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Abstract. A coupled-channel approach including the A.D™ and 7.p channels
in addition to the £’ D™ and J/yp channels, as required by unitarity and heavy
quark spin symmetry, is applied to the hidden-charm pentaquark P, states, i.e.,
P.(4312), P.(4440) and P.(4457), discovered by LHCb Collaboration. It is
demonstrated that to obtain cutoff independent results, the one-pion exchange
potential in the multichannel systems is to be supplemented with next-leading
order counter terms responsible for the S -wave-to-D-wave transitions. We show
that the experimental data for the J/y¢p mass distributions are fully in line
with the £.D and £.D* hadronic molecular interpretation of the P.(4312) and
P.(4440)/P.(4457), respectively. A narrow ZZ;D molecule around 4.38 GeV
is required by the HQSS with the evidence for its existence seen in the J/yp
spectrum. Moreover, we predict the line shapes for the elastic and inelastic
channels.

1 Introduction

The observation of the P.(4380) and P.(4450) [1], as the first well established signals of
pentaquarks, in 2015 builds a landmark in searching for the so-called exotic states allowed
by quantum chromodynamics (QCD), i.e., the color neutral objects composed rather than a
pair of quark and antiquark (gg) or three quarks (gqq). These exotic structures are observed
in the J/yp channel in Ag — J/YK™ p decays, which implies that they contain at least five
quarks, ccuud. The P.(4450) is confirmed by an updated analysis based on an combined data
set collected in Run 1 and Run 2 by LHCb Collaboration in 2019 [2], and it is observed to
consist of two narrow overlapping structures, P.(4440) and P.(4457). Nevertheless, since the
one-dimensional fits to the m;y,, distributions alone cannot distinguish broad P, structures
from background varying slowly with m;,,,, a verification of the broad P.(4380) observed in
Ref. [1] awaits an full amplitude analysis of the new data. At the same time, a new narrow
pentaquark state P.(4312) is discovered in the same channel [2]. The discovery of these
pentaquark states immediately spurred many theoretical works and various interpretations
on the nature of these pentaquark states were proposed, including hadronic molecules [3—
10], compact pentaquark states [11-13], hadrocharmonia [14], and cups effects [15, 16].
An amplitude analysis focusing on the P.(4312) peak suggests the virtual state origin of
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the P.(4312) in Ref. [17]. Among these explanations, the molecular picture is of particular
interest since all of the three narrow pentaquark states can be simultaneously interpreted
as Z.D™ bound states with help of heavy quark spin symmetry (HQSS). The charmonium
pentaquark with strangeness was predicted in Refs. [18—21] and its signal was first observed
by LHCb Collaboration in 2020 [22], i.e., P.;(4459). Its observation has promoted numerous
studies of this resonance [23-26]. These studies typically favor a molecular picture with a
dominant component of Z.D*.

The proximity of the £.D™ thresholds to these narrow P, suggests an important role
played by the corresponding two-hadron states in the dynamics of the P, states. In the com-
mon molecular picture, the P.(4312) is regarded as an S-wave >.D bound state, while the
P.(4440) and P.(4457) are bound states of X.D* with different spin structures. In order to
describe the measured J/yp mass distributions, the inelastic channels need to be considered
to account for the width of P.’s. In addition to the J/¢p channel, there are more inelastic
channels, most prominently A.D™ and 75.p. The latter is connected to the J/yp channel via
HQSS. When the A.D™ channel is included explicitly, the three-body cut AD*r effects need
to be taken into account as the width of £ is almost saturated by the decay = 5 A In
this talk, we will include all the elastic channels £’ D™ and inelastic channels, J/ Yp, n.p
and A.D"™, explicitly, and investigate the role played by the A.D™ and the nonperturbative
dynamical pions as the proximity of the P, states to the A.D®n thresholds. For the case
of only short-distance contact potentials, two solutions were found describing the data al-
most equally well [9]. The most prominent contribution from the one-pion exchange (OPE)
originates from the D-waves, especially the S -wave-to-D-wave transitions [27-29]. Renor-
malization of the OPE in the energy region of interest requires an inclusion of higher order
contact potentials [28, 29]. When the OPE potentials are included together with the neces-
sary next-leading order (NLO) S-D counter terms, only one of the two solutions present in
purely contact potentials survives under the requirement of the renormalizability (regulator-
independent), which suggests that the quantum numbers of the P.(4440) and P.(4457) should
be J¥ = %_ and %_, respectively. We also show that there is evidence for the existence of
a narrow XD bound state, required by the HQSS, in the m,,, mass distribution around
4.38 GeV. The width of this P.(4380) is of the same order of the three narrow P, states as a
consequence of HQSS and thus different from the broad one reported by LHCb in 2015 [1].

2 Framework
2.1 Interactions

The effective interactions contain both short-range contact potentials and long-range OPE.
The leading-order (LO) effective Lagrangian for the =’ D™ and A.D™ interactions respect-
ing HQSS reads

Lio = ~C,S" St (ATA,) — ChieuS SK (Alo'HL)

a

+Co(S8 Tl Ao Hy) = T[S 1 (A 0" He)) = CT}, Tha(HI He), (1)

where (...) represents the trace in the spinor space and o denotes the Pauli matrices. The
subindices a, b, c are the flavor indices, and the superindices i, j, k denote the polarization.
The heavy quark spin doublets for the ground states (Z., X}), (D, D*), and A are grouped in
St H,and T, respectively, [30]

. 1 . ) _ _ _
S'= —0'% + X, H=-D+o-D" )
V3
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The transitions between the EE."‘ )D™ and J, /¥ p (m.p) can be described by [31]:
T .
Lie = BNTGATST = BgpNT G H@ S — =667 0187, 4)
V3 3
where N denotes the nucleon doublet, and J = —n. + o - ¢ collects the ground state char-

monium fields. The LO contact potentials can be derived from a more intuitive way by
decomposing the spin structures into the heavy and light degrees of freedom, see e.g. in
Refs. [9, 10].

The LO OPE potential can be obtained by the effective Lagrangian for the axial coupling
of pions to charmed mesons and baryons [32],

1 )

L= —(0' uabH;,H Y+ zgze,]kSabuthfa - \/593(Sab”bcT + T uchi,a), 5)
where u = —VO/F, with ® = 7. w. Here F; = 92.1 MeV is the pion decay constant and
g1 = 0.57 is determined from the width of D** — D", g, = 0.42 and g3 = 0.71 are taken
from a lattice QCD calculation [33].

2.2 Lippmann-Schwinger equations

In order to describe the Ag — J/YypK~ decay, we need the bare weak production vertices
as well. In this work, we only consider the S-wave = D® source for the A) — W PO K-
process since the ZE.* )D™ thresholds are close to the energy of interest. We introduce seven
parameters for the all seven S -wave Eﬁ*)D(*) sources [9, 10].

With the above ingredients, one can obtain the production amplitude satisfying unitarity
by solving the Lippmann-Schwinger equations (LSEs), with a diagrammatic representation
shown in Fig. 1,

d3
UJE,p) = P)- f(z;; Vis(E, p, )G(E, U(E, g),
U E k) = Z f SV G E. OUE. ) ©)

with U] and P, denote the production amplitude and the source for the o™ elastic channel
(A.D% ) channels as well when they are included) and Uf')J for the i™ inelastic channel J/ Yp
(mcp). The direct J/yp and 7. p interactions are neglected since they are Okubo-Zweig-lizuka
suppressed and were found very weak in a recent lattice QCD calculation [34] and a coupled-
channel model in Ref. [35]. In addition, we assume that the effect from the interactions of the
A.D™ with J/yp and n.p can be neglected.

To take into account the widths of ZE*) which are comparable to those of the P, states, the
two-body propagator is taken as the following form

Mg Mpe) 1

Gy(E, q) = d . : 7
s(E.9) Eso(@Ep (@) Eyo(q) + Ep(q) — E — (s, my)/QEy(q)) @
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J/0

Figure 1. Diagram for the A) — J/ypK~ through the A — X" DWK~.

with s = (E —EDm(q))2 — g* for the off-shell ZE.*) and Zx(s, mzﬁf’) = ig? 3% (s, mif, m,zr)/(8ss/2)
the renormalized self-energy loop diagram. The effect of the D™ width is neglected as it is
only several tens of keV. To render the integrals in the LSEs in Eq. (6) well defined we
introduce a regulator, with a hard cutoff’ A larger than all typical three-momenta scales to the
relevant degrees of freedom.

3 Fit results

To fit the J/yp invariant mass distribution, a smooth incoherent background is exploited
to model the contributions from misidentified non-Ag events, crossed-channel effects and
possibly additional broad P} structures [10]. First we perform fits employing only the contact
potentials, referred to as Scheme 1. In this circumstance, it is found that the data can be well
described without including the A.D™ channels and the inclusion of these channels does
not improve the fit quality. As in Ref. [9], two solutions, denoted as A and B, are found
describing the data almost equally well. Both solutions give seven poles for the 2§*)D(*)
scattering amplitudes, i.e., seven P, states. In both solutions, the P.(4312) corresponds to
a =.D bound state with J* = 1. The P.(4440) and P.(4457) are bounds states of Z.D",

with quantum numbers %_ and %_, respectively, in solution A and however interchanged in
solution B. Three P. states dominated by the X7 D* are found in two solutions with my- <
ms- < m;s- for solution A and the opposite mass pattern for B. Those states are invisible in
the m J/W,zmass distributions and were suggested to search for in a prompt production at the
center-of-mass energy 7 TeV in the pp collision [36]. In particular, in both solutions there
is a narrow pole around 4.38 GeV corresponding to a ;D bound state with J* = %7. Itisa
consequence of the HQSS and different to the broad resonance reported by LHCb in 2015 [1].

As inspired by Scheme I, we assume that the widths of the P, states are saturated by the
J/¥p, 1.p, the elastic channels (including those via the widths of EE.* )) and investigate the
effects from the OPE for the elastic channels. The importance of the OPE is known as its
tensor force mixes the S and D waves and can leave a significant impact on the line shapes.
The large typical momenta, py, ~ \/2,11_6 ~ 670 MeV with ¢ and u the largest threshold
splitting and the reduced mass of the D) system, make the contribution from the tensor
force of the OPE even more important than that in the nucleon interaction [27, 28]. The
iteration of such a potential within the LSEs was shown to yield a strong regulator dependence
for the observable quantities. The cutoff-dependence for the J/yp and the EE‘*)D(*) invariant
mass distributions are demonstrated in Ref. [10]. In order to cure the cutoff dependence,
we include the NLO S-D contact terms for the elastic channels together with the OPE as
suggested in Refs. [29]. In what follows, this formulation will be referred to as Scheme II.
In this case, there are in principle two best fits corresponding A and B for small cutoffs. The
solution B demonstrate only a milder regulator dependence, especially for cutoffs A > 1 GeV
which provide a larger separation between the soft and hard scales. On the contrary, the
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Figure 2. First row: The best fits to the different experimental data [2] for solution B (red solid curves).
The corresponding backgrounds are shown as red-dotted curves. Second row: The corresponding pre-
dictions for the line shapes of Z.D (blue dashed), XD (orange dotted), =.D* (green dot-dashed), and
X D* (red solid) mass distributions.
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Figure 3. Predictions for the line shapes of the n.p invariant mass distributions based on various fit
results for solution B of Scheme II (left) and Scheme III (right), respectively. The blue dotted, orange
dashed and green dot-dashed curves correspond to the predictions from the three fit results (cos 6p, -
weighted, mg, > 1.9 GeV and m-all), in order.

solution A still show a strong cutoff dependence and the J/yp line shape can not be well
described with cutoffs greater than 1.5 GeV, especially for the peak P.(4440). Therefore, we
discard the solution A and only focus on the results of solution B. More details on the cutoff
dependence for two solutions can be found in Ref. [10].

The best fits to the different experimental data [2] are shown in Fig. 2 with corresponding
predictions for the line shapes of the EE.* )D™ mass distributions. Predictions for the n.p line
shape are shown in Fig. 3. The poles lies in the complex energy plane of unphysical Riemann
sheets associated to the amplitudes are identified as the P, resonances, which are collected
in Table 1 for those of interest. The P.(4312) couples dominantly to £.D with J* = 1~
as a (quasi) bound state. The P.(4440) and P.(4457) couple dominantly to the X.D* with
JE = %_ and J* = %_, respectively. In particular, there is a narrow state located around
4.38 GeV where the data show a peak, though less prominent than the well-known three
pentaquark states.
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Table 1. The pole positions (on the sheets close to the physical region), quantum numbers, the

dominant channels (DCs) and their thresholds.

JP DC (threshold [MV]) Pole [MeV]
P.(4312) | 1~ x.D (4321.6) 4313(1) = 3(1)i
P.(4380) | 3~ T:D (4386.2) 4376(1) — 6(2)i
P.(4440) | 3~ T.D* (4462.1) 4441(2) - 6(2)i
P.(4457) | 1~ T.D* (4462.1) 4461(2) - 5(2)i
P. 3 T:D* (4526.7) 4525(4) — 9(1)i
P. 2" T D* (4526.7) 4520(3) — 12(3)i
P. 3 T:D* (4526.7) 4500(2) — 9(6)i

As discussed above, the J/iyp invariant mass distributions can be well described without
including the A.D™ channels. It is found that the explicit inclusion of the A.D™ as well as
the associated A.D™r three-body cuts, denoted as Scheme III, on one hand does not improve
the fit quality. On the other hand, the fitted inelastic parameters are not effectively constrained
as they are very sensitive to the data sets used in the fits and to the background employed. It
is hard to discriminate the contributions from the J/yp (5.p) and A.D®™ to the width of the
P, states from the J/yp mass distribution alone. To illustrate it more clearly, we fits to the
data with mg, > 1.9 GeV with three different backgrounds, as shown in Fig. 4. All the fits
have values for y? very close to the best fit result. Nevertheless, the fitted parameters are very
different, which leads to very different line shapes for the 22*)[)(*) and A.D™ productions, as
shown in Fig. 5. In other words, the J/yp data alone are not enough to constrain the A D™
interactions. Nevertheless, the predicted line shape for the 7. p distribution is consistent with
those of Scheme II, see i.e. in Fig. 3, as it is directly related to the J/yp channel via HQSS.
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Figure 4. The best fits to the experimental data of mg, > 1.9 GeV [2] with three different fixed
backgrounds for Scheme II1.
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