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In this paper we study the scattering amplitudes of D0D0π+-D∗+D0 coupled channels based on
K-matrix within the Chew-Mandelstam formalism. The D0D0π+ invariant mass spectrum of LHCb
is fitted and the pole parameters of the T+

cc are extracted. The analysis of pole behavior suggests
that the T+

cc may originate from a D∗+D0 virtual state and is formed as a result of an interplay
between an attractive interaction between D0 and D∗+ and coupling to D0D0π+ channel.

Introduction.– For over half a century the quark model
served as the fundamental template for constructing
hadrons. [1–3]. Dozens of known hadrons can be classi-
fied 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 twenty
years several candidates for such multi-quark hadrons,
specifically containing heavy quarks, have been observed
by the Belle, BaBar, BESIII, D0, CDF, CMS, and LHCb
experiments[4–14]. Significant number of these states are
found lying close to various thresholds for decays into
non-exotic hadrons. For example the X(3872) discovered
by Belle [4] 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. Proximity to
this threshold makes it likely to be a DD̄∗ molecule [15–
17]. Recently, the LHCb Collaboration announced obser-
vation of another X-like candidate, this time however,
containing two charm quarks instead of a charm-anti-
charm pair, labeled Tcc [18, 19]. The Tcc was observed,
with a 21.7σ significance, in the D0D0π+ invariant mass
spectrum near threshold, aka. with the mass close to the
X(3872), MT+

cc
− (MD∗+ + MD0) = −237 ± 61 keV/c2

and width, ΓT+
cc

= 410 ± 165 keV . Because two charm
quarks alone cannot form a color singlet hadron, if con-
firmed, the Tcc would be a clear evidence of a multi-quark
hadron. The small width indicates that there could be
a pole in the relevant partial wave close to the D0D∗+

threshold, However, since D∗ decays to Dπ, rescatter-
ing between D0D0π+ and D0D∗+ should be taken into
account in determining the pole parameters [20–25].

In this note we use effective range approximation
and consider the coupled amplitudes for production of
D0D0π+ and D∗+D0 final states. By fitting to the line
shape we obtain a solution for the production amplitude
which enables analytical continuation to the complex en-
ergy plane where we extract the pole parameters. Finally,
by analyzing the pole position we speculate on the pos-
sible nature of the Tcc peak.

Formalism.– We need analytical amplitudes to de-

scribe the D0D0π+ invariant mass spectrum in order to
obtain accurate pole information. The T+

cc is found in
the D0D0π+ invariant mass spectrum near the D∗+D0

threshold of 3875.09 MeV. One also notices that the
branching ratio of D∗+ → D0π+ is 67.7 ± 0.5% [26].
Hence it is natural to consider the D0D0π+-D0D∗+ cou-
pled channels. The analytical coupled channel ampli-
tudes near threshold can be parametrized using a real,
symmetric 2×2 K-matrix to describe the analytical part
of the inverse amplitudes,

T−1(s) = K−1(s)− C(s) , (1)

The matrix elements Ci(s) of the diagonal 2 × 2 Chew-
Mandelstam (CM) function [27–29], C(s) = Ci(s)δi,j
contain the right hand cuts starting at the the thresh-
olds, sth,i = (Mi + mi)

2. Here the masses are M1 =
MD0 + mπ+ , m1 = MD0 , and M2 = MD∗+ , m2 = MD0

for the D0D0π+ and D0D∗+ channels, respectively. Note
that the D0π+ system is treated as an isobar of spin-1
and therefore the amplitude T describes spin-0 partial
waves. The CM function,

Ci(s) =
s

π

∫ ∞
sthi

ds′
ρi(s

′)

s′(s′ − s)
, (2)

is defined by the (quasi)two-body S-wave phase space
factor, ImCi(s) = ρi(s) = λ1/2(s,M2

i ,m
2
i )/s, explicitly,

Ci(s;Mi,mi) =

[
M2
i −m2

i

πs
− M2

i +m2
i

π(M2
i −m2

i )

]
ln

(
mi

Mi

)
+

1

π
+
ρi(s)

π
ln

(√
sthi − s−

√
(Mi −mi)2 − s

√
sthi − s+

√
(Mi −mi)2 − s

)
. (3)

With the threshold singularities accounted for by C(s),
the K-matrix is analytical in the vicinity at thresholds
and in the effective range approximation it as approxi-
mated by a matrix of constants.

In the notation of [30, 31] the s-dependence of pro-
duction amplitude for the processes pp→ D0D0π+ +X
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and pp → D0D∗+ + X, can be represented by a two-
dimensional vector

Fi(s) =

2∑
k=1

αk(s)Tki(s) . (4)

where αi(s) are regular functions of s on the physical
cut. Since the range of invariant mass is small, with
∆
√
s << O(100 MeV), we can safely ignore any varia-

tion in s of the production amplitudes, αi(s) and also
approximate them by constants. Finally, the measured
yield is proportional to the differential cross section and
given by

dY1
d
√
s

= Np1|F1|2. (5)

Here p1 = λ(s,M2
1 ,m

2
1)/2
√
s is the magnitude of the

momentum of the π+ 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 = 1.

Fit results and discussion.– We fit the amplitudes to
theD0D0π+ invariant mass spectrum using MINUIT [32]
and find a unique solution with desired physical proper-
ties. The parameters of the fit are given in Table I, and
correspond to χ2

d.o.f = 0.95. Notice that the error of
the parameters from MINUIT is much smaller than that
from bootstrap. The comparison between the data and

K11 = 0.007905± 0.006404+0.034727
−0.082606

K12 = K21 = 0.5315± 0.0025+0.0320
−0.0666

K22 = 1.4271± 0.0016+0.0222
−0.0491

α2 = −0.3215± 0.0015+0.0270
−0.0606

Na = 1339.6± 117.7+639.1
−952.5 GeV−2

Nb = 568.5± 52.0+268.4
−394.8 GeV−2

χ2
d.o.f=0.95

TABLE I. Parameters of the best fit, as explained in the text.
The K-matrix elements and production parameters, αi are
dimensionless. 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 T+

cc.

the model is shown in Fig. 1. As can been seen, our
amplitudes fit the data rather well. To study the reso-
nance we also enlarge the plot of our solution around the
T+
cc , multiplying Nb instead of Na in Eq. (5), as shown in

Fig. 2. Once the D0D0π+-D0D∗+ amplitudes are deter-
mined on the real axis they can be analytically continued
to extract the information about the singularities located
on the nearby Riemann sheets (RS). These are reached
from the real s-axis though the unitary cuts of the Ci(s)
functions. Near the pole sR residues/couplings in n-th
RS are computed from

Tnij(s) '
gni g

n
j

snR − s
. (6)
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FIG. 1. Fit to the D0D0π+ invariant mass spectrum. The
LHCb 2021 data is from Ref. [18, 19]. The cyan bands are
taken from bootstrap within 2σ.
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FIG. 2. Fit to the D0D0π+ invariant mass spectrum around
the T+

cc. The cyan bands are taken from bootstrap method
within 2σ.

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 [33]. The uncertainty of the pole
parameters come from 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 |g2| > |g1| it appears that T+

cc couples more
strongly (roughly a factor of three) to the D0D∗+ chan-
nel than to the D0D0π+ channel. This supports the hy-
pothesis that T+

cc is a composite object dominated by the
D0D∗+ component.

The trajectory of the pole on the second Riemann sheet
is studied by varying λ which is introduced to mod-
ify the strength of coupling between the two channels,
K12(s) → λK12(s), so that λ = 1 corresponds to the
physical amplitude while for λ = 0, Eq.(1) represents
two uncoupled channels. As a function of λ the pole
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pole location (MeV)
gII
D0D0π+ = |g|eiϕ gII

D0D∗+ = |g|eiϕ

|g1| (GeV) ϕ1 (◦) |g2| (GeV) ϕ2 (◦)

3874.75+0.12
−0.06 − i 0.34+0.06

−0.12 0.23+0.03
−0.04 10+13

−9 0.70+0.03
−0.03 11+13

−8

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

trajectory is shown in Fig. 3. As λ decreases, the pole
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FIG. 3. The trajectories of pole locations by varying λ. The
black filled circles are the poles in the second Riemann sheet,
1 ≥ λ ≥ 0.90, and the magenta open circles are the poles in
the fourth Riemann sheet, 0.89 ≥ λ ≥ 0, respectively. The
step of ∆λ is 0.01.

moves upwards from the lower half
√
s-plane of RS-II

to the upper half plane of RS-IV, crossing the real axis
above the second (heavier) D0D∗+ 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 towards the heavier
threshold and as the pole enters the fourth sheet it be-
comes a cusp. As λ is decreased further the poles moves
below the lower threshold and into the real axis. Finally
it reaches the mass just ∼ 1.5 MeV below the D0D0π+

threshold. Notice that at the end of the trajectory with
λ = 0, corresponding to the D0D∗+ 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∗+ system may not be sufficiently attractive to pro-
duce a molecule. If so the T+

cc is not a true bound state
(a pole remaining on the second sheet) but an effect of
a complicated interplay of weak attraction and channel
interactions. This behaviour is similar to that of the
Pc(4312), which was found to be likely an effect of weak
interaction between Σ+

CD̄
0 and coupling the the J/ψp

channel [34].

Role of the D∗ width.– Since D∗+ is unstable its contri-
bution 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

[35]:

C2(s)→ 1

π

∫ ∞
str,Dπ

ds′C(s;
√
s′,m2)ImfDπ(s′) (7)

with sth,Dπ = (MD0 + m+
π )2 being the threshold for

the reaction D0π+ → D∗+ → D0π+ and fDπ(s) =
D−1(s), the scattering amplitude in the single reso-

nance approximation, with D(s) = M̃2 − s − Σ(s), and
Σ(s) = g2(s − sth,Dπ)C(s;M2,m2) so that the imagi-
nary part, ImΣ(s) = g2(s − sth,Dπ)ρ2(s) is the energy
dependent width corresponding to the P -wave decay of
the D∗+ → D0π+. With the parameters g = 0.4451 and
M̃ = 2010.77 MeV the amplitude f reproduces the line
shape of the D∗ correspond to a Breit-Wigner resonance
with pole at MD∗+ − iΓMD∗+ /2 = 2010.26− i0.04 MeV.
With this modification of C2(s), we fit the coupled chan-
nel amplitudes again and find a rather similar solution
to the previous one. A pole is found in RS-II with
3874.76+0.08

−0.04 − i 0.34+0.02
−0.10 MeV, and the residues are ex-

tracted as |g1| = 0.22+0.01
−0.04 GeV and |g2| = 0.71+0.01

−0.05 GeV.
Even the pole trajectory is the same as what we found in
Fig.3, with only the pole moves towards but not reach the
real axis. Also the destination of the pole (with λ = 0)
being roughly 1.6 MeV above the D0D0π+ threshold.
These support the conclusion before.

Summary.– In this letter we performed amplitude anal-
ysis on the invariant mass spectrum of D0D0π+. The
D0D0π+ - D0D∗+ coupled channel scattering ampli-
tude is constructed using a K-matrix within the Chew-
Mandelstam formalism. Then we apply the Au-Morgan-
Pennington method to study the final state interactions
for the invariant mass spectrum of D0D0π+. A high
quality fit to the experiment data of LHCb [18, 19]
is obtained. We find a pole in the second Riemann
sheet for the Tcc+, with the pole location 3874.75+0.12

−0.06 −
i 0.34+0.06

−0.12 MeV. By reducing the strength of inelastic
channels we obtain the pole trajectory that suggests Tcc
might be a D0D∗+ virtual state. Precise measurements
of the line shape would be need to further reduce theo-
retical uncertainties.
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