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Pole analysis on the doubly charmed meson in D’D’z* mass spectrum
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In this paper, we study the scattering amplitudes of D°D°z*-D**+ D0 coupled channels based on the K
matrix within the Chew-Mandelstam formalism. The D°D%z* invariant mass spectrum of LHCb is fitted,
and the pole parameters of the T, are extracted. The analysis of pole behavior suggests that the T, may
originate from a D**D° virtual state and is formed as a result of an interplay between an attractive

interaction between D° and D** and coupling to D°D%z* 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 X(3872) 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
DD* threshold. The proximity to this threshold makes it
likely to be a DD* molecule [14-16]. Recently, the LHCb
Collaboration announced observation of another X-like
candidate, this time, however, containing two charm quarks
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instead of a charm-anticharm pair labeled T, [17,18]. The
T was observed, with a 21.76 significance in the D°D%z+
invariant mass spectrum near threshold, i.e., with the
mass close to the X(3872), My — (Mp—+ + Mpo) =
—237 £61 keV/c?, and width L7 =410 4 165 keV.
Because two charm quarks alone cannot form a color singlet
hadron, if confirmed, the T, 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
DYD*+ threshold, However, since D* decays to D, rescat-
tering between DD’z and D°D** should be taken into
account in determining the pole parameters [19-24].

There have been some theoretical studies of the T,; see,
e.g., [25-30]. In this paper, we use effective range approxi-
mation and consider the coupled amplitudes for production
of D°DOz" and D** D 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 T, peak.

II. FORMALISM

We need analytical amplitudes to describe the D°D°z*
invariant mass spectrum in order to obtain accurate pole
information. The T, is found in the D°D%z* invariant
mass spectrum near the D** D threshold of 3875.09 MeV.
One also notices that the branching ratio of D** — D%z+ is
67.7+0.5% [31]. The D* and Dx are physically two
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different states. The former is a resonance (presumably a gg
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 7. to the DDz
threshold. Hence, it is natural to consider the
DDz +-DD** coupled channels. The analytical coupled
channel amplitudes near threshold can be parametrized
using a real, symmetric 2 x 2 K matrix to describe the
analytical part of the inverse amplitudes,

= K'(s) = C(s). (1)

The matrix elements C;(s) of the diagonal 2 x 2 Chew-
Mandelstam (CM) function [32-34] C(s) = C;(s)d; ; con-
tain the right-hand cuts starting at the thresholds
Sii = (M; +m;)>. Here the masses are M, = M+
myv, my =Mpo, and M, = Mp-+, my = Mo for the
DDzt and D°D** channels, respectively. Note that the
DOzt system is treated as an isobar of spin-1, and therefore,
the T describes S-wave amplitudes. The CM function

Ci(s) = i/m ds’s,pii (2)

7 /s (s" =)

T7'(s)

is defined by the (quasi)two-body S-wave phase space factor

ImC,(s) = p;(s) = A1/2(s, M?, m?)/s, explicitly,
Ci(s;M;,m;)
M? —m? M?+m? m;
s x(M? - mz) Mi

[ (M; —m;)* s '
Vi =5+ (M; —m;)* —s

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 approximated by a matrix
of constants.

In the notation of [35,36] the s dependence of production
amplitude for the processes pp — D°D°z* + X and pp —
D°D** + X can be represented by a two-dimensional
vector

3)

2
Fi(s) :Zak(s)Tki(S)» (4)
k=1

where «;(s) are regular functions of s on the physical cut.
Since the range of invariant mass is small, with
Ay/s < O(100 MeV), we can safely ignore any variation
in s of the production amplitudes a;(s) and also approxi-
mate them by constants. Finally, the measured yield is
proportional to the differential cross section and given by

an
dv/s

Here, p; = A(s,M3,m?)/2\/s is the magnitude of the
momentum of the z in the center-of-mass frame. Since
the overall number of events is fitted, we can absorb «; into
the normalization factor N and thus we set a; = 1.

= Npi|F\[>. (5)

III. FIT RESULTS AND DISCUSSION

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

NP1|F |2

YNNG
(Lo [ED ] o

where AE is the bin width, f, =0.778, p, = 0.222,
oy = 1.05 x 263 keV, and 6, = 2.413 x 5, [18]. We find
a unique solution with desired physical properties. The
parameters of the fit are given in Table I and correspond to
X305 = 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 T, multiplying N, instead of N, in
Eq. (5), as shown in the bottom graph in Fig. 1. Once the
DDzt — D°D** amplitudes are determined on the real
axis, they can be analytically continued to extract the
information about the singularities located on the nearby

Yields B / (Ei+AE[2)?
(

AE E,—AE/2)?

TABLE 1. Parameters of the best fit, as explained in the text.
The K-matrix elements and production parameters «; are di-
mensionless. The first uncertainty of the parameters is given from
MINUIT, and the second (up and down) uncertainty is from
bootstrap within 2¢. N, is the normalization factor for the data
in the full range, while N, is for the data in the region of T,. The
correlation matrix is given in the Supplemental Material [40].

Kyj = —0.01204 % 000691003250
K> = Koy = 05080 £ 0.0025+ 00348
Ky = 14447 £ 0.001570023
t, = —0.3024 + 0.0016:+0026!

= 1434.0 £ 129.815620 Gev-2
Ny = 516.0 + 49312256 Gey -2
Z(zLoAfA =092
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FIG. 1. The clear line shape from our solutions. The data points
of D'Dz* invariant mass spectrum are superimposed. The cyan
bands are taken from the bootstrap method within 2o.

Riemann sheets (RSs). These are reached from the real s
axis though the unitary cuts of the C;(ss) functions. Near the
pole, sy residues/couplings in nth RS are computed from

99

T7i(s) T

(7)

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 26.

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

ggopn;ﬁ = |gle'” gg“o*+ = |gle
l91] (GeV) @1 () || (GeV) @, ()

3874.741 001 —i0.301095 0227303 9oflt 0.691007 101)!

Pole location (MeV)

0.4 ; T T T
0.2 1 i
% 0.0
2 ]
N | : |
T -0.24 s .
o - 1
] RS-11 =1 ]
0.4 © RS-V P
3868 38|70 38|72 38|74 3876
M (MeV)

FIG. 2. The trajectories of pole locations by varying A. The
black filled circles are the poles in the second Riemann sheet
1 > 4> 0.88, and the magenta open circles are the poles in the
fourth Riemann sheet 0.87 > A > 0, respectively. The step of A1
is 0.01.

Notice that in the bootstrap method, where the data points
are varied randomly, all the poles are located in RS-II. Since
|go| > |g1], it appears that T. couples more strongly
(roughly a factor of 3) to the D°D** channel than to the
D°D°z+ channel. This supports the hypothesis that 7, is a
composite object dominated by the D°D** component.

The trajectory of the pole on the second Riemann sheet is
studied by varying A1 which is introduced to modify the
strength of coupling between the two channels K, (s) —
AK 5(s), so that A = 1 corresponds to the physical ampli-
tude, while for 4 =0, Eq. (1) represents two uncoupled
channels. As a function of 4, the pole trajectory is shown in
Fig. 2. As A decreases, the pole moves upward from the
lower half /s plane of RS-II to the upper half plane of
RS-1V, crossing the real axis above the second (heavier)
D°D** 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 A 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
DDzt threshold. Notice that at the end of the trajectory
with A = 0 corresponding to the D°D** single channel, the
pole in the real axis below threshold is a virtual state. This
implies that in the absence of channel coupling, the D°D**+
system may not be sufficiently attractive to produce a
molecule. If so, the T, 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 P.(4312), which was
found to be likely an effect of weak interaction between
25D and coupling the J/wp channel [41].
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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 T.. 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-T13874.751042 — i 0.3470% MeV, with the residues
of [g;| = 0.231097 GeV and |g,| = 0.70109; GeV. This is
quite the same as what is found in Table II.

IV. ROLE OF THE D* WIDTH

Since D*' 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 C, accordingly [42]:

Cals) =1 / 4y (s VS my)Imf (). (8)
Str.Dx
with sy, p, = (Mpo + m})? being the threshold for the
reaction D'zt — D** — D" and fp,(s) = D7!(s), the
scattering amplitude in the single resonance approxima-
tion, with D(s) = M?>—s—2(s) and Z(s) = ¢*(s —
Stpz)C(s: My, my) so that the imaginary part ImX(s) =
& (s = smpr)pa(s) is the energy-dependent width corre-
sponding to the P-wave decay of the D** — D%z". With
the parameters g = 0.4451 and M = 2010.77 MeV,
the amplitude f reproduces the line shape of the D*
corresponding to a Breit-Wigner resonance with the pole
at Mp+ —ily, . /2 =2010.26 —i0.04 MeV. With this
modification of C,(s), 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 3874.7670 55—
i0.267002 MeV, and the residues are extracted as

lg1| = 0.21700; GeV and |g,| = 0.7175:33 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 4 = 0) is roughly 2.6 MeV
above the D°D°z* threshold. These support the conclusion
made before.

V. SUMMARY

In this paper, we performed an amplitude analysis on the
invariant mass spectrum of D°D°z*. The DDzt —
D°D** 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 DDz . 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 T, with the pole location
3874.7470 04 — i0.307005 MeV. By reducing the strength
of inelastic channels, we obtained the pole trajectory that
suggests T7, might be a D°D** virtual state. Precise
measurements of the line shape would be needed to further
reduce theoretical uncertainties.
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