave, whereas B → Kψ requires a P wave.1 Higher-
spin states involve even higher partial waves in their
production. We therefore examine whether the masses
and widths of excited ηc states can account for the two
fitted enhancement regions.

B.Masses of ηcð6SÞ and ηcð7SÞ in the modified GI model

We calculate the charmonium spectrum in the modified
Godfrey-Isgur (MGI) model, in which the linear confining
interaction of the original GI model [10] is replaced by
the screened form adopted in Ref. [5]. Apart from this
replacement and the parameter sets specified below,
the spin-dependent interactions, smearing prescription,
momentum-dependent corrections, and remaining model
parameters are kept the same as in our previous studies of
highly excited charmonia [5,8,11]. We therefore summa-
rize only the ingredients needed for the present calculation.
Experience from our previous spectroscopic studies

indicates that screening effects become increasingly impor-
tant for highly excited charmonia, particularly for levels
with n ≥ 5. To account phenomenologically for string
breaking at large interquark separations, we therefore
follow Refs. [5,8,11] and replace the linear term br by

br ⟶
b
μ
ð1 − e−μrÞ; ð8Þ

The full screened confining potential before smearing can
be written as VconfðrÞ ¼ cþ ðb=μÞð1 − e−μrÞ. Here, b is
the coefficient of the linear confining potential and c is its
additive constant, with units of GeV2 and GeV, respec-
tively. The Eq. (8) approaches b=μ as r → ∞ and thereby
mimics the saturation of the confining interaction due to
string breaking.
The sensitivity to the screening parameter increases with

radial excitation. As shown in Ref. [5], varying μ from 0.11
to 0.15 GeV changes the predicted ψð6SÞ and ψð7SÞmasses
by about 98 and 144 MeV, respectively, while the estab-
lished lower states are less sensitive. In view of the sizeable
model uncertainty in this highly excited region, we do not
base the spectroscopic fit on a single value of μ. We take
μ ¼ 0.12 GeV and ðb; cÞ ¼ ð0.238 GeV2;−0.337 GeVÞ as
the central parameter set and use μ ¼ 0.11 and 0.13 GeV to
define the variation range, while keeping the remaining
model parameters identical to those in Ref. [5].
For the two end point sets, b and c are refitted to the

experimental masses of the established charmonium states,
following the procedure of Ref. [5]. This procedure
gives ðb; cÞ ¼ ð0.230 GeV2;−0.329 GeVÞ, ð0.238 GeV2;
−0.337 GeVÞ, and ð0.246 GeV2;−0.344 GeVÞ for μ ¼
0.11, 0.12, and 0.13 GeV, respectively. These parameter
sets reproduce the experimental masses of the established

charmonium states. The variation over μ ¼ 0.12�
0.01 GeV is propagated through the predicted masses
and initial-state wave functions. The resulting mass and
width ranges are then used to select the representative
inputs for the line-shape fits.
The spectra and strong-decay properties of other high-

lying charmonia relevant to this mass region have been
calculated in our previous studies [5,8,11,12]. Here Table I
lists only the pseudoscalar states used to compare the fitted
regions with the screened spectrum in the present study.
Following the GI numerical prescription [10], we solve

the Hamiltonian eigenvalue problem with the screened
potential by expanding the radial wave function in a finite
harmonic-oscillator basis. The basis is chosen sufficiently
large that the relevant energy eigenvalues are stable under
further enlargement. The resulting spatial wave functions
are then used as input to the QPC decay calculation in
Sec. II C.
The masses of the low-lying states change only mildly

over the three parameter sets, whereas the higher radial
excitations show a larger model systematic variation.
Table I presents the calculated spectrum used to examine
whether the structures near 4.63 and 4.7 GeV may be
associated with ηcð6SÞ and ηcð7SÞ, respectively.
Varying the MGI parameter set gives an ηcð6SÞ mass

range of 4581.4–4630.7 MeV. The event accumulation near
4.63 GeV lies at the upper end of this range and is closest to
the prediction obtained with μ ¼ 0.11 GeV; the central set
with μ ¼ 0.12 GeV instead gives 4606.6 MeV. The corre-
sponding ηcð7SÞ range is 4682.7–4755.1 MeV, and the
central prediction of 4719.6 MeV lies in the region of the
possible higher-mass structure around 4.7 GeV. We next
examine the predicted open-charm widths to compare the
decay properties of the two states with the fitted structures.

C. Open-charm decay widths of ηcð6SÞ and ηcð7SÞ
We study the open-charm decays of ηcð6SÞ and ηcð7SÞ in

the QPC model, also known as the 3P0 model [14–17]. In
this framework, the decay A → Bþ C proceeds through

TABLE I. Masses of ηcðnSÞ states predicted by the screened GI
model, in MeV, for the three parameter sets associated with
μ ¼ 0.11, 0.12, and 0.13 GeV. Experimental masses are taken
from Ref. [13]. Center dots indicate that no experimentally
established mass is available.

ηcðnSÞ μ ¼ 0.11 GeV μ ¼ 0.12 GeV μ ¼ 0.13 GeV Experiment

ηcð1SÞ 2984.3 2983.9 2984.0 2984.1� 0.3
ηcð2SÞ 3626.4 3628.9 3631.5 3637.8� 0.6
ηcð3SÞ 4002.3 4002.2 4001.9 � � �
ηcð4SÞ 4269.4 4263.4 4256.9 � � �
ηcð5SÞ 4472.5 4458.3 4443.3 � � �
ηcð6SÞ 4630.7 4606.6 4581.4 � � �
ηcð7SÞ 4755.1 4719.6 4682.7 � � �1Here, ηc and ψ denote pseudoscalar and vector charmonia,

respectively.
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the creation of a light qq̄ pair with the vacuum quantum
numbers JPC ¼ 0þþ. We use the standard QPC transition
operator to calculate the helicity amplitudes and transform
them into partial-wave amplitudes with the Jacob-Wick
formula [15,18,19], following the same convention as in
our previous studies [5,11]. With the amplitude normali-
zation adopted in the numerical calculation, the partial
width is written as

ΓA→BC ¼ π

4

jPj
M2

A

X
J;L

jMJLðPÞj2; ð9Þ

where P denotes the three-momentum of either final-state
meson in the rest frame of A, and J and L are the total and
orbital angular momenta of the BC system, respectively.
The explicit QPC transition operator and helicity-amplitude
expressions are given in Ref. [19]. Following Ref. [5], we
take the light-quark pair-creation strength to be γu;d ¼ 5.84,
as used in the QPC analysis of highly excited vector
charmonia around 4.6 GeV. The creation of an ss̄ pair is
suppressed by setting γs ¼ γu;d=

ffiffiffi
3

p
.

The masses and spatial wave functions of the final
charmed and charmed-strange mesons are taken from the
model calculations of Refs. [20,21]. For the ground states
we use mD ¼ 1870, mD� ¼ 2007, mDs

¼ 1970, and
mD�

s
¼ 2112 MeV. The masses and wave functions of

the excited Dð�Þ
J and Dð�Þ

sJ states are taken from the same
references.
The dominant Okubo–Zweig–Iizuka-allowed two-body

open-charm decay modes of ηcð6SÞ are collected in
Table II. For the central parameter set, the sum of the

included two-body open-charm widths is
Γopen½ηcð6SÞ� ≈ 27.90 MeV. The largest contributions arise
from DD̄�

0ð2300Þ, DD̄�
2ð2460Þ, and D�D̄�, with partial

widths of 12.60, 5.40, and 4.70 MeV, respectively. For
each ðμ; b; cÞ parameter set, the corresponding MGI mass
and radial wave function of the initial ηc state are used in the
QPC calculation. Changing the parameter set therefore
modifies not only the available phase space through the
initial-state mass, but also the decay amplitude through the
wave-function overlap.
Repeating the full calculation gives Γopen ¼ 33.80 MeV

for the μ ¼ 0.11 GeV set and Γopen ¼ 24.20 MeV for the
μ ¼ 0.13 GeV set. Together with the central result at
μ ¼ 0.12 GeV, these values give a model-induced uncer-
tainty of 24.20–33.80 MeV. Despite the number of kine-
matically allowed open-charm channels, the summed width
remains at the level of several tens of MeV, which can be
attributed in part to nodal cancellations in the wave-
function overlaps. For ηcð6SÞ, channels with widths below
1 MeV are not listed individually, except for DD̄�, whose
strongly suppressed width of about 1.10 keV is retained for
illustration.
For ηcð7SÞ, the dominant central partial widths are

associated with DD̄�
0ð2300Þ, D�D̄1ð2420Þ, D�D̄1ð2430Þ,

and DD̄�
2ð2460Þ, for which the predicted widths are 9.87,

5.98, 4.20, and 3.55 MeV, respectively. The summed open-
charm width is 32.31 MeV for the central parameter set and
spans 22.84–41.98 MeV over the three sets, which we use
as its model-induced uncertainty. The DD̄� mode remains
below 1 MeV throughout this variation, with widths of
0.557, 0.081, and 0.070 MeV for the μ ¼ 0.11, 0.12, and
0.13 GeV sets, respectively.

TABLE II. Dominant open-charm decay modes of ηcð6SÞ and ηcð7SÞ. The central widths are calculated with
γ ¼ 5.84 and the initial-state MGI wave functions for the μ ¼ 0.12 GeV parameter set. The superscript (subscript)
gives the signed shift obtained with the μ ¼ 0.11 (0.13) parameter set and represents the screening-induced model
systematic variation. Unlisted subleading modes are grouped under “Other channels,” whereas DD̄� is shown
separately to illustrate its node sensitivity. The fractions are evaluated relative to the central summed open-charm
width.

ηcð6SÞ ηcð7SÞ
Decay channel Γ [MeV] Fraction Decay channel Γ [MeV] Fraction

DD̄�
0ð2300Þ 12.60þ0.50

−0.90 45% DD̄�
0ð2300Þ 9.87þ0.07

−0.58 31%
DD̄�

2ð2460Þ 5.40þ0.40
−1.20 19% D�D̄1ð2420Þ 5.98þ3.82

−3.41 19%
D�D̄� 4.70−1.10þ1.00 17% D�D̄1ð2430Þ 4.20þ1.93

−2.41 13%
D�D̄1ð2420Þ 1.60þ2.00

−1.10 6% DD̄�
2ð2460Þ 3.55−0.65−0.19 11%

D�D̄1ð2430Þ 1.70þ2.20
−1.30 6% DD̄�ð2600Þ 2.69þ1.34

−1.77 8%
DsD̄�

s0ð2317Þ 1.10þ0.20
−0.10 4% D�D̄� 2.50−0.95þ1.12 8%

DD̄� 0.0011þ0.20
þ0.15

< 0.01% D�D̄�
2ð2460Þ 1.45þ2.19

−1.33 4%
Other channels 0.80þ1.50

−0.25 3% DsD̄�
s0ð2317Þ 0.99þ0.13

−0.18 3%
� � � � � � � � � DD̄� 0.0810þ0.48

−0.01 0.25%
� � � � � � � � � Other channels 1.00þ1.32

−0.70 3%

Open-charm sum 27.90þ5.90
−3.70 100% Open-charm sum 32.31þ9.67

−9.47 100%
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For direct comparison with the line-shape fits in the next
subsection, the three parameter sets give M½ηcð6SÞ� ¼
4581.4–4630.7 MeV and Γ½ηcð6SÞ� ¼ 24.20–33.80 MeV.
For ηcð7SÞ, the corresponding ranges are 4682.7–
4755.1 MeV and 22.84–41.98 MeV. The summed open-
charm widths are used as proxies for the resonance
total widths, under the assumption that decay modes
outside the two-body open-charm calculation give sub-
leading contributions.

D. Spectroscopic fit to the Λ +
c Λ̄ −

c and Λ +
c K0

S
invariant-mass spectra

Building on the baseline fit of Sec. II A, we now extend
the amplitude with charmonium resonances and fit the two
spectra with the ηcð6SÞ and ηcð7SÞ parameters fixed to
representative values selected from the spectroscopic
ranges above. With the coherent baseline adopted as the
reference, we compare three amplitude models:

H0∶ NRþ Ξc;

H6∶ NRþ Ξc þ ηcð6SÞ;
H67∶ NRþ Ξc þ ηcð6SÞ þ ηcð7SÞ; ð10Þ

where H6 denotes the model with ηcð6SÞ and H67 the
model with both ηcð6SÞ and ηcð7SÞ. We determine CΞð1Þ

c

and CΞð2Þ
c

from the coherent baseline. In the ηcð6SÞ and

ηcð6SÞ þ ηcð7SÞ fits, their relative magnitude and phase are
kept fixed, while a common real factor sΞ is allowed to
vary; we set CΞj

→ sΞCΞj
. This keeps the two Ξc line

shapes consistent with the baseline fit while limiting the
number of additional parameters. The ηcð6SÞ term
describes the enhancement near 4.63 GeV, and ηcð7SÞ
probes the higher-mass region. The complete amplitude is

Mðs12; s13Þ ¼ MΞc
ðs13Þ þ

X
n

CηcðnSÞRBWηcðnSÞðs12Þ;

I coh
sig ¼ jMðs12; s13Þj2; ð11Þ

where the sum runs over the included ηcðnSÞ states, n ¼ 6
or 7. Thus the ηcðnSÞ terms interfere with the nonresonant
and both Ξc amplitudes, as well as with each other when
both are present.
Unconstrained scans also produce minima with widths of

only a few MeV. These solutions generate sharp peak-dip
variations controlled by a few adjacent 5 MeV bins, and
such small widths are atypical of highly excited charmonia.
The subsequent spectroscopic analysis therefore adopts
solutions with widths on the tens-of-MeV scale.
For the spectroscopic tests, the resonance masses

and widths are fixed to representative values selected from
the ranges obtained by varying μ ¼ 0.12� 0.01 GeV:
ðM1;Γ1Þ ¼ ð4629.00; 24.20Þ MeV for ηcð6SÞ and
ðM2;Γ2Þ ¼ ð4718.84; 22.84Þ MeV for ηcð7SÞ. The masses

follow the line-shape locations identified in the preliminary
scans, while the widths are taken from the lower edges of the
corresponding QPC ranges. These four values are specified
before the amplitude coefficients are optimized.
The two projections are constructed from the same event

sample. The experiment does not provide the statistical
relation between the two projections, so we report the two
contributions separately and use their sum to compare the
line shapes. For each model, ANR, sΞ, and the complex
resonance coefficients are reoptimized by minimizing
χ21 þ χ22; ν1 is updated by the yield-matching prescription
above. The two contributions χ21 and χ22 are quoted sepa-
rately throughout.
The relativistic Breit-Wigner form used in the fit requires

an energy-dependent width ΓðsÞ, whereas the QPC calcu-
lation provides only the total open-charm width evaluated
at the resonance mass, ΓðM2Þ. We therefore use the fixed
QPC width as the on-shell input and model its energy
dependence phenomenologically with the S-wave ΛcΛ̄c
momentum in Eq. (4). As a robustness check, replacing this
running width by a constant width changes the total χ2 by
only 0.09 for H6 and 0.22 for H67, indicating that the fits
are insensitive to this prescription.
As a robustness check, we also allow the two complex Ξc

coefficients to vary independently in the corrected fit
including both ΛcK0

S combinations. This gives ðχ21; χ22Þ ¼
ð25.89; 20.42Þ for H6 and (23.17, 16.74) for H67, corre-
sponding to reductions of only 0.05 and 0.86, respectively.
The optimized ηc coefficients remain on the same overall
scale, and the additional Ξc freedom does not materially
change the line-shape description.
Adding the fixed ηcð6SÞ amplitude changes ðχ21; χ22Þ

from (25.35, 24.90) for the coherent baseline to (25.99,
20.37). The improvement is therefore concentrated in the
m12 projection containing the 4.63 GeV enhancement.
Including the fixed ηcð7SÞ amplitude gives (24.27, 16.51)
and improves the description of the higher-mass part of the
same projection. The small change in χ21 shows that both
additions preserve the description of the Λþ

c K0
S spectrum.

Table III collects the coherent baseline and the two
spectroscopy-guided fixed-parameter fits, together with
their optimized amplitude parameters.
The two projections for the ηcð6SÞ fit are shown in

Figs. 2(a) and 2(b). The component curves show the
diagonal intensities, while their interference is included
in the red total curve. With the 4.63 GeV region described,
we next test the higher-m12 region by adding ηcð7SÞ. The
two projections for the combined solution are shown in
Fig. 2(c, d).
In the fixed H67 solution, the relatively small direct

ηcð7SÞ contribution is accompanied by a larger destructive
interference term, producing a localized dip around
4.71 GeV. This shows that the spectroscopic results remain
compatible with the fit results. Taken together, the mass
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and width comparisons make the ηcð6SÞ a plausible
conventional candidate for the structure near 4.63 GeV,
while the ηcð7SÞ contribution provides an exploratory test
of the higher-mass line shape. More precise measurements
will be required to determine its line shape and physical
origin.

III. BARYONIC DECAYS AND WEAK
PRODUCTION OF HIGH-LYING ηc STATES

The preceding analysis provides the mass and width
inputs used below for the two high-lying ηc states consid-
ered above. We now follow these inputs through the
complete decay chains

TABLE III. Baseline and spectroscopy-guided fixed-parameter fit results. Masses and widths are in MeV. The first row is the coherent
baseline; the second and third rows include the fixed ηcð6SÞ and ηcð6SÞ þ ηcð7SÞ amplitudes, respectively. ANR is the nonresonant
amplitude, sΞ rescales the baseline Ξc amplitudes, and C1 (C2) is the complex coefficient of the ηcð6SÞ [ηcð7SÞ] amplitude in Eq. (11).
With the Breit-Wigner normalization used above, ANR, sΞ, C1, and C2 are dimensionless. The χ21 and χ22 values are the sums defined in
Eq. (7), without division by the number of degrees of freedom.

Fit M1 [MeV] Γ1 [MeV] M2 [MeV] Γ2 [MeV] ANR sΞ ReC1 ImC1 ReC2 ImC2 χ21 χ22

H0 coherent � � � � � � � � � � � � 12.20 1.00 � � � � � � � � � � � � 25.35 24.90
H6 4629.00 24.20 � � � � � � 11.82 0.84 −1.34 −4.55 � � � � � � 25.99 20.37
H67 4629.00 24.20 4718.84 22.84 12.22 0.96 −3.00 −4.48 −4.46 4.14 24.27 16.51

(a) (b)

(c) (d)

FIG. 2. Spectroscopic fits in the two projections. Panels (a) and (b) show the ηcð6SÞ solution, ðM1;Γ1Þ ¼ ð4629.00; 24.20Þ MeV, in
the mðΛþ

c K0
SÞ and mðΛþ

c Λ̄ −
c Þ spectra, respectively. Panels (c) and (d) show the solution with both ηcð6SÞ and ηcð7SÞ,

ðM1;Γ1;M2;Γ2Þ ¼ ð4629.00; 24.20; 4718.84; 22.84Þ MeV, in the same two projections. Red curves are the complete models; the

other curves show the diagonal contributions. Here Ξð1Þ
c and Ξð2Þ

c denote the two established Ξc contributions, and “Bkg.” is the fixed
LHCb background.
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B0 → K0
SηcðnSÞ → K0

SΛþ
c Λ̄ −

c ; n ¼ 6; 7:

We first evaluate the baryonic transitions ηcðnSÞ → Λþ
c Λ̄ −

c
within a common hadron-loop mechanism and then esti-
mate B0 → K0

SηcðnSÞ using naive factorization. Finally, we
use the fitted ηcð6SÞ fraction to estimate the branching
fraction of the complete 6S decay chain and compare it with
theoretical estimates.

A. Baryonic decays of ηcð6SÞ and ηcð7SÞ
The QPC calculation in Sec. II C describes open-charm

meson-pair channels through the creation of a single light
qq̄ pair. Direct production ofΛþ

c Λ̄ −
c from the initial cc̄ state

requires two light qq̄ pairs and therefore lies outside this
one-pair QPC treatment. We estimate the baryonic channel
through a hadronic-loop mechanism.
At leading twist in perturbative QCD, the decays

ηcðnSÞ → Λþ
c Λ̄ −

c are suppressed by the hadron-helicity
selection rule [22]. Nevertheless, long-distance rescattering
can contribute. We describe this contribution with the
hadron-loop mechanism [23], in which intermediate
open-charm meson pairs M1M2 rescatter into the baryon-
antibaryon final state. The triangle diagram gives the
amplitude

AloopðP2Þ ¼
X
M1M2

Z
d4q
ð2πÞ4

VM1M2
TM1BTM2B

ðq21 −m2
1Þðq22 −m2

2Þ
F 2ðq2Þ
q2 −m2

B
;

ð12Þ

where the product TM1BTM2B denotes the complete spin-
dependent meson-baryon numerator. It includes the two
effective vertices of Eq. (16), the external baryon spinors,
the numerator of the exchanged-baryon propagator, and, for
an intermediate vector meson, the corresponding spin-1
propagator numerator. The explicit numerator structures are
given in the Appendix. Here, B denotes the exchanged
ground-state baryon (N or Λ), while q1, q2, and q are the
momenta of the two intermediate mesons and the exchanged
baryon, respectively. Figure 3 shows the Feynman diagrams
contributing to the hadron-loop amplitude.
At P2 ¼ m2

ηcðnSÞ, the partial width and branching fraction
are evaluated as

Γloop ¼
jpΛc

j
8πm2

ηcðnSÞ

X
spins

jAloopj2; Bloop ¼
Γloop

ΓηcðnSÞ
; ð13Þ

where pΛc
is the three-momentum of either final-state

baryon in the ηcðnSÞ rest frame. For the pseudoscalar
ηc, the couplings to open-charm meson pairs take the
forms [24]

LηcDD� ¼ 2igηcDD�ηcðD�μ
∂μD̄ − D̄�μ

∂μDÞ; ð14Þ

LηcD�D� ¼ 2gηcD�D�∂ληcðD̄�ν
∂
μD�α−D�α

∂
μD̄�νÞεανμλ; ð15Þ

where D and D̄ denote the pseudoscalar meson and
antimeson, while D� and D̄� denote their vector partners.

The same forms are used for the Dð�Þ
s channels. We

determine the couplings by matching the partial widths
obtained from these effective vertices to the QPC results
in Sec. II C. For ηcð6SÞ, the resulting couplings
are gηcDD� ¼ 0.0026, gηcD�D� ¼ 0.036 GeV−1, gηcDsD�

s
¼

0.0485, and gηcD�
sD�

s
¼ 0.0074 GeV−1. The corresponding

7S values are gηcDD� ¼ 0.020, gηcD�D� ¼ 0.023 GeV−1,
gηcDsD�

s
¼ 0.031, and gηcD�

sD�
s
¼ 0.0047 GeV−1. The rela-

tive signs of these couplings are fixed by the heavy-quark-
symmetry convention of the effective Lagrangian, and their
common overall sign is chosen to be positive. For the loop
kinematics, we use the masses in the fixedH67 fit,mηcð6SÞ ¼
4.629 GeV andmηcð7SÞ ¼ 4.719 GeV.We use rounded total
widths of 28 and 32 MeV to convert the 6S and 7S partial
widths into branching fractions.
The rescattering kernel contains the t-channel exchange

of ground-state octet baryons. For nonstrange intermediate
states (Dð�ÞD̄ð�Þ), we retain nucleon exchange, described by
the effective Lagrangian

LDð�ÞΛcN
¼ igDΛcNN̄γ5ΛcDþ gD�ΛcNN̄γμΛcD�μ

þ κD�ΛcN

mΛc
þmN

N̄σμνΛc∂
νD�μ þ H:c:; ð16Þ

where gDΛcN , gD�ΛcN , and κD�ΛcN denote the pseudoscalar,
vector, and tensor coupling constants, respectively, with

(a) (d)

(b) (e)

(c) (f)

FIG. 3. Hadronic-loop diagrams included in the calculation of
ηcð6SÞ → Λþ

c Λ̄ −
c . The same loop topologies are used for ηcð7SÞ.

The left column shows nonstrange open-charm loops, Dð�ÞD̄ð�Þ,
with an exchanged nucleon N, whereas the right column shows

strange open-charm loops, Dð�Þ
s D̄ð�Þ

s , with an exchanged hyperon
(Λ). Charge-conjugate processes are included implicitly.
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values taken from Ref. [25]: gDΛcN ¼ 13.8, gD�ΛcN ¼ −7.9,
and κD�ΛcN ¼ 4.7. For strange intermediate states

(Dð�Þ
s D̄ð�Þ

s ), we retain Λ exchange. The interaction has
the analogous Lorentz structure, and the coupling constants
are obtained from the SU(3)-flavor relation: gðκÞDð�ÞΛcN

¼
−

ffiffiffiffiffiffiffiffi
3=2

p
gðκÞ

Dð�Þ
s ΛcΛ

. The masses entering the loop integrals

are mD ¼ 1.870 GeV, mD� ¼ 2.010 GeV, mDs
¼

1.968 GeV, mD�
s
¼ 2.112 GeV, mN ¼ 0.939 GeV, and

mΛ ¼ 1.116 GeV [13].
We introduce an effective dipole form factor

F ðq2;ΛÞ ¼
�
Λ2 −m2

Λ2 − q2

�
2

; Λ ¼ mþ αΛQCD; ð17Þ

to regulate the exchanged baryon line, where m is the
mass of the ground-state baryon (N or Λ) and ΛQCD ¼
0.22 GeV. For the charmed baryon pair decay of the
6S-wave-dominated mixed-vector charmonium considered
in Ref. [25], the inferred ΛcΛ̄c rate is reproduced with
α ¼ 1.9–2.3 under the assumed dilepton width, whereas the
other mixed-vector charmonium state requires larger values
of α. By transferring these constraints to the pseudoscalar
partner states considered here, we use α ¼ 1.0–3.0 as a
phenomenological scan.
Figure 4 shows the cutoff dependence. The 6S branching

fraction reaches 10−4 at α ≃ 1.8, whereas the smaller 7S
result reaches the same scale at α ≃ 2.4. Thus, both
branching fractions are of order 10−4 over the upper part
of the commonly used cutoff range. Their absolute widths
or branching ratios change rapidly with α, whereas their
ratio is considerably more stable

Bloop
6S

Bloop
7S

¼ 4.15 − 4.45 ð1.0 ≤ α ≤ 3.0Þ: ð18Þ

For a common value of α, the ηcð7SÞ baryonic branching
fraction is therefore about 22% − 24% of the ηcð6SÞ result.
This ratio is much less sensitive to the correlated cutoff
variation than the individual branching fractions. A direct
measurement of one of these pseudoscalar decays to Λþ

c Λ̄ −
c

would constrain the effective cutoff within the present
hadron-loop model.
The hadronic loop calculation includes intermediate

ground-stateDð�Þ andDð�Þ
s mesons. The channels involving

excited charmed mesons DJ dominate several QPC partial
widths in Table II, but their couplings to ground-state
baryons have not been measured and cannot presently be
included reliably. We therefore retain only the ground-state
loops and regard the resulting rates as ground-state-loop
estimates rather than complete hadron-loop predictions.
The omission of the excited channels, together with the
uncertainties in the coupling constants from SU(3)-flavor
breaking, is a major source of uncertainty in the absolute
decay rates.

B. Naive-factorization estimate of B0 → K0ηcðnSÞ
We next provide a rough estimate of the weak pro-

duction rates for B0 → K0ηcðnSÞ (n ¼ 6, 7). Following
the standard treatment of the color-suppressed
B → Kηcð1SÞ decays [26,27], the naive-factorization
amplitude reads

ANFðB0 →K0ηcðnSÞÞ ¼ i
GFffiffiffi
2

p V�
cbVcsaeff2 fηcðnSÞ

× ðm2
B −m2

KÞFB→K
0 ðm2

ηcðnSÞÞ: ð19Þ

Here, the decay constant is defined through hηcðnSÞ
ðqÞjc̄γμγ5cj0i ¼ ifηcðnSÞqμ, whereas the scalar B→ K form
factor satisfies qμhKjs̄γμbjBi ¼ ðm2

B − m2
KÞFB→K

0 ðq2Þ.
These matrix elements yield the factorized amplitude in
Eq. (19). Upon neglecting CP violation in neutral-kaon
mixing, the rate to the reconstructedK0

S final state is one-half
of the corresponding K0 rate. The two-body width is
given by

ΓðB0 → K0ηcðnSÞÞ ¼
jpKj
8πm2

B
jANFj2: ð20Þ

Calculations of highly excited pseudoscalar charmonium
states give different values of fηcð6SÞ, depending on the
treatment of relativistic and QCD corrections [28–30]. We
therefore use fηcð6SÞ ¼ 180–250 MeV as a representative
input interval. We also consider fηcð6SÞ ¼ 350 MeV as an
optimistic benchmark, which is motivated by lattice, sum-
rule, and phenomenological determinations for the ground
state [31–33]. We use this interval as a reference scale for
the fitted 6S contribution. Direct calculations of fηcð7SÞ are
not available, so we use fηcð7SÞ ¼ 150–300 MeV as an

FIG. 4. Hadron-loop branching fractions for ηcð6S; 7SÞ →
Λþ
c Λ̄ −

c as functions of α.
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exploratory interval that allows for a decrease relative to
the 6S state and for the spread among higher radial
excitations.
For the kinematics, we take mηcð6SÞ ¼ 4.629 GeV and

mηcð7SÞ ¼ 4.719 GeV, which are the masses fixed for the
two charmonium amplitudes in the H67 fit. The central
values from the HPQCD parametrization [34] are FB→K

0 ¼
0.762 and 0.810 at these two masses. The uncertainty of the

form factor is not included in the ranges below. We take
aeff2 ¼ 0.25 [27], together with the particle data group
(PDG) values of the Cabibbo–Kobayashi–Maskawa matrix
elements, masses, and B0 lifetime [13]. Since aeff2 is
process-dependent and has not been calibrated for such
highly excited charmonia, we use this value as the input for
the estimates below. With these inputs, naive factorization
gives the following branching fractions:

BðB0 → K0
Sηcð6SÞÞNF ¼ 0.78 × 10−4

�
aeff2

0.25

�
2
�

fηcð6SÞ
200 MeV

�
2

;

BðB0 → K0
Sηcð7SÞÞNF ¼ 0.55 × 10−4

�
aeff2

0.25

�
2
�

fηcð7SÞ
200 MeV

�
2

: ð21Þ

The adopted ranges of the decay constants therefore yield

BðB0 → K0
Sηcð6SÞÞNF ¼ ð0.63 − 1.22Þ × 10−4;

BðB0 → K0
Sηcð7SÞÞNF ¼ ð0.31 − 1.23Þ × 10−4: ð22Þ

The optimistic benchmark fηcð6SÞ ¼ 350 MeV raises the 6S
result to 2.40 × 10−4. Varying aeff2 from 0.20 to 0.30
changes either rate by a factor of 0.64–1.44.

C. Extraction of the ηcð6SÞ branching-fraction product
and comparison with theoretical estimates

In the fixed H67 fit, the fraction associated with the
ηcð6SÞ amplitude in the mðΛþ

c Λ̄ −
c Þ projection is defined

relative to the background-subtracted signal as

Fηcð6SÞ ¼
P

iN
ηcð6SÞ
iP

iðNtot
i − Nbkg

i Þ ¼ 2.37%: ð23Þ

Here, Nηcð6SÞ
i is the contribution obtained from the squared

ηcð6SÞ amplitude, Ntot
i is the total fitted yield, and Nbkg

i is
the fixed experimental background. The denominator con-
tains the complete signal intensity, including the interfer-
ence terms, and the nonresonant contribution is retained as
part of the physical three-body decay. As a cross-check, the
fixed H6 solution gives Fηcð6SÞ ¼ 1.85%, showing that the
extracted fraction changes little when the ηcð7SÞ amplitude
is omitted.
Using the narrow-width approximation and the LHCb

result BðB0 → K0
SΛþ

c Λ̄ −
c Þ ≃ 2.60 × 10−4, the fraction in

Eq. (23) gives

BðB0 → K0
Sηcð6SÞÞ × Bðηcð6SÞ → Λþ

c Λ̄ −
c Þ

≃ Fηcð6SÞBðB0 → K0
SΛþ

c Λ̄ −
c Þ ≃ 6.2 × 10−6: ð24Þ

An independent theoretical estimate of the same
complete-chain product is obtained by multiplying the

naive-factorization result for BðB0 → K0
Sηcð6SÞÞ in

Eq. (22) by the hadron-loop result for Bðηcð6SÞ →
Λþ
c Λ̄ −

c Þ. We select 1.6 ≤ α ≤ 2.8 as a reference interval,
over which Bðηcð6SÞ → Λþ

c Λ̄ −
c Þ varies from 5.96 × 10−5 to

1.07 × 10−3. This gives

BðB0 → K0
Sηcð6SÞÞNF × Bðηcð6SÞ → Λþ

c Λ̄ −
c Þloop

¼ ð3.8 × 10−9 − 1.3 × 10−7Þ: ð25Þ
If the optimistic factorization input fηcð6SÞ ¼ 350 MeV is
used while aeff2 ¼ 0.25 is kept fixed, the upper end of the
theoretical branching-fraction product becomes 2.6 × 10−7.
Over the main input ranges, the product extracted from the
fit is therefore about 1.7–3.2 orders of magnitude larger than
the product of the naive-factorization production branching
fraction and the hadron-loop decay branching fraction. Even
with fηcð6SÞ ¼ 350 MeV, the product extracted from the fit
remains about 1.4 orders of magnitude larger.
The weak-production calculation is a natural first place to

examine this difference. Besides the uncertainties in aeff2 , the
decay constant, and the transition form factor, it remains an
open question whether the short-distance factorization
mechanism provides the dominant contribution to the
production of a charmonium state as highly excited as

ηcð6SÞ. Long-distance rescattering through Dð�Þ
s D̄ð�Þ inter-

mediate states can bypass the color suppression of the direct
process, as considered in analogous B-decay mechanisms
[35]. Such contributions are not included here. A quanti-
tative calculation would require a phenomenological cutoff
analogous to that used in hadron-loop models, but no
empirically calibrated range of this cutoff is available for
the production of highly excited charmonia in B decays. A
controlled numerical prediction of the long-distance pro-
duction rate is therefore not possible at present.
The hadron-loop prediction for ηcð6SÞ → Λþ

c Λ̄ −
c is also

model dependent, as discussed above. Nevertheless, a
branching fraction into the charmed-baryon pair reaching
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the order of 10−3 is qualitatively compatible with a highly
excited charmonium whose total width is dominated by
open-charm meson channels. If the product extracted from
the fit is combined instead with the reference hadron-loop
range, the weak-production branching fraction inferred
from it would be

BðB0 → K0
Sηcð6SÞÞjfit=loop

¼
�
6.2 × 10−6

1.07 × 10−3

�
∼
�
6.2 × 10−6

5.96 × 10−5

�

≃ ð5.8 × 10−3Þ − ð1.0 × 10−1Þ; ð26Þ

or approximately 0.58%–10.4%. Branching fractions at the
10−3 level are not in themselves excluded for B-meson
decays into a kaon plus a charmonium state. For example,
the PDG averages include BðBþ → KþηcÞ ≃ 1.10 × 10−3,
BðBþ → KþJ=ψÞ ≃ 1.02 × 10−3 for ground-state charmo-
nia [13]. The lower end of Eq. (26), 5.8 × 10−3, is already
about the same order of magnitude as these measured rates
and about 50 times the upper end of the main naive-
factorization range. More importantly, the upper end of
10.4% is clearly not physically reasonable for an exclusive
color-suppressed B-meson decay into a kaon plus charmo-
nium. This unphysical upper value indicates that the
hadron-loop calculation of ηcð6SÞ → Λþ

c Λ̄ −
c should favor

cutoff α ∼ 3 or larger.
Since open-charm modes are expected to dominate the

decays of highly excited charmonia, measurements of B
decays into a kaon and different open-charm meson pairs,
such as B → KDð�ÞD̄ð�Þ, are particularly important. Such
measurements would serve two purposes. First, a common
structure near 4.63 GeV in several charmed-meson-pair
spectra would provide an independent test of the possible
ηcð6SÞ signal. Second, measurements of the corresponding
exclusive rates, particularly for the dominant open-charm
decay modes, would also test whether the B → Kηcð6SÞ
production branching fraction can reach the scale implied
by the present fit and would provide empirical input
for assessing the relative importance of short- and long-
distance production mechanisms.

IV. SUMMARY

In this work, we have focused on the event accumulation
near 4.63 GeV in the Λþ

c Λ̄ −
c spectrum of B0 → K0

SΛþ
c Λ̄ −

c ,
and have suggested that this enhancement structure may
originate from the contribution of the missing charmonium
ηcð6SÞ state. Starting with a baseline model comprising the
nonresonant amplitude and the known Ξcð2923Þ and
Ξcð2939Þ states, we have tested the intermediate resonance
contributions of the highly excited charmonia ηcð6SÞ and
ηcð7SÞ in the B0 → K0

SΛþ
c Λ̄ −

c process, using fixed repre-
sentative masses and widths selected from the spectro-
scopic ranges.

The modified GI potential model predicts an ηcð6SÞ
mass of 4581.4–4630.7 MeV, covering the possible struc-
ture near 4.63 GeV in the Λþ

c Λ̄ −
c spectrum. The ηcð6SÞ is

therefore a promising candidate for explaining this poten-
tial enhancement. With the resonance parameters of ηcð6SÞ
fixed at ðM1;Γ1Þ ¼ ð4629.00; 24.20Þ MeV, including this
contribution improves the description of the enhancement
structure in the Λþ

c Λ̄ −
c spectrum. The additional ηcð7SÞ

contribution, with ðM2;Γ2Þ ¼ ð4718.84; 22.84Þ MeV, fur-
ther improves the description of the higher-mass region.
The fixed H67 fit yields a background-subtracted ηcð6SÞ

fraction of 2.37%. Using the narrow-width approximation,
this fraction gives a complete-chain branching-fraction
product of about 6.2 × 10−6. We have also calculated the
hadron-loop branching fraction for ηcð6SÞ → Λþ

c Λ̄ −
c .

Independently, the product of the naive-factorization
production branching fraction and the hadron-loop decay
branching fraction BðB0 → K0

Sηcð6SÞÞNF × Bðηcð6SÞ →
Λþ
c Λ̄ −

c Þloop lies about 1.7–3.2 orders of magnitude below
this value extracted from the fit. This difference may
reflect limitations of naive factorization and important
contributions from long-distance mechanisms for estimat-
ing the production of such a highly excited charmonium
state in the B-meson decay.
The possible ηcð6SÞ signal provides a new opportunity

to search for highly excited pseudoscalar charmonia
in B-meson decays. More precise measurements of
B0 → K0

SΛþ
c Λ̄ −

c , together with searches for a structure
near 4.63 GeV in B decays into a kaon and different open-
charm meson pairs, will be important for establishing
whether this enhancement is associated with the missing
charmonium ηcð6SÞ. Such measurements would also test
the decay pattern of the ηcð6SÞ candidate and clarify
the production behavior of highly excited charmonia in
B-meson decays. These measurements provide valuable
targets for Belle II and LHCb.
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APPENDIX: TRIANGLE-LOOP AMPLITUDES
FOR ηcðnSÞ → Λ +

c Λ̄ −
c

The hadron-loop amplitude for ηcðnSÞ → Λþ
c Λ̄ −

c is
given by Eq. (12). We use p1 for the incoming ηc
momentum and p2 (p3) for the outgoing Λc (Λ̄c) momen-
tum. The loop momenta q1 and q2 follow the orientation in
Fig. 3; the common Feynman iϵ prescription and overall
factors of i are understood in the convention of Eq. (12).

The vertex products M≡ VM1M2
TM1BTM2B appearing in

the numerator, for the six diagrams in Fig. 3, are listed
below. The propagator denominators ðq21 −m2

M1
Þ,

ðq22 −m2
M2
Þ, ðq2 −m2

BÞ and the form factor F 2ðq2Þ are
given explicitly in Eq. (12). The momenta satisfy
p1 ¼ q1 þ q2, q ¼ q1 − p2 ¼ p3 − q2.
For the Dð�ÞD̄ð�Þ intermediate states with N exchange

[diagrams (a–c) in Fig. 3]:

Ma ¼ 2gηcDD� ðq2λ − q1λÞΠλρðq2;mD� Þūðp2ÞðigDΛcNγ5Þð=qþmNÞ
�
igD�ΛcNγρ þ i

κD�ΛcN

mΛc
þmN

q2lσlρ

�
vðp3Þ; ðA1Þ

Mb ¼ 2gηcDD� ðq2α − q1αÞΠαβðq1;mD� Þūðp2Þ
�
igD�ΛcNγβ þ i

κD�ΛcN

mΛc
þmN

q1kσkβ

�
ð=qþmNÞðigDΛcNγ5Þvðp3Þ; ðA2Þ

Mc ¼ −2igηcD�D�p1nðq1m − q2mÞεαλmnΠα
βðq1;mD� ÞΠλ

ρðq2;mD�Þūðp2Þ

×

�
igD�ΛcNγβ þ i

κD�ΛcN

mΛc
þmN

q1kσkβ

�
ð=qþmNÞ

�
igD�ΛcNγρ þ i

κD�ΛcN

mΛc
þmN

q2lσlρ

�
vðp3Þ: ðA3Þ

For the Dð�Þ
s D̄ð�Þ

s intermediate states with Λ exchange [diagrams (d–f)]:

Md ¼ 2gηcDsD�
s
ðq2λ − q1λÞΠλρðq2;mD�

s
Þūðp2ÞðigDsΛcΛγ5Þð=qþmΛÞ

�
igD�

sΛcΛγρ þ i
κD�

sΛcΛ

mΛc
þmΛ

q2lσlρ

�
vðp3Þ; ðA4Þ

Me ¼ 2gηcDsD�
s
ðq2α − q1αÞΠαβðq1;mD�

s
Þūðp2Þ

�
igD�

sΛcΛγβ þ i
κD�

sΛcΛ

mΛc
þmΛ

q1kσkβ

�
ð=qþmΛÞðigDsΛcΛγ5Þvðp3Þ; ðA5Þ

Mf ¼ −2igηcD�
sD�

s
p1nðq1m − q2mÞεαλmnΠα

βðq1;mD�
s
ÞΠλ

ρðq2;mD�
s
Þūðp2Þ

×

�
igD�

sΛcΛγβ þ i
κD�

sΛcΛ

mΛc
þmΛ

q1kσkβ

�
ð=qþmΛÞ

�
igD�

sΛcΛγρ þ i
κD�

sΛcΛ

mΛc
þmΛ

q2lσlρ

�
vðp3Þ: ðA6Þ

Here, Πμνðq;mÞ ¼ qμqν=m2 − gμν is the spin-1 propagator tensor numerator; the pseudoscalar D and Ds legs contribute a
factor of unity. The VM1M2

vertices follow from Eqs. (14) and (15), and the TMB vertices from Eq. (16).
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