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We observe a narrow peaking structure in the pK− invariant-mass spectrum near the Λη threshold. The
peak is clearly seen in 1.5 million events of Λþ

c → pK−πþ decay using the 980 fb−1 data sample collected
by the Belle detector at the KEKB asymmetric-energy eþe− collider. We try two approaches to explain this
structure: as a new resonance and as a cusp at the Λη threshold. The best fit is obtained with a coherent sum
of a Flatté function and a constant background amplitude with the reduced χ2 of 257=243 (p ¼ 0.25), while
the fits to Breit-Wigner functions are unfavored by more than 7σ. The best fit explains the structure as a cusp
at the Λη threshold, and the obtained parameters are consistent with the known properties of Λð1670Þ. The
observation gives the first identification of a threshold cusp in hadrons from the spectrum shape.
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Regions around the mass thresholds of two hadrons
have been of great interest for studies of exotic hadrons
such as Xð3872Þ and Pcð4312Þþ [1–3], which are found
near mass thresholds of two hadrons. These near-threshold

resonances could appear as threshold cusps instead of usual
smooth peaks with Breit-Wigner (BW) shape. A cusp,
defined as a discontinuity in the derivative of spectrum
function, always appears exactly at the threshold, and its
position does not reflect the pole position of a resonance
[4]. To understand the nature of a near-threshold behavior,
it is necessary to identify whether the peak structure is a
threshold cusp or usual peak of BW type. In principle, a
threshold cusp can be distinguished from a smooth peak
because the derivative diverges at the peak position, but
practically, experimental mass resolution often makes such
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identification difficult [5]. Therefore, there are just a few
cases where threshold cusp is identified [6–10], and none of
them are from the spectrum shape.
In this paper, we report a newly discovered peaking

structure in the pK− mass spectrum near the Λη mass
threshold [11]. A trace of this peak structure is observed in
the previous analysis [12] of Λþ

c → pK−πþ decay using a
980 fb−1 data sample collected by the Belle Collaboration.
A similar structure is also seen by LHCb in the same Λþ

c
decay channel [13]. We approach this peak considering two
possible cases: a BW-type peak and a visible Λη threshold
cusp enhanced by the Λð1670Þ pole nearby.
If it is a BW-type peak, it suggests an existence of a new

resonance. In this regard, two theory groups independently
proposed a narrow Λ� resonance with spin 3=2 near the Λη
threshold [14,15] based on the pK− → Λη data [16], and
the peak could be due to this Λ� resonance in the Λþ

c →
pK−πþ decay as shown in Fig. 1(a). Such an exotic state is
not expected in the quark model, and thus it is important to
study the observed peak structure to see whether it is the
case or not.
On the other hand, a visible cusp can arise via the Λη

rescattering process in the Λþ
c → pK−πþ decay as shown

in Fig. 1(b). In this case, the Λð1670Þ could be involved in
the S-wave ηΛ − pK− rescattering. Therefore, the shape of
the peaking structure is determined by the properties of
Λð1670Þ such as partial widths of the Λð1670Þ into pK−

and ηΛ channels.
In this analysis, we use data collected by the Belle

detector at the KEKB asymmetric-energy eþe− collider
[17]. The data sample is taken at or near the ϒðnSÞ
(n ¼ 1–5) resonances. The Belle detector is a large-solid-
angle magnetic spectrometer consisting of a silicon vertex
detector [18], a central drift chamber, an array of aerogel
threshold Cherenkov counters, barrel-like arrangement of
time-of-flight scintillation counters, and an electromag-
netic calorimeter composed of CsI(Tl) crystals located
inside a superconducting solenoid coil with a 1.5 T
magnetic field. The detector is described in detail else-
where [19].
We also use samples of eþe− → cc̄ Monte Carlo (MC)

events to estimate reconstruction efficiencies and detector
performance. The MC simulation samples are generated
with PYTHIA [20] and EvtGen [21] and propagated by
GEANT3 [22].

The same event selection criteria as in the previous
Λþ
c → pK−πþ analysis [12] are used to reconstruct the

decay event from the charged p, K−, and πþ. The 1.5 ×
106 Λþ

c → pK−πþ decays are reconstructed with the event
selection criteria. For removing non-Λþ

c backgrounds, we
subtract events in the signal range, 2.2746<MðpK−πþÞ<
2.2986GeV=c2, by events in the sideband ranges,
2.2506 < MðpK−πþÞ < 2.2626 GeV=c2 and 2.3106<
MðpK−πþÞ<2.3226GeV=c2.
To improve the invariant-mass resolution on the

MðpK−Þ distribution, three daughter particles of the decay
are fitted to the common vertex point with the mass of Λþ

c .
After this mass-constraint vertex fit, detector responses at
1663.5 MeV=c2 on the MðpK−Þ distribution can be
represented by a double-Gaussian function with a common
central mean value. From a MC simulation, standard
deviations of the core and tail Gaussian functions are
determined to be 1.25 MeV=c2 and 2.50 MeV=c2, respec-
tively, and the yield of the tail Gaussian function is 0.193
of the core Gaussian function.
We estimate the reconstruction efficiency of Λþ

c →
pK−πþ decay using the MC sample. Owing to variations
of the estimated efficiencies on M2ðK−πþÞ and MðpK−Þ,
we correct the Λþ

c yields in individual bins of the two-
dimensional distribution ofM2ðK−πþÞ versusMðpK−Þ [23].
From the perspective of the pK− peak as a usual hadron

resonance structure, we perform a binned least-χ2 fit to the
efficiency-corrected MðpK−Þ distribution in the range of
1.54 GeV=c2 to 1.79 GeV=c2 with a nonrelativistic BW
function defined as

dN
dm

∝ jBWðmÞj2 ¼
����

1

ðm −m0Þ þ i Γ0

2

����
2

; ð1Þ

where m, m0, and Γ0 are the pK− invariant mass, the
nominal mass, and the resonance width, respectively [24].
The BW function is convolved with the double-Gaussian
function with fixed parameters to take into account detector
responses. The probability density function (PDF) for
background Λþ

c decay events is a fifth-order Chebyshev
polynomial function. Figure 2(a) shows the fit results using
the BW function. The mass and width are obtained to be
1662.4� 0.3 MeV=c2 and 22.6� 1.5 MeV, respectively,
where the uncertainties are statistical. The reduced χ2 is
1.35 (328=242).
A better reduced χ2 is obtained by adding a complex

constant to the nonrelativistic BW function coherently as
dN
dm ∝ jBWðmÞ þ reiθj2, where r and θ are real parameters,
and θ is fixed to π, leading to constructive interference below
the Λη threshold and destructive above that. Incoherent
background Λþ

c decay events are represented by a
third-order Chebyshev polynomial. Figure 2(b) shows the
fit results, including the interference. The mass, width, and r
are obtained as 1665.4� 0.5 MeV=c2, 23.8� 1.2 MeV,

(a)
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FIG. 1. Feynman diagrams for (a) a new Λ� resonance and (b) a
visibleΛη threshold cusp enhanced by theΛð1670Þ pole inΛþ

c →
pK−πþ decay.
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and 15.7� 2.1 GeV−1, respectively, where the uncertainties
are only statistical, with the reduced χ2 of 1.27 (308=243).
Here, reiθ represents an amplitude for the interference, and
even if the r is changed to another BW function that
represents nearby resonance, the fit results are consistent.
Another possibility is that the peak structure is a cusp at

the Λη threshold enhanced by the Λð1670Þ pole nearby. We
fit a nonrelativistic Flatté function [25,26] defined as

dN
dm

∝ jfðmÞj2 ¼
����

1

m −mf þ i
2
ðΓ0 þ ḡΛηkÞ

����
2

; ð2Þ

to the peak region, where m is the pK− invariant mass and
mf is a parameter corresponding to the nominal mass of
Λð1670Þ. The Γ0 is a parameter for the sum of the partial
widths of the decay modes other than Λη, and is approxi-
mated as a constant in the following analysis. In the formula,
ḡΛηk represents the partial decay width of the Λη channel,
where ḡΛη and k are the dimensionless coupling constant
and the decay momentum in the Λη channel, respectively.
Here, k becomes imaginary below the Λη threshold so as to
keep the analytic continuity. We also note that for ḡΛη ¼ 0,
Eq. (2) reduces to the BW function [Eq. (1)] with mf ¼ m0

and Γ0 ¼ Γ0.
Owing to the scaling behavior of the Flatté function [26],

we fix mf when we perform a fit and repeat the fit with
various mf values [5]. The signal PDF, Flatté function, is
convolved with the double-Gaussian function for detector
responses, and a fifth-order Chebyshev polynomial repre-
sents background Λþ

c decay events. Figure 3(a) shows the
results on ḡΛη and χ2 for each fixedmf. A strong correlation
between ḡΛη and mf is seen as expected from the scaling.
Typical fit results with fixed mf ¼ 1662.9 MeV=c2 and
1674.4 MeV=c2 are shown in Fig. 4.
The best fit is obtained by taking into account an

interference with another S-wave amplitude such as a tail
of Λð1405Þ. We take a constant, reiθ, as the amplitude for
these Λþ

c events, and add it to the Flatté coherently; here, θ
is simply fixed to π to represent the Λþ

c events distribution,
which drops rapidly above the Λη threshold, and variations
from the fixed θ are considered as a source of systematic
uncertainty.
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FIG. 2. Fits to the Λþ
c yield in MðpK−Þ spectra with (a) BW

function and (b) BW model to which a complex constant is
added. The curves indicate the full fit model (solid red), back-
ground Λþ

c decay events (long-dashed blue), (a) BW peak
(dashed green), and (b) BW model with complex constant added
coherently (dashed green). The Λη threshold is marked by the
vertical dashed lines. The bottom panels show the pull distribu-
tions of the fits.
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FIG. 3. ḡΛη and χ2 from Flatté model (a) without and (b) with
the interference as a function of fixed mf. The black square and
red circle markers indicate ḡΛη and χ2, respectively. Number of
degree of freedom is 242 for all fits in (a) and 243 for all fits in
(b). Uncertainty of ḡΛη is statistical.
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We perform a binned least-χ2 fit with the combined
function, dN

dm ∝ jfðmÞ þ reiθj2, by changing the fixed mf.
Incoherent background Λþ

c decay events are represented
by a third-order Chebyshev polynomial. As shown in
Fig. 3(b), a strong correlation between mf and ḡΛη is
still seen even when the interference is taken into account.
The best fit with the reduced χ2 of 1.06 ð257=243Þ is
obtained at mf ¼ 1674.4 MeV=c2, and the result is shown
in Fig. 5. Γ0, ḡΛη, and r are determined to be
27.2� 1.9 MeV, 0.258� 0.023, and 29.2� 3.4 GeV−1,
respectively, where the uncertainties are only statistical.
The partial width, ΓΛη, of the Λη channel is calculated as
the product of ḡΛη and q0Λη, which is the center-of-mass
momentum of Λη at m ¼ mf. Then, the total width, Γtot,
defined as a sum of Γ0 and ΓΛη is obtained to be
50.3� 2.9 MeV, where the uncertainty is only statistical.
We estimate the systematic uncertainties for ḡΛη and Γ0 of

the Flatté model with a constant added coherently. These
systematic uncertainties are listed in Table I. We change the
bin size of the MðpK−Þ distribution to 2 MeV to check the
effect of binning. Systematic uncertainty from the mass
resolution is estimated by increasing or decreasing the mass
resolution by 20%. The effect of the absolute mass scaling
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FIG. 4. Fits with Flatté function when mf is fixed to
(a) 1662.9 MeV=c2 and (b) 1674.4 MeV=c2. The curves indicate
the full fit model (solid red), Flatté function (dashed green), and
background Λþ

c decay events (long-dashed blue).
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FIG. 5. Fit to the Λþ
c yield in MðpK−Þ spectrum with Flatté

model to which a complex constant is added coherently with
mf ¼ 1674.4 MeV=c2 and θ ¼ π being fixed. In the upper
panel, the curves indicate the full fit model (solid red), Flatté
function with complex constant added coherently (dashed
green), and incoherent background Λþ

c decay events (long-
dashed blue). The middle panel shows the breakdown for
jf þ reiθj2; the curves indicate the full function (thin solid
black), jfj2 (thick solid red), jreiθj2 (long-dashed green), and
the interference term (dashed blue). The detector response is not
taken into account. The bottom panel shows the pull distribution
of the fit.

TABLE I. Systematic uncertainties in Γ0, ḡΛη, and Γtot from
Flatté fit for the pK− peak structure.

Source Γ0 (MeV) ḡΛη (×10−3) Γtot (MeV)

Bin size �0.0 �3 �0.3
Detector resolution þ0.3;−0.4 þ7;−6 �0.2
Absolute mass scale �0.8 þ5;−6 �1.3
Fit range þ1.1 −36 þ0.8;−2.4
Efficiency correction �0.6 �8 �0.2
PDF model þ3.5;−4.9 þ9;−29 þ3.4;−6.4
θ �3.3 �59 �2.0
Interference �0.6 �33 �3.6

Total þ5.1;−6.0 þ69;−82 þ5.5;−8.1
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is estimated by shifting the overallMðpK−Þ distribution by
�0.2 MeV=c2, which is a difference between a measured
Λþ
c mass and the world-average value [27].
We vary the fit range to estimate the systematic uncer-

tainty from the choice of the fit range. The same PDFs are
used for fitting to a narrow range from 1.55 to 1.78 GeV=c2.
In the wide fit range from 1.48 to 1.8 GeV=c2, the peak
structure of Λð1520Þ appears and is represented by a D-
wave relativistic BW function convolved with a double
Gaussian function to represent detector responses.
Background Λþ

c events are represented by a seventh-order
Chebyshev polynomial. The largest differences in the fit
results are considered as the systematic uncertainty from
the fit range. A systematic uncertainty from the efficiency
correction is estimated by performing a fit to the MðpK−Þ
distribution without the efficiency correction. We repeat
the fit with the θ set to free to estimate the systematic
uncertainty from the fixed θ.
To estimate a systematic uncertainty due to the PDF

modeling, we perform the fit with various PDFs. The PDF
for the incoherent Λþ

c decay events is changed to second-
and fourth-order Chebyshev polynomials. A D-wave rela-
tivistic BW function to represent a possible hidden peak
structure of Λð1690Þ is added to the background PDF, and
the yield ratio between Λð1670Þ and Λð1690Þ is varied
from 0 to 1 according to Ref. [13]. We also change the
nonrelativistic Flatté function to a relativistic form. In
addition, we study a case where all the background Λþ

c
decay events are coherent. The total PDF is changed to
jfðmÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp0 þ p1mþ p2m2 þ p3m3Þ

p
eiθj2, where pis

(i ¼ 0, 1, 2, and 3) and θ are free parameters. The largest
differences in the fit results of the PDF models are taken as
the systematic uncertainty from the PDF model.
This one-dimensional fit strategy is validated with an

amplitude analysis, which includes other resonances that
can interfere with Λð1670Þ, over the full-phase space,
similarly to Ref. [13]. We conservatively account for the
difference between the one-dimensional fit results and the
amplitude analysis results, with Flatté model for Λð1670Þ,
as a source of systematic uncertainty. This systematic
uncertainty, labeled interference in Table I, includes inter-
ference effects with higher partial waves.
In the Flatté fit, the reduced χ2 is improved when the

interference term is added, as it reproduces the drop of the
background level around the peak structure. It indicates a
significant interference with the background S-wave ampli-
tude. Here we note that resonances in higher partial waves
would not affect the cusp shape, because the discontinuity in
the higher partial waves appears only in the second or higher
derivatives, and the interference with S-wave vanishes with
an integral over the solid angle. In addition, in both of the
Flatté and BW cases, when events that do not overlap with
K�ð892Þ are selected in theM2ðK−πþÞ range, the fit results
are not significantly changed, meaning that the interference
with K�ð892Þ does not affect our conclusion [23].

The value ofmf that gives the best χ2 is 1674.4 MeV=c2,
which is consistent with the recent measurement of
Λð1670Þmass, 1674.3� 0.8� 4.9 MeV=c2 [28]. The total
width at mf ¼ 1674.4 MeV=c2 is estimated as 50.3�
2.9þ5.5

−8.1 MeV and is also consistent with the recent meas-
urement, 36.1� 2.4� 4.8 MeV, within 1.4σ of the total
uncertainty. In order to determine partial widths of Λη and
pK− and the Flatté parameters more accurately, a simulta-
neous-fit analysis with the Λð1670Þ peak structure in the
Λη distribution is required.
The fit result with the Flatté function to which the

constant is coherently added shows the best reduced χ2 of
1.06 (257=243, p ¼ 0.25), in contrast to 1.27 (308=243,
p ¼ 3.1 × 10−3) from the best BW fit. In particular, the
Flatté function reproduces the shape near the peak point
better than the BW function. These results show that the
present peaking structure is explained better by a threshold
cusp than to a new hadron resonance by more than 7σ. This
gives the first identification of a threshold cusp in hadrons
from the spectrum shape. In the cusp interpretation, the
structure near the Λη threshold is explained without the
need of a new resonance. We also note that LHCb
explained the structure using a BW function with fixed
mass and width [13]. A small deviation is observed near the
peak structure, but not considered to be significant.
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