
Pole analysis on the doubly charmed meson in D0D0π + mass spectrum

Ling-Yun Dai ,1,2,* Xiang Sun,1,2 Xian-Wei Kang,3,4 A. P. Szczepaniak,5,6,7,† and Jie-Sheng Yu 1,2,‡

1School of Physics and Electronics, Hunan University, Changsha 410082, China
2Hunan Provincial Key Laboratory of High-Energy Scale Physics and Applications,

Hunan University, Changsha 410082, China
3Key Laboratory of Beam Technology of the Ministry of Education,

College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China
4Beijing Radiation Center, Beijing 100875, China

5Physics Department, Indiana University, Bloomington, Indiana 47405, USA
6Center for Exploration of Energy and Matter, Indiana University, Bloomington, Indiana 47403, USA

7Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA

(Received 15 August 2021; accepted 1 March 2022; published 23 March 2022)

In this paper, we study the scattering amplitudes of D0D0πþ-D�þD0 coupled channels based on the K
matrix within the Chew-Mandelstam formalism. The D0D0πþ invariant mass spectrum of LHCb is fitted,
and the pole parameters of the Tþ

cc are extracted. The analysis of pole behavior suggests that the Tþ
cc may

originate from a D�þD0 virtual state and is formed as a result of an interplay between an attractive
interaction between D0 and D�þ and coupling to D0D0πþ channel.
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I. INTRODUCTION

For over half a century, the quark model served as the
fundamental template for constructing hadrons [1,2].
Dozens of known hadrons can be classified according to
this model with three quarks in a baryon and a quark-
antiquark pair in a meson. However, the requirement of
color neutrality alone does not preclude existence of more
complicated structures, including, for example, tetraquarks
and pentaquarks. In the last 20 yr, several candidates for
such multiquark hadrons, specifically containing heavy
quarks, have been observed by the Belle, BABAR, BESIII,
D0, CDF, CMS, and LHCb experiments [3–13]. A sig-
nificant number of these states are found lying close to
various thresholds for decays into nonexotic hadrons. For
example, the Xð3872Þ discovered by Belle [3] is in a mass
region that is not expected to host a quark-model-like
charmonium state, but it is only ∼1 MeV away from the
DD̄� threshold. The proximity to this threshold makes it
likely to be a DD̄� molecule [14–16]. Recently, the LHCb
Collaboration announced observation of another X-like
candidate, this time, however, containing two charm quarks

instead of a charm-anticharm pair labeled Tþ
cc [17,18]. The

Tþ
cc was observed, with a 21.7σ significance in theD0D0πþ

invariant mass spectrum near threshold, i.e., with the
mass close to the Xð3872Þ, MTþ

cc
− ðMD�þ þMD0Þ ¼

−237� 61 keV=c2, and width ΓTþ
cc
¼ 410� 165 keV.

Because two charm quarks alone cannot form a color singlet
hadron, if confirmed, the Tþ

cc would be clear evidence of a
multiquark hadron. The small width indicates that there
could be a pole in the relevant partial wave close to the
D0D�þ threshold, However, since D� decays to Dπ, rescat-
tering between D0D0πþ and D0D�þ should be taken into
account in determining the pole parameters [19–24].
There have been some theoretical studies of the Tþ

cc; see,
e.g., [25–30]. In this paper, we use effective range approxi-
mation and consider the coupled amplitudes for production
of D0D0πþ and D�þD0 final states. By fitting to the line
shape, we obtain a solution for the production amplitude
which enables analytical continuation to the complex
energy plane where we extract the pole parameters.
Finally, by analyzing the pole position we speculate on
the possible nature of the Tþ

cc peak.

II. FORMALISM

We need analytical amplitudes to describe the D0D0πþ
invariant mass spectrum in order to obtain accurate pole
information. The Tþ

cc is found in the D0D0πþ invariant
mass spectrum near the D�þD0 threshold of 3875.09 MeV.
One also notices that the branching ratio ofD�þ → D0πþ is
67.7� 0.5% [31]. The D� and Dπ are physically two

*dailingyun@hnu.edu.cn
†aszczepa@indiana.edu
‡yujiesheng@hnu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 105, L051507 (2022)
Letter

2470-0010=2022=105(5)=L051507(5) L051507-1 Published by the American Physical Society

https://orcid.org/0000-0002-4070-4729
https://orcid.org/0000-0003-1230-3300
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.L051507&domain=pdf&date_stamp=2022-03-23
https://doi.org/10.1103/PhysRevD.105.L051507
https://doi.org/10.1103/PhysRevD.105.L051507
https://doi.org/10.1103/PhysRevD.105.L051507
https://doi.org/10.1103/PhysRevD.105.L051507
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


different states. The former is a resonance (presumably a qq̄
bound state in quenched QCD), and the latter is in a two-
hadron continuum. The two are distinguished, for example,
by the value of the corresponding thresholds, which is
relevant given the proximity of the Tcc to the DDπ
threshold. Hence, it is natural to consider the
D0D0πþ-D0D�þ coupled channels. The analytical coupled
channel amplitudes near threshold can be parametrized
using a real, symmetric 2 × 2 K matrix to describe the
analytical part of the inverse amplitudes,

T−1ðsÞ ¼ K−1ðsÞ − CðsÞ: ð1Þ

The matrix elements CiðsÞ of the diagonal 2 × 2 Chew-
Mandelstam (CM) function [32–34] CðsÞ ¼ CiðsÞδi;j con-
tain the right-hand cuts starting at the thresholds
sth;i ¼ ðMi þmiÞ2. Here the masses are M1 ¼ MD0þ
mπþ , m1 ¼ MD0 , and M2 ¼ MD�þ , m2 ¼ MD0 for the
D0D0πþ and D0D�þ channels, respectively. Note that the
D0πþ system is treated as an isobar of spin-1, and therefore,
the T describes S-wave amplitudes. The CM function

CiðsÞ ¼
s
π

Z
∞

sthi

ds0
ρiðs0Þ

s0ðs0 − sÞ ð2Þ

is defined by the (quasi)two-body S-wave phase space factor
ImCiðsÞ ¼ ρiðsÞ ¼ λ1=2ðs;M2

i ; m
2
i Þ=s, explicitly,

Ciðs;Mi;miÞ

¼
�
M2

i −m2
i

πs
−

M2
i þm2

i

πðM2
i −m2

i Þ
�
ln

�
mi

Mi

�

þ 1

π
þ ρiðsÞ

π
ln

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffisthi − sp −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMi −miÞ2 − s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffisthi − sp þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMi −miÞ2 − s

p
#
: ð3Þ

With the threshold singularities accounted for byCðsÞ, theK
matrix is analytical in the vicinity at thresholds, and in the
effective range approximation it as approximated by amatrix
of constants.
In the notation of [35,36] the s dependence of production

amplitude for the processes pp → D0D0πþ þ X and pp →
D0D�þ þ X can be represented by a two-dimensional
vector

FiðsÞ ¼
X2
k¼1

αkðsÞTkiðsÞ; ð4Þ

where αiðsÞ are regular functions of s on the physical cut.
Since the range of invariant mass is small, with
Δ

ffiffiffi
s

p
≪ Oð100 MeVÞ, we can safely ignore any variation

in s of the production amplitudes αiðsÞ and also approxi-
mate them by constants. Finally, the measured yield is
proportional to the differential cross section and given by

dY1

d
ffiffiffi
s

p ¼ Np1jF1j2: ð5Þ

Here, p1 ¼ λðs;M2
1; m

2
1Þ=2

ffiffiffi
s

p
is the magnitude of the

momentum of the πþ in the center-of-mass frame. Since
the overall number of events is fitted, we can absorb α1 into
the normalization factor N and thus we set α1 ¼ 1.

III. FIT RESULTS AND DISCUSSION

We fit the amplitudes to the D0D0πþ invariant mass
spectrum [17,18] using MINUIT [37]. One needs to consider
the resolution for the D0D0πþ mass. Here we follow the
experiment [18] and convolute Eq. (6) with the resolution
function. For a data point with mass Ei, we get the yields
for the bin

Yields
ΔE

¼
Z ðEiþΔE=2Þ2

ðEi−ΔE=2Þ2
ds

Np1jF1j2
2ΔE

ffiffiffi
s

p

×

�X2
j¼1

βj exp

�
−
1

2

� ffiffiffi
s

p
− Ei

σj

�
2
��

; ð6Þ

where ΔE is the bin width, β1 ¼ 0.778, β2 ¼ 0.222,
σ1 ¼ 1.05 × 263 keV, and σ2 ¼ 2.413 × σ1 [18]. We find
a unique solution with desired physical properties. The
parameters of the fit are given in Table I and correspond to
χ2d:o:f: ¼ 0.92. Notice that the error of the parameters from
MINUIT is much smaller than that from bootstrap [38],
which is done by varying the data with experimental
uncertainty multiplying a normal distribution function.
The comparison between the data and the model is shown
in Fig. 1. As can be seen, our amplitudes fit the data rather
well. To study the resonance, we also enlarge the plot of our
solution around the Tþ

cc, multiplying Nb instead of Na in
Eq. (5), as shown in the bottom graph in Fig. 1. Once the
D0D0πþ −D0D�þ amplitudes are determined on the real
axis, they can be analytically continued to extract the
information about the singularities located on the nearby

TABLE I. Parameters of the best fit, as explained in the text.
The K-matrix elements and production parameters αi are di-
mensionless. The first uncertainty of the parameters is given from
MINUIT, and the second (up and down) uncertainty is from
bootstrap within 2σ. Na is the normalization factor for the data
in the full range, while Nb is for the data in the region of Tþ

cc. The
correlation matrix is given in the Supplemental Material [40].

K11 ¼ −0.01204� 0.00691þ0.03280
−0.07039

K12 ¼ K21 ¼ 0.5080� 0.0025þ0.0348
−0.0700

K22 ¼ 1.4447� 0.0015þ0.0235
−0.0477

α2 ¼ −0.3024� 0.0016þ0.0261
−0.0583

Na ¼ 1434.0� 129.8þ662.0
−964.8 GeV−2

Nb ¼ 516.0� 49.3þ225.6
−363.4 GeV−2

χ2d:o:f: ¼ 0.92
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Riemann sheets (RSs). These are reached from the real s
axis though the unitary cuts of the CiðsÞ functions. Near the
pole, sR residues/couplings in nth RS are computed from

Tn
ijðsÞ ≃

gni g
n
j

snR − s
: ð7Þ

We find a single pole on RS-II, and the pole parameters are
given in Table II. Here we follow the standard labeling of
the sheets; e.g., the second sheet is reached from the
physical region by moving into the lower complex plane
between two thresholds [39]. The uncertainty of the pole
parameters comes from the bootstrap within 2σ.

Notice that in the bootstrap method, where the data points
are varied randomly, all the poles are located in RS-II. Since
jg2j > jg1j, it appears that Tþ

cc couples more strongly
(roughly a factor of 3) to the D0D�þ channel than to the
D0D0πþ channel. This supports the hypothesis that Tþ

cc is a
composite object dominated by the D0D�þ component.
The trajectory of the pole on the second Riemann sheet is

studied by varying λ which is introduced to modify the
strength of coupling between the two channels K12ðsÞ →
λK12ðsÞ, so that λ ¼ 1 corresponds to the physical ampli-
tude, while for λ ¼ 0, Eq. (1) represents two uncoupled
channels. As a function of λ, the pole trajectory is shown in
Fig. 2. As λ decreases, the pole moves upward from the
lower half

ffiffiffi
s

p
plane of RS-II to the upper half plane of

RS-IV, crossing the real axis above the second (heavier)
D0D�þ threshold. This does not violate unitarity, since
while moving from the second to the fourth sheet the pole
never crosses the physical region. As this happens, the
resonance bump seen on the real axis between thresholds
moves toward the heavier threshold, and as the pole enters
the fourth sheet it becomes a cusp. As λ is decreased further,
the poles move below the lower threshold and into the real
axis. Finally, it reaches the mass just ∼0.21 MeV above the
D0D0πþ threshold. Notice that at the end of the trajectory
with λ ¼ 0 corresponding to the D0D�þ single channel, the
pole in the real axis below threshold is a virtual state. This
implies that in the absence of channel coupling, the D0D�þ
system may not be sufficiently attractive to produce a
molecule. If so, the Tþ

cc is not a true bound state (a pole
remaining on the second sheet) but an effect of a compli-
cated interplay of weak attraction and channel interactions.
This behavior is similar to that of the Pcð4312Þ, which was
found to be likely an effect of weak interaction between
Σþ
CD̄

0 and coupling the J=ψp channel [41].

FIG. 1. The clear line shape from our solutions. The data points
of D0D0πþ invariant mass spectrum are superimposed. The cyan
bands are taken from the bootstrap method within 2σ.

TABLE II. The pole location and its residues (both magnitude
and phase) from our fit, in RS-II.

gIID0D0πþ ¼ jgjeiφ gIID0D�þ ¼ jgjeiφ

Pole location (MeV) jg1j (GeV) φ1 (°) jg2j (GeV) φ2 (°)

3874.74þ0.11
−0.04 − i0.30þ0.05

−0.09 0.22þ0.03
−0.04 9þ11

−5 0.69þ0.04
−0.02 10þ11

−5

FIG. 2. The trajectories of pole locations by varying λ. The
black filled circles are the poles in the second Riemann sheet
1 ≥ λ ≥ 0.88, and the magenta open circles are the poles in the
fourth Riemann sheet 0.87 ≥ λ ≥ 0, respectively. The step of Δλ
is 0.01.
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To further assess systematic uncertainties, we include
higher order terms in the effective range expansion. This
slightly improves the fit quality but does not qualitatively
change the amplitudes in the vicinity of the Tþ

cc. In yet
another check, we include the fit to the data without the
resolution function. In this case, still only one pole is found in
the RS-II 3874.75þ0.12

−0.06 − i 0.34þ0.06
−0.12 MeV, with the residues

of jg1j ¼ 0.23þ0.03
−0.04 GeV and jg2j ¼ 0.70þ0.03

−0.03 GeV. This is
quite the same as what is found in Table II.

IV. ROLE OF THE D� WIDTH

Since D�þ is unstable, its contribution to the spectral
function corresponds to a branch cut (below the real axis)
and not a pole. To account for that, we modify the Chew-
Mandelstam C2 accordingly [42]:

C2ðsÞ →
1

π

Z
∞

str;Dπ

ds0Cðs;
ffiffiffiffi
s0

p
; m2ÞImfDπðs0Þ; ð8Þ

with sth;Dπ ¼ ðMD0 þmþ
π Þ2 being the threshold for the

reaction D0πþ → D�þ → D0πþ and fDπðsÞ ¼ D−1ðsÞ, the
scattering amplitude in the single resonance approxima-
tion, with DðsÞ ¼ M̃2 − s − ΣðsÞ and ΣðsÞ ¼ g2ðs −
sth;DπÞCðs;M2; m2Þ so that the imaginary part ImΣðsÞ ¼
g2ðs − sth;DπÞρ2ðsÞ is the energy-dependent width corre-
sponding to the P-wave decay of the D�þ → D0πþ. With
the parameters g ¼ 0.4451 and M̃ ¼ 2010.77 MeV,
the amplitude f reproduces the line shape of the D�
corresponding to a Breit-Wigner resonance with the pole
at MD�þ − iΓMD�þ=2 ¼ 2010.26 − i 0.04 MeV. With this
modification of C2ðsÞ, we fit the coupled channel ampli-
tudes again, convoluting with Eq. (6) with the resolution
function, and find a rather similar solution to the previous
one. A pole is found in RS-II with 3874.76þ0.08

−0.04−
i0.26þ0.02

−0.09 MeV, and the residues are extracted as

jg1j ¼ 0.21þ0.01
−0.04 GeV and jg2j ¼ 0.71þ0.02

−0.02 GeV. The pole
trajectory is the same as what we found in Fig. 2, with only
the pole moving toward but not reaching the real axis. Also,
the destination of the pole (with λ ¼ 0) is roughly 2.6 MeV
above theD0D0πþ threshold. These support the conclusion
made before.

V. SUMMARY

In this paper, we performed an amplitude analysis on the
invariant mass spectrum of D0D0πþ. The D0D0πþ −
D0D�þ coupled channel scattering amplitude is constructed
using a K matrix within the Chew-Mandelstam formalism.
Then we applied the Au-Morgan-Pennington method to
study the final-state interactions for the invariant mass
spectrum of D0D0πþ. A high-quality fit to the experiment
data of LHCb [17,18] was obtained. We found a pole in the
second Riemann sheet for the Tþ

cc, with the pole location
3874.74þ0.11

−0.04 − i0.30þ0.05
−0.09 MeV. By reducing the strength

of inelastic channels, we obtained the pole trajectory that
suggests Tþ

cc might be a D0D�þ virtual state. Precise
measurements of the line shape would be needed to further
reduce theoretical uncertainties.
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