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Abstract. The P.(4380)" and P.(4450)" states recently discovered at LHCb have masses close to several
relevant thresholds, which suggests they can be described in terms of meson-baryon degrees of freedom.
This article explores the phenomenology of these states, and their possible partners, from this point of
view. Competing models can be distinguished by the masses of the neutral partners which have yet to be
observed, and the existence or otherwise of further partners with different isospin, spin, and parity. Future
experimental studies in different decay channels can also discriminate among models, using selection rules
and algebraic relations among decays. Among the several possible meson-baryon pairs which could be
important, one implies that the states are mixtures of isospins 1/2 and 3/2, with characteristic signatures
in production and decay. A previous experimental study of a Cabibbo-suppressed decay showed no evidence
for the states, and further analysis is required to establish the significance of this non-observation. Several
intriguing similarities suggest that P.(4450)" is related to the X (3872) meson.

1 Introduction

The recent discovery at LHCb [1] of states decaying to
J/¥p has provoked considerable excitement. The P,
(4380)" and P.(4450)" states are observed in A) —
J/YpK~. For the heavier state in particular, there is a
dramatic peak in the J/vp invariant mass spectrum and
clear evidence of phase motion.

Already there are several proposed interpretations of
these states in the literature, some of which are inspired
by their proximity to meson-baryon thresholds. The most
prosaic option is that they are kinematic effects due
to rescattering among different channels [2-5]. Alterna-
tively, they could be bound states (or resonances) formed
from open-charm baryon and meson constituents [6-10],
a possibility which had been anticipated in several mod-
els [11-14], or baryocharmonia [15]. The compact pen-
taquark interpretation ignores the role of thresholds and
describes the states in terms of quark, diquark or triquark
degrees of freedom [16-23]. Other possibilities have also
been discussed [24, 25].

This article explores the implications of meson-baryon
degrees of freedom for P.(4380)", P.(4450)" and their
possible partner states. The experimental properties of the
states are first compared with naive theoretical arguments
(sect. 2). The various possible meson-baryon thresholds
which could play a role are introduced, and it is noted
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that none of the possibilities fits entirely with naive ex-
pectations for S-wave couplings (sect. 3). Models are in-
troduced and their predictions are confronted with ex-
perimental data (sect. 4). The observed charged states
should be accompanied by neutral partners, and possibly
additional partners with different J% or isospin (sect. 5).
One of the possible meson-baryon combinations is shown
to imply isospin violation, due to a mass gap separat-
ing different charge channels (sect. 6). Many decays other
than the observed J/¢p are possible, and it is argued
that characteristic patterns among these due to isospin
and heavy-quark spin can discriminate among models
(sect. 7). Using a simple model relations among different
decay modes are obtained, and these suggest that isospin-
violating J/¥A and n.A decays could be large (sect. 8).
The states, and their missing partners, may also be ob-
served in other channels, including Cabibbo-suppressed
decays where data are already available (sect. 9). Finally,
it will be shown that there are several intriguing paral-
lels between P.(4450)% and X (3872), suggesting that they
may be related (sect. 10).

2 Spin-parity assignments

The properties [1] of the new states are summarised in ta-
ble 1. For convenience, P.(4380)" and P.(4450)% will be
referred to throughout this paper as P, and P}, respec-

tively. The J¥ assignments are not yet determined defini-
tively, but the best fit to data (Assignment 1 in the table)
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Table 1. The masses and widths (MeV) of the P. states, their
possible J¥ assignments, and the energies (MeV) of nearby
thresholds. Here X, X7 and A} are X.(2455), X.(2520) and

Ac(2595), respectively.

P.(4380)" P.(4450)*"
Mass 4380 £ 8+ 29 44498 +1.7+2.5
Width 205 + 18 + 86 3545419
Assignment 1 3/2° 5/2%
Assignment 2 3/2% 5/27
Assignment 3 5/2% 3/27
i+ po 4382.3+2.4
Xelp 4448.93 £ 0.07
Azt DO 4457.09 £ 0.35
XD 4459.9 £ 0.5
X ponr0 4452.7+0.5

is obtained with P. and P* as 3/2~ and 5/2% states, re-
spectively. The (3/2%,5/27) combination (Assignment 2)
and (5/2%,3/27) combination (Assignment 3) are also
possible. The discussion in this paper will concentrate on
these three assignments, as they are preferred experimen-
tally, although other possibilities cannot yet be ruled out.

The proximity of nearby meson-baryon thresholds

plays an important role in several models for the Pc(*)
states. A summary of the relevant threshold energies is
given in table 1; in that table, and elsewhere in this pa-
per, X.(2455), X.(2520) and A.(2595) will be referred to

as X, X% and A}, respectively. The P peak overlaps with
the x1p threshold [2], and is somewhat below A*D [1]
and X.D* [8], while P. is somewhat below X*D [8]. The
proximity of P* to the three-body XF D%7® channel has
not been noted in the literature: this follows automatically
from its proximity to X7 D*0, since D* is just above D%7°
threshold.

Their J/1p decays suggest that, regardless of the in-
ternal dynamics, the states have intrinsic quark content
uudce. As a point of reference, table 2 summarises the dif-
ferent spin and isospin channels available to this five quark
system, classified according to the two possible meson-
baryon decompositions: open-charm (udc)(uc)/(uwuc)(dc)
and closed-charm (uud)(c¢). The entries S, P, D or F de-
note the allowed partial waves in which the given meson-
baryon pair couples to the appropriate J*. The three ex-
perimental J© assignments for P, and P* are identified at
the top of the table.

There are two naive arguments which suggest that of
the different possible J¥ assignments, that preferred by
experiment (Assignment 1) is also the most natural theo-
retically. Firstly, due to the centrifugal barrier suppressing
decays in higher partial waves, it would be natural if P,
as the broader of the two states, decays in a lower par-
tial wave than PF. (This assumes some similar underlying
structure for the two states.) Referring to table 2, the min-
imum allowed partial waves for the J/vp decays of P./ P}
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Table 2. The isospin and J© combinations accessible to differ-
ent open- and closed-charm meson-baryon systems. The table
entries are the allowed partial waves (up to L = 3) for each
channel. The experimental J assignments for P. and P’ are
indicated in the first three rows.

1- 3- 55— 1t 3+ 5+
2 2 2 2 2 2
Ass. 1 P. P
Ass. 2 P P.
Ass. 3 P P.
I=1 AcD s D D P P F
Ac.D* sb Sb D P PF PF
A(2595\D P P F S D D
I=%3% X.D s D D P P F
XD D SO D P PF PF
z.D* Sb Sb D P PF PF
X:D* SD SD SD PF PF PF
I=1 J/YyN Sb Sb D P PF PF
neN s D D P P F
Xa N P PF PF SD SD D
xcoN P P F S D D
J/YN(1440) SD SD D P PF PF
J/YN(1520) PF PF PF SD SD SD
I=2% J/pA Sb SD SD PF PF PF
A\ D SO D P PF PF

in Assignments 1, 2 and 3 are respectively S/P-wave, P/D-
wave and P /S-wave. On this basis Assignments 1 and 2 are
consistent with expectations, while Assignment 3 is not.

Secondly, the intrinsic negative parity of the quark
combination uudcé suggests that, regardless of the as-
sumed internal dynamics, the negative parity states (in-
volving no orbital excitations) will be lightest, while posi-
tive parity states (with one unit of orbital excitation) will
be heavier. Only Assignment 1 is consistent with this or-
dering.

Neither of these arguments should be taken too seri-
ously, particularly the second: the opposite parities of the
states are a challenge in most models, regardless of the
ordering.

3 Meson-baryon degrees of freedom

Ordinary hadrons (ggq baryons and ¢g mesons) couple to
two-body channels by quark-pair creation, which affects
their masses and (above threshold) leads to strong de-
cay. Quenched quark models which ignore these couplings
work well for states far below threshold, but not because
the two-body components and their effects are necessarily
small. Large mass shifts due to two-body couplings can
partly be absorbed into a redefinition of model parame-
ters [26], and the remaining induced mass splittings, while
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significant, leave several quenched quark model results in-
tact [27-30]. Close to threshold, though, a two-body de-
scription is unavoidable: this is model-independent and
is due to the associated small energy denominator. In
the case of the near-threshold X (3872) meson, for exam-
ple, models which include both ¢¢ and (¢q)(gc) degrees
of freedom, and allow for coupling between them, find
that the wavefunction is dominated by (¢g)(g¢) compo-
nents [31-37].

Similarly, the proximity of their masses to thresholds

implies that the PC(*) states contain significant meson-
baryon components in their wavefunctions, unless for some
reason the coupling to those channels is suppressed. Mod-
els which ignore these components must not only accept
as a coincidence the proximity of masses, but should also
explain why the relevant couplings are small. Naively the
coupling for a state which has the same valence quark con-
tent (uudcé) as a two-body pair would be larger than the
corresponding two-body couplings of ordinary gqq baryons
or gq mesons, which require quark-pair creation.
Conventional wisdom is that two-body thresholds are
most important in S-wave (although this is not necessarily
true of kinematic models, discussed later). However, the
experimental J? assignments do not allow for more than

one of the Pc(*) states to couple to the relevant threshold in
S-wave. Referring to table 2, for P} the couplings to x.1p
for the three assignments are respectively D-, P- and P-
wave. Similarly, for P¥ the couplings to A D threshold are
D-, F- and P-wave. The P./P} couplings to their respec-
tive X*D/X.D* channels are, for the three assignments,
S/P-wave, P/D-wave and P/S-wave. Assuming that lower
partial wave couplings are more important, the relevance
of xc1p seems most natural in Assignments 2 or 3, that of
A*D in Assignment 3, and that of X*D/X.D* in Assign-
ments 1 or 3.

Meson-baryon components are also integral to the
baryocharmonium interpretation [15] in which P, and P}
are .JJ/9¥N(1440) and J/9N(1520) composites, albeit with
masses less closely correlated to corresponding thresholds.

In this model Assignment 1 allows for both PC(*) states in
S-wave.

In this paper it will be assumed that the Pc(*) states are
described in terms of meson-baryon degrees of freedom.

The following scenarios will be considered: P} as a xc.1p

state or A%D state, and P./P} as X*D/X.D* states or
J/¢YN(1440)/J /1 N(1520) states. These will be referred
to as the x.1p, A%D, Zé*)D(*) and J/@¥N* scenarios.

The term “state” is being used loosely here and, con-
sistent with the general nature of much of the discussion
below, does not presuppose any particular model. Most of
the conclusions rely only on the assumed spin and flavour
degrees of freedom of the meson-baryon pair, not on the
underlying dynamics that give rise to the states in the first
place.

The scenarios outlined above will mostly be treated as

distinct possibilities for the Pé*) states, although in real-
ity there may be some interplay among the various degrees

of freedom, particularly for P’ which has several nearby
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thresholds. Even if there is mixing among different wave-
function components, the conclusions can still be useful,
as discussed in sect. 10.

Finally, note that in this simplified classification of
competing, distinct scenarios, the x.1p and AZD scenar-

ios apply only to PY, whereas the Zé*)D(*) and J/¢YN*

(&
scenarios, at least in principle, could accommodate the

doublet of Pc(*) states.

4 Models

In this section competing models for the Pc(*) states are
introduced. Kinematic effects, discussed first, arise from
Xe1p, AZD and/or 2D degrees of freedom, while
models in which the states are genuine meson-baryon com-
posites involve DO or J/WN* degrees of freedom.
Kinematic models appear to be a better match for P*
than P.. In the model of Guo et al. [2], P} is a kinematic
effect associated with the y.1p threshold, assuming a P-
wave coupling (Assignments 2 or 3), and arising from two
possible mechanisms: a two-point singularity, where the
decay A) — xapK~ is followed by rescattering x.1p —
J/p, and a triangle singularity due to A) — x.14(1890),

A(1890) — pK~, again followed by rescattering x.ip —
J/1p. In both mechanisms the x.1p combination feeds P,
so from the point of view of this paper P’ in this model is
regarded as a x.1p state. A similar point of view is adopted
in ref. [5].

Mikhasenko [4] also describes P} as a kinematic effect
due to a triangle singularity, but in this case the mecha-
nism is A) — X+ D~ D~ — D*K~ followed by rescat-
tering XX D*® — J/ip. From the point of view of this
paper, in this model P is regarded as a ¥.D* state.

Liu et al. [3] argue that peaks arising near the P mass
can result from two-point and triangle singularities, and
their calculations include a larger number of intermedi-
aries XcJp, Ag*)D(*) and Eé*)D(*). If each of these inter-
mediaries plays a comparable role then it is not possible to

classify the Pc(*) states uniquely according to the distinct
scenarios outlined above. In particular, the x.1p and A%D
channels, through triangle singularities, appear to play a
comparable role in the P peak (see their fig. 5).

A different class of models regards P./P* as X*D/
X.D* composites, with a binding potential due to me-
son exchange. A challenge common to all such models is
that, due to their opposite parities, it is not possible to
match both PC(*) states to S-wave thresholds. The least
problematic interpretations (as remarked above) are As-
signments 1 and 3, which have P./P} in S/P-wave and
P/S-wave, respectively. Assignment 2 is particularly un-
natural in such models, as the 5/2~ state requires D-wave
Y.D* constituents and D-wave J/¢¥p decay; it would be
more natural to have 1/27 or 3/2~ states, with S-wave
constituents and S-wave decays.

An alternative interpretation of the opposite parities
of the Pé*) doublet would be to regard one as the orbital
excitation of the other. Unfortunately in such an approach
the natural link to at least one of the thresholds is lost.
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Pion-exchange is expected to be the dominant bind-
ing forced between flavoured hadrons. Karliner and Ros-
ner [14] predicted that since A. — A.m and D — Dm
couplings are forbidden by isospin and J¥ respectively,
the lightest molecular state should appear at the X,.D*
threshold. Their predicted I(JF) = 1/2(3/27) state is
consistent with P} in Assignment 3. The more general
boson-exchange model of Yang et al. [12] finds the same
state, as well as other S-wave states including one at X, D
threshold. He [8] considers both S- and P-wave interac-
tions in the boson-exchange model, obtaining bound states
in ¥*D/X.D* with quantum numbers consistent with As-
signment 1.

There are some models involving Eg*)D(*) degrees
of freedom which do not match the canonical identifi-
cation of P./P} with Z:D/ZCD*. In the local hidden-
gauge approach, Xiao et al. [13] predicted a number of S-
wave states across the X5 D) sector, bound by around
50MeV, and on this basis Roca et al. [9] interpret P} as
a X.D*/X*D admixture, with 3/2~ quantum numbers as
in Assignment 3. Chen et al. [7], in a pion-exchange model,
associate P./P* with higher-lying channels X.D*/X*D*,
so the natural connection of their masses to threshold is
lost, and as a pair of S-wave states their candidates can-
not match the opposite parities of the experimental data.
Using QCD sum rules Chen et al. [6] associate the lighter
state P, with the heavier threshold X, D*, and the heavier

state P¥ with the lighter threshold X} D.

The possibility of A*D molecular states appears not
to have been discussed in the literature. Naively A% might
not be expected in molecular states for the same reason
that A, is not: isospin forbids the coupling Ag*) — Ag*)w.
However this constraint disappears if one considers crossed
channels, and a new possibility in this context is discussed
in sect. 10.

Among the scenarios, the J/¢YN* baryocharmo-
nium scenario, where P. and P are J/¢N(1440) and
J/¢YN(1520) bound states [15], is unique in allowing for
S-wave couplings for both PC(*) states (Assignment 1). The
model accounts naturally for the opposite parities of the
states, and their mass gap. However it is not clear if the
requisite binding, of the order of 150 MeV, can be realised
in models [15]. A related possibility is that P is a bary-
ocharmonium x.;p state. The problem with this is that
S-wave coupling is not allowed for any of the J¥ assign-
ments.

5 Partner states

The models have different implications for the existence of
partner states, yet to be discovered, with different isospin,
charge and J”': the observation or otherwise of these part-
ners can help to discriminate among models.

Firstly, note that a feature which is presumably com-
mon to all models is the existence of neutral partners,
decaying to J/i¢n. This was noted in the context of the
pentaquark interpretation by Lebed [20]. In the simplest
picture, the neutral states are the (I,I3) = (1/2,—1/2)
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counterparts of the observed (I,I3) = (1/2,+1/2) states.
Even if isospin is broken (discussed later) the neutral part-
ners should exist.

Accurate determination of the masses of the neutral
partners can help to reveal the underlying degrees of free-
dom. If P} arises due to x.1p degrees of freedom then its
neutral y.1n partner will presumably be heavier by around

the n-p mass difference,
my, —mpy = 1.29MeV. (1)

On the other hand, if P* is due to A% D degrees of freedom,

its neutral partner has D° replaced with D~, leading to a
larger mass gap of several MeV,

mp- —mpo = 4.77 £ 0.08 MeV. (2)

The situation is less conclusive in the Eé*)D(*) scenario,

because the charged Pg*) states and their neutral coun-
terparts each have contributions from two charge combi-
nations of meson-baryon pairs, as discussed in the next
section.

Another striking difference among models is that un-
like the xc1p, A*D and J/¢)N* scenarios, the Eé*)D(*)
scenario, at least in principle, allows for I = 3/2 part-
ners. Observation of partner states with charge +2 and
—1 with similar masses would be a signature of Eg*)D(*)
degrees of freedom. (Some relevant experimental channels
are discussed in sect. 7.) The models also have different
implications for partners with other J¥, and a challenge
for all models is to explain why the observed J¥ is unique.

In the model of Guo et al. [2] P7 is generated by xc1p
rescattering and so will not have an I = 3/2 partner at
the x.1p threshold. (Possible rescattering effects at other
thresholds, such as x.14, should be investigated.) How-
ever (referring to table 2) the P-wave x.1p interactions
adopted in ref. [2] couple to 1/27, 3/27 and 5/27; ideally
the model should explain why the observed J¥ (either
1/27 or 3/27) is unique. Similarly, it would be interesting
to know if their model generates 1/27 or 3/2% y.1p struc-
tures, given theoretical prejudice towards S-wave thresh-
old effects.

In kinematic models where Eé*)D(*) rescattering plays
arole [3,4], there is at least the possibility of I = 3/2 part-
ners for the P states; model calculations investigating
kinematic peaks in the J/¥A mass spectrum would be

welcome. In Assignment 1 (most natural in the Eg*)D(*)
scenario) the 3/2~ quantum numbers of P. are unique
in S-wave, so 1/27 and 5/2~ partners are not expected.
However the 5/27 P could have 1/2% or 3/27 partners: it
would be interesting if rescattering models can explain the
apparent non-observation of such states in J/vp. Similar
remarks apply for other assignments.

Bound state models based on X D) degrees of free-
dom differ considerably in their predictions for partners.
Karliner and Rosner [14] note that pion-exchange in the
X.D* channel is equally attractive in I(JF) = 1/2(3/27)
and 3/2(1/27); if the former is identified with P}, a strik-
ing and simple consequence is the prediction of a degen-
erate 3/2(1/27) partner. (Their argument is based on a
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generalisation of the concept of relative binding number,
or RBN, a numerical factor characterising the sign and
magnitude of the interaction potential in different spin
and isospin channels [38,39]. The computed values assume
point-like pion-emission, but as shown in ref. [40], the same
values arise in other models for the pion vertex, including
the 3Py, flux tube, and microscopic models, so conclusions
based on RBNs are rather general.)

Other models predict a richer spectroscopy. The boson-
exchange model of Yang et al. [12] yields S-wave X.D*
binding in all possible I(JF) channels, as well as X.D
binding in 3/2(1/27). In the local hidden-gauge approach
Xiao et al. [13] find deeply bound states in all possible J%
channels formed from all possible Eé*)
but only in I =1/2.

The work of He [8] is unique in considering both S- and
P-wave interactions, and restricts to I = 1/2 channels.
The 3/2~ X*D state (Assignment 1) is found not to have
a 3/2% partner, but 1/2% and 5/2% possibilities are not
discussed. The more striking result of ref. [8] is the P-
wave X.D* binding in 5/2%, consistent with P*. As can
be seen in fig. 2 of that paper, some other channels are also
bound with similar or smaller cut-offs, in particular the S-
wave 3/27 and P-wave 3/27. The existence or otherwise
of these partners is a test of model predictions.

If the Pc(*) states are baryocharmonia built on J/¢YN*
degrees of freedom, the S-wave couplings (Assignment 1)
lead to several possible J. Ideally the model should ex-
plain why the observed 3/2~ and 5/2% states are pre-
ferred over the other possibilities 1/27, 1/2% and 3/2%.
No I = 3/2 partners are expected in the same mass region,
though J/¥A partners might be possible.

Note that the compact pentaquark interpretation
(with quark, diquark, or triquark degrees of freedom) gen-
erally implies a proliferation of states with both I = 1/2
and I = 3/2, and several possible JF: see, for example,
Yuan et al. [16]. The number of states is particularly large
because of the required orbital excitation, similar to the
situation confronting the tetraquark model of X (3872) in
the case of the (now disproved) 2~ assignment [41]. The
proliferation of states is less of a problem in the model
of Lebed [20], in which pentaquarks originating from A
decay have I = 1/2 only, as their ud diquark is isoscalar
since it is inherited from AY.

D™ combinations,

6 Isospin violation

An important aspect of the D and X.D* channels has
so far been overlooked in the literature. In any basis there
are two ways to form a positive charge state from an

isotriplet 25*) and isodoublet D™). In the charge basis,

the two possibilities are distinguished by the third com-
ponents of isospin,

11

‘2§*“D<*)0> = ’10, 22>, (3)

_ 11
‘25*)++D<*>—> - ’11, 5 2>. (4)
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Note that the two possibilities have the same overall quark
content, but differ in the arrangement of the quarks,
namely (udc)(uc) and (uuc)(de) respectively. Alterna-
tively one can work in the basis of states of good total
isospin, either 1/2 or 3/2,

‘(zg*m(*)) > - (1 x 1) , (5)

b4 2/ 4.4

(2(*>D<*>) _(1x2 . (6)
G & 2/ 34

The elements of the matrix translating between the bases
are Clebsch-Gordan coefficients,

’Eg*)+D(*)o> ’Eg*)++D(*)_>

<(E§*)D(*));,; - é % - (7
(o) s 3

Assuming the meson-baryon interactions respect
isospin, if there were exact degeneracy within each (Eg*ﬂ'7
Eé*)++) and (D™)°, D®)=) pair, the physical states would
be I =1/2 and I = 3/2 eigenstates as determined by the

above mixing matrix. But this limit is not realised in na-

ture: the thresholds are, for X* D,

M(Z:) + M(D°) = 4382.3 £ 2.4 MeV, (8)
M) + M(D™) = 4387.5+£0.7MeV, (9)

and for X,.D*,

M(ZF) + M(D*%) = 4459.9 + 0.5 MeV,
M(ZIT) 4+ M(D*™) = 4464.24 + 0.23 MeV.

(10)
(11)

The mass gap of around 5 MeV for each pair of thresholds,
while small on typical hadronic scales, is significant com-
pared to the binding energies of P. and P}. The result
is that in each case the lower-lying Eé*HD(*)O compo-
nent of the wavefunction will be enhanced compared to
the X"+ D™~ component. The physical states are not
states of good isospin, then, but admixtures of I = 1/2

and I = 3/2. In the extreme case that the Eﬁ*)H_D(*)_
component is negligible, the probability that the physical
state is in I = 3/2 is twice that of I =1/2.

The situation is analogous to the case of X (3872),
where the observed isospin violation is understood in
terms of the mass gap separating the D*°D% and D*+ D~
channels [42-46]. For X (3872), isospin breaking is scale-
dependent, and is larger at large distances [47,48]. The
same is expected here, meaning isospin effects differ in var-
ious production and decay processes. In any case, isospin
violation will be present at some level, and will have ob-
servable consequences.

Note that this isospin violation is a feature of the

Zé*)D(*) scenario generally, appearing in both kinematic
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and bound state models. In kinematic models the enhance-
ment of LT DM is associated with its energy denom-
inator in the loop integral. In bound state models (at
least in S-wave) it is evident in the universal wavefunc-
tion applicable to loosely bound states: see for example
refs. [47,48].

Due to their J/vp decays, it would be natural to assign

the ch*) states to I = 1/2 doublets. But if Eg*)D(*) de-
grees of freedom are playing a role the required isospin vi-
olation implies that this canonical interpretation no longer
applies. Two distinct and interesting possibilities arise.
The closest match to the canonical interpretation is to
place the states in putative I = 1/2 doublets, meaning
that, were it not for the mass splittings of their con-
stituents, they would have I = 1/2. But there is a novel
and equally plausible alternative: they could be putative
I = 3/2 states, and their observed J/vyp decays are actu-
ally a manifestation of the required isospin breaking.

A striking confirmation of the latter interpretation
would be the observation of (I,I3) = (3/2,£3/2) part-

ners to the P states, with charge +2 or —1. However
it is not automatic that such states will be bound. If the
mass of the observed P\ state(s) includes a downward
contribution due to mixing of I = 3/2 and I = 1/2, the
(3/2,+3/2) partners will be somewhat heavier and not
necessarily bound.

Regardless of whether the PC(*) states arise from puta-
tive I =1/2 or I = 3/2 doublets, if S D) interactions
play a role they will have mixed isospin and their produc-
tion and decays will reflect this. By contrast, in the x.1p,

A*D and J/1yN* scenarios the P£*) states have I = 1/2.

7 Decay patterns

Experimental observation of the Pc(*) states in various de-
cay modes can discriminate among the possible meson-
baryon degrees of freedom, as the expected decay patterns
differ for the various scenarios.

On general grounds, many decays other than the ob-
served J/v¢p can be expected. The kinematically accessi-
ble two-body modes are the open-charm pairs A.D, A.D*,
X.D and (for P¥) £*D, and closed-charm pairs 1.p, Xcop
and (if isospin is broken) J/¢A and n.A. In addition,
there are several three-body channels of interest: J/¢ N,
A.Dr and (for P*) A.D*m and X+ D% (Note that for
X.D7 only the specified charge channel is kinematically
accessible, and only due to the finite width of Pr.)

The aim of this section is to distinguish which channels
are and are not available in each scenario, based only on
the assumed spin and flavour degrees of freedom. Whether
or not the decays allowed by these arguments translate
into prominent decays in specific models requires more de-
tailed calculations, beyond the scope of this paper. For ex-
ample, if the Pg*) states are purely kinematic effects then
it is possible that they will not be seen in any channels
other than the observed J/¢p: only detailed model calcu-
lations can establish this. Moreover, decays allowed by the
arguments below may turn out to be small due to partial
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Table 3. Predictions for allowed (v') and suppressed (x) de-
cays for the different scenarios. The absence of an entry implies
that a given channel is not kinematically accessible. The pre-
dictions enclosed in brackets are less reliable and can be badly
violated if pion-exchange dominates: see the text.

Py P.
Xeip X.D* A:D J/YN* XD J/¢N*

J/YN v v v v v v
NN X X v X X X
J/pA X v X X v X
neA X v X X v X
A.D v [X] v] x [x]  x
AcD* v v v] v v v
X.D v [¥] v X [x] x
x*D v v [x] v
J/YNm X v X v v v
Ac.Dm x X X x v X
AD* % v x x
2rD7% x v v X

wave suppression; once the experimental J* assignments
are determined definitively, the summary of partial waves
in table 2 can be used as a guide.

However, there is an indirect argument which suggests
that significant decays other than J/i¢p may be expected.

Wang et al. [49] argue that if the P! states are reso-
nances and not kinematic effects, they should be seen in
vp — J/¢p, and that in this case, existing experimental

data require that the Pc(*) — J/¢p branching fractions
are small.

As usual, the analysis in this section treats the compet-
ing scenarios as distinct. Even if this is too simple a pic-
ture, and the Pc(*) states involve some interplay among dif-
ferent meson-baryon degrees of freedom, the conclusions

can still be useful. If the P,S*) states are eventually ob-
served in several channels which are not all allowed within
a given scenario, it could indicate the presence of mixed
degrees of freedom; an example is given in sect. 10.

The patterns of strong decays expected for the differ-
ent scenarios are summarised in table 3, and explained
below. For convenience, charge labels are dropped (except
for X1 D7) and the label N will be used to stand for
the (n,p) isodoublet: the conclusions below apply both to

the charged PC(*) states and their neutral partners.
Isospin leads to a simple selection rule: the J/$A and
n:A modes have I = 3/2, so are only possible in the

Eg*)f)(*) scenario, where isospin is broken. Otherwise all
channels are allowed by isospin in all of the scenarios.

Another strong constraint comes from heavy-quark
spin conservation. This can only be applied to transitions
in which both the initial and final heavy-quark spins are
fixed, namely for transitions between closed charm states
(uud)(cc) — (uud)(cc).
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If either the initial or final state has open charm, its
heavy-quark spin is not fixed. In such cases it will be
assumed that total (heavy plus light) quark spin is con-
served. This leads to selection rules for certain final states
which have unique quark spins S = 1/2 or S = 3/2. In this
picture transitions between open- and closed-charm states
(udc)(uc) < (udu)(cc) are the result of u/c quark inter-
change, and those between open- and open-charm states
(udc)(uc) < (ude)(uc) and (udc)(uc) <> (uuc)(dc) are the
result of u/u or u/d interchange. The assumption is that
the quark-level interactions which cause transition from
initial to final state conserve spin. This is true of models,
such as refs. [50,51], in which hadron-hadron interactions
are derived from the dominant quark-quark interactions
that determine the hadron spectrum, namely long-range
confinement and short-range Coulomb attraction (which
are spin-independent) and hyperfine interactions (which
are spin-dependent, but conserve total spin).

Instead of the interchange of quarks, these decays can
also be described in terms of the exchange of mesons, with
ué flavour for open- to closed-charm transitions, or u@/ud
flavour for open- to open-charm transitions. While topo-
logically equivalent in terms of quark line diagrams, the
quark interchange and meson exchange processes use dif-
ferent interaction potentials. The meson-level description
will presumably be more important when the exchanged
meson can be a pion, namely for the open- to open-charm
transitions. In such cases the requirement of total spin con-
servation should not be taken too seriously, since in the
deuteron, for example, tensor pion-exchange interactions
(which do not conserve spin) are important [52].

Predictions for three-body decays are of course more
difficult. These are assumed to be substantial only if they
are accessible through a single vertex, or an intermediary
with large decay width. Finally, note that the x.op mode is
not included in the table or discussion below, since on the
basis of arguments presented here it does not discriminate
among the models.

With reference to table 3, predictions for the different
scenarios will now be discussed in turn. In the y.1p sce-
nario the cc constituents of P} are coupled to spin Sz = 1.
Assuming heavy-quark spin conservation, the n.N mode
is therefore not available, since it has S.z = 0. Both J/¢¥ A
and n.A are forbidden by isospin, and the latter is also
forbidden by heavy-quark spin.

The remaining two-body modes are A.D*) and Eé*)D,
via transitions (gqq)(c¢) — (qgc)(qé). A simple recoupling

calculation shows that each of A.D™) and Zp(,*)l_) is an ad-
mixture of S,z = 0 and Sz = 1, so all of these channels are
allowed by heavy-quark spin conservation. There are no
additional constraints from the conservation of total quark
spin, since x.1p can have S = 1/2 or S = 3/2. Three-body
modes J/¢Nw, A.D® 7 and T+ D70 are higher order
and will presumably be suppressed. Guo et al. [2] note
that observation of P} in x.1p itself would identify it as a
genuine composite, as opposed to a kinematic effect.

In the Eé*)ﬁ(*) scenario, modes involving A are acces-
sible due to isospin mixing. As X.D* and X* D are admix-
tures of Scz = 0 and Sez = 1, the (gqc)(q¢) — (qqq)(cc)
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transition responsible for the observed J/¥N can also, ac-
cording to heavy quark spin, access n.N. (The situation is
similar to the molecular model for the Z, states [53].) How-
ever there are additional constraints from the conservation
of total quark spin. The E;‘D combination has S = 3/2,
and while X.D* can in general have S = 1/2 or S = 3/2,
for Assignments 1 and 3 (the most natural assignments
for the X D) scenario) only S = 3/2 is possible (this is
required to form 5/2% in P-wave, or 3/27 in S-wave: see
table 2). Assuming only S = 3/2 transitions are allowed,
the n.N mode (S = 1/2) is forbidden. By contrast, J/¢¥N,
J/YA and n.A are allowed. The J/¢» N7 mode (fed by the
broad A in J/9A) is also expected. (There may be ad-
ditional contributions from intermediate J/¢¥N* states.)
The 7n.Nm mode (not shown in the table) is also likely for
the same reason.

(In the next section, a simple model will be used to
predict the branching fractions for the J/¢¥A and n.A
modes. It will also be shown that, even if the broad A
cannot be resolved explicitly in experimental analysis, it
can be inferred indirectly from the charge combinations in
the J/1¥Nm mode.)

For the open-charm to open-charm transitions the re-
quirement that S = 3/2 is conserved implies A.D and
X.D are forbidden, while A.D* and (for P*) X*D are
allowed. However these selection rules do not apply if
spin-violating pion-exchange transitions are allowed. The
known decays 25*) — A.rm imply that, as X*D/X.D*
states, P./P* will decay to A.Dw/A.D*m, respectively.
Note that P is not expected in A.Dm despite its being
kinematically allowed. Finally for P* the X} D% mode
is accessible by the decay of the D* component in X,.D*.

In the A*D scenario P is an I = 1/2 state, and so
cannot decay into J/9A or n.A. Since J/1 A is forbidden
the multi-body J/4¥ N7 mode is also expected to be small,
although there may be contributions (difficult to estimate)
from intermediate J/¢¥N* states. The three-body mode
X+ D070 is expected due to the strong S-wave decay A% —
Y +70 whereas A.D is forbidden because isospin forbids
Ar— Acm.

For the A%D scenario, selection rules based on total
quark spin require some remarks on the spin wavefunction
of A%. As the ud flavour wavefunction is antisymmetric
(isoscalar), its spin and spatial symmetries are overall an-
tisymmetric. There are three ways to form P-wave baryon
with 1/27 quantum numbers: exciting the A coordinate
(between the ud centre of mass and ¢) gives ud spin 0 and
total quark spin 1/2; exciting the p coordinate (between
u and d) gives ud spin 1 and total quark spin 1/2 or 3/2.
In principle the true wavefunction is a linear combination
of all three, however in most models the first component
dominates. In the quark-diquark model this is assumed a
priori [54]. In potential models the A excitation is lowest
in energy, and so dominates [55]. In the relativistic quark
model the dominance of S = 1/2 is demonstrated explic-
itly in ref. [56].

Given that the quark spin of A} is (dominantly) 1/2,
the A*D combination also has total quark spin S = 1/2.
This means that the 7.N channel is accessible, unlike
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in other scenarios. Spin conservation also allows A.D®*)
and ¥.D, but (assuming S = 1/2) not X*D. However
if pion exchange is responsible for any open- to open-
flavour decays, the pattern reverses: the A.D®*) and X,D
transitions are forbidden since A% — A, is forbidden by
isospin, while X% D is allowed by spin-violating pion tran-
sitions. Quark spin conservation also has implications for
the observed J/¢¥)N mode. For Assignment 1 this is P-
wave in general, but F-wave if S = 1/2 is required, and
in Assignment 3 this is S-wave in general, but D-wave if
S = 1/2 is required; these constraints are not a feature of
the Eé*)D(*) scenario.

In the J/¢)N* scenario, heavy-quark spin conservation
forbids n.N, and isospin forbids J/4 A and 7. A. The inter-
nal decay N* — N will lead to significant J/¢Nw [15],
but other multi-body modes are higher order and will pre-
sumably be small. Total quark spin conservation gives ad-
ditional constraints. Recall that the J/¢¥N* scenario fits
Assignment 1 with S-wave couplings. In this case the 3/2~
quantum numbers of P, require J/¢ N (1440) to have total
quark spin S = 3/2. For P}, note that N(1520) is a P-
wave baryon whose quark spin wavefunction is dominantly
S = 1/2, with a small S = 3/2 admixture [57]; ignoring
the latter, to form 5/2% quantum numbers the total quark
spin of J/9N(1520) is S = 3/2. Hence spin conservation
requires S = 3/2 final states for both P, and P in the
J/¢pN* scenarios: for open charm modes, A.D* and (for
P¥) X*D will dominate.

Finally, note that some radiative decays can also be
expected. Given the coupling of J/v¢ to the photon, the
decays J/¢YN, J/A and J/¢ N7 allowed in table 3 imply
associated decays vV, yA and yNm. Other channels are
possible via the radiative decay of one of the meson-baryon
constituents, such as the X.D* state decaying into X.D~.

8 Relations among decays

In this section some relations among decays in different
channels are discussed. A simple model is used to pre-
dict the missing J/YA, n.A and 1.N modes, and it is
shown that for other modes, the relative strengths of dif-

ferent charge combinations can indicate the isospin of Pc(*)
states.

Whereas absolute predictions for decay widths are
highly model-dependent, relations among decays are more
general. In order to make predictions for missing modes,
we are interested in relations which include J/¥N, the
only mode so far observed. The channels which can be
related to this involve hadrons with essentially the same
spatial wavefunctions but different quark spin and flavour
wavefunctions, namely J/¢YA, n.A and n.N. These de-

cays (see table 3) are expected in the YD and AxD
scenarios.

So we are interested in transitions of the form
(gqc)(qe) — (gqqq)(cc). As noted previously, such transi-
tions can be realised either in terms of the interchange
of a ¢ and a ¢ quark, or the exchange of mesons with g¢
flavour. In this paper the former approach will be adopted;
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although the two pictures differ somewhat, for present
purposes their essential conclusions are the same, as will
be shown later.

In quark-exchange models, the transition between two
hadronic channels is typically triggered by interactions
between the quark constituents of the different hadrons.
It will be assumed here that the interaction potential is
spin-independent. Although models often include spin-
dependent hyperfine interactions, it is reasonable to as-
sume that these are smaller than the spin-independent
(confinement and Coulomb) terms. For the S-wave cou-
pling between open- and closed-charm mesons this was
found explicitly in ref. [50]. As hyperfine interactions are
short range, the assumption is even safer when initial or
final state involves non-zero partial waves, as is the case

for many possible Pc*) transitions.

The decay amplitude factorises into separate ampli-
tudes for the quark spin, flavour and spatial degrees of
freedom. Assuming a spin-independent interaction, the
combined spin and flavour amplitude is just overlap of the
spin-flavour wavefunctions of the initial and final states
after exchanging a ¢ and a ¢ quark; these are straightfor-
ward, and are discussed below. The spatial part is an inte-
gral over the radial and orbital wavefunctions, modulated
by the interaction potential, and depends on the decay
momentum p and the partial wave [. Since the final states
are in each case coupled to the same quark spin, their de-
cays are accessible in the same partial wave [. In the limit
of identical spatial wavefunctions for J/v and 7., and for
N and A, the functional form of the spatial amplitude is
common to the different channels, but its numerical value
differs because of the different decay momenta. Explicit
calculation of the spatial amplitude is model-dependent.
An alternative would be to assume the near-threshold be-
haviour p!, but until the experimental J¥ assignments are
established definitively the partial waves [ are not known.
For simplicity, in this paper the spatial part will be treated
as a common factor for the different channels. A simi-
lar approach has been applied to meson strong decays by
quark-pair creation [40,58-60].

Assuming a common spatial part, the decay ampli-
tudes for the various channels are proportional to spin-
flavour wavefunction overlaps. These are easily obtained,
so details of the calculation will not be given here. (As
noted later, the computed overlaps are consistent with re-
lated calculations elsewhere in the literature.)

For the X* D state P., the overlaps (S = 3/2) are

(IpN|(E2D)) =~ (12)
(eals:n)g) = 32 (13)
(ne4|(5:D)y) = . (14)

where the subscripts specify the isospin. Notice that the
overlaps in the I = 3/2 channel are large. As P, is a state
of mixed isospin, consider a fixed mixing angle

|P.) :cosqS‘(EjD)Q+sin¢|(Z:D)%>, (15)



Eur. Phys. J. A (2015) 51: 152

so that, before phase space factors, the branching fractions
are related

J/WN : JJhA :n.A =2cos’ ¢ :5sin® ¢ : 3sin? . (16)
The J/¢YA and n.A decays are suppressed due to phase
space factors, but are enhanced by the larger wavefunction
overlaps. If the mixing angle is small then these modes
may not be observable, but as discussed in sect. 6, there
are good arguments in favour of a large mixing. Firstly, in
the limit that the lowest lying charge state entirely dom-
inates the wavefunction, sin’¢ = 2cos?¢. Secondly, it is
entirely possible that P, is a putative I = 3/2 state whose
J/¥p mode is a manifestation of isospin breaking: in this
case sin’¢ will be large compared to cos?¢.

Admittedly the choice of a fixed mixing angle is
too simplistic: the mixing is momentum-dependent (see
sect. 6) and in a more detailed calculation this should be
included in the spatial amplitude. But the general conclu-
sion remains: if P. is a X* D state then its J/1¥A and 7.4
decays ought to be significant.

For the X.D* state P, in general two spin states
are possible, but the most natural interpretations (as re-
marked in the previous section) have S = 3/2. In this case
the overlaps are

(J/YN|(ZD*)1) = 3—\1/5 (17)
(J/pA|(ZD*)g) = ? (18)
(nA|(5:D7)g) =~ (19)
so that with mixing
|PX) :cos¢|(EcD*)%>+sin¢|(EcD*)%>, (20)
the branching fractions are related
J/WUN : JJhA :n.A = cos® ¢ :10sin? ¢ : 6sin® ¢ (21)

Even more than in the case of P., the I = 3/2 decay modes
of P’ are enhanced by large numerical factors. The same
arguments for the possible large mixing angle apply, and
these modes should therefore be substantial.

The overlaps above can be applied immediately to
the (I,1I3) = (3/2,4£3/2) partners of the P states, if
they exist. The P/t~ and P+t~ states will decay into
J/PATH and n.ATT ) with the same relative branch-

ing fractions,

J/WA:n.A=5:3. (22)

Note that the P£*)++’7 states are likely to be nar-
rower than the Pc(*)+ states, since they have fewer avail-
able decay modes —in particular the J/p mode is not
available— and their allowed modes with AT~ have less

phase space.
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In the A%D scenario, assuming S = 1/2 as described
in the previous section, the overlaps are

(eN|zD)g) = 52
1
ﬁ>

so that, before correcting for phase space and the spatial
amplitude, the branching fractions are

(23)

(neN[(A;D)1) = (24)

J/YN :n.N=3:1. (25)

It is worth noting how these results compare to oth-
ers in the literature. Garcia-Recio et al. [61] computed
the masses of baryons with hidden charm in a coupled-
channel model with spin-flavour symmetry. All of the
overlaps quoted above are consistent (in relative magni-
tude) with their quark interchange matrix elements. The
coupled-channel model of Xiao et al. [13] differs in treating
transitions not as the result of the interchange of quarks,
but the exchange of D*/D* mesons. Their matrix elements
are, for a given isospin channel, consistent in relative mag-
nitude with all of the above, but the relative weight of the
I = 3/2 and I = 1/2 channels differs. Their I = 3/2
amplitudes are enhanced relative to the above by a fac-
tor of 3/2 in amplitude (9/4 in branching fraction), so in
their model the J/9 A and n.A modes would be even more
prominent.

Once the experimental J¥ quantum numbers of the

PC(*) states are determined definitively, the above rela-
tions can be improved using the known decay partial
wave [, by scaling the spatial matrix elements accord-
ing to the threshold p! behaviour (and including phase
space factors). These relations can be combined with the
recently obtained product branching fractions B(A) —
PC(*HK_) X li»’(Pc(*)+ — J/1p) [62] to predict the corre-
sponding product branching fractions for J/¢¥ A, n.A and
NeN.

For modes in which several charge combinations are
possible (namely Eﬁ*)D, J/WN=, and A, D™ ) the rela-
tive branching fractions are controlled by isospin factors.
This can be used to distinguish among models. For the
discussion below, refer to table 3.

The XD decay for P} is possible in both the x.1p and
A*D scenarios. As pure I = 1/2 states we expect, from
eq. (7), the relative branching fractions

YDV x¥HtDT =1:2. (26)

The X*D decay could be more revealing. In the x.1p

and J/¢YN* scenarios we expect, as above,

DY DT =12 (27)
On the other hand in the X, D* scenario some isospin vio-
lation is expected, and the branching fractions will deviate
from the above. With the mixing as defined in eq. (20),
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the contributions of the different charge combinations are,
from eq. (7),

|Pr) = sin(¢—35.3°)| 2T DY) 4 cos(¢—35.3°) | X D7)

(28)
using sin 35.3° = 4/1/3 and cos35.3° = /2/3. This im-
plies the relative branching fractions

XD 2T DT = sin®(¢ — 35.3°) : cos?(¢ — 35.3°),
(29)
which reduces to the 1 : 2 ratio expected for an I = 1/2
state in the absence of mixing.

Turning now to the three-body modes, note that
J/WNm is expected for P, and PF in both the J/¢YN*

and 25*)1_7(*) scenarios. In the former case this is due to
the decay of the constituent N*, so the relative branching
fractions follow from I = 1/2 Clebsch-Gordan coefficients:

J/mat o J/hpr® =2 1. (30)
On the other hand, in the Eé*)D(*) scenario this decay will
presumably be dominated by J/¢A with A — Nx. Ignor-
ing contributions from decays through N* states (which
are difficult to estimate, but likely to be smaller) implies
the opposite pattern to the above

J/bna ™ J)hpr® =1: 2. (31)

This is a clean signature for the presence of I = 3/2 com-

ponents in the Pé*) states, which is particularly useful
given the likely experimental difficulty of identifying the
broad A explicitly in J/¢¥A decays.

Finally the A.D®) 7 modes are expected only in the

Eg*)D(*) scenario. Some isospin violation is expected here,
and with mixing defined as in egs. (15) and (20) the
branching fractions are

AjD(*)OWO : AjD(*)fﬂjL =
sin?(¢ — 35.3°) : cos?(¢ — 35.3°), (32)

reducing to the 1 : 2 ratio expected for an I = 1/2 state in
the absence of mixing. (Mass differences among the neu-
tral and charged states will modify these predictions some-
what, particularly for the Pf — A.D*m decays, which
have little phase space.)

9 Production

In this section some new production modes for Pc(*) states
and their possible partners are discussed.

Starting from A9, the Cabibbo-favoured b — scé tran-
sition combined with the creation of a light quark nn pair
yields a final state with quark content udsccnn. From
the isospin zero combination nn = (u@ + dd)/v/2, the
ut component gives the observed Ag — J/YpK~ decay

and the Pc(*jJr states, while the dd component leads to
AY — J/¢ynK" and should give a comparable yield of the

neutral partner states PL*° [20].
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As discussed in sect. 7, the Pc(*) states may decay in
many modes other than J/¢¥N. This suggests experimen-
tal study of A) — PYY K- and A) — PYORO with P
observed in any of the two- or three-body modes listed in
table 3.

The discovery of the states in A) — J/1pK ~ suggests
experimental study of A) — J/¢¥pK*~, where comparable
yields could be expected. Model predictions for the rela-
tive yields would be a useful discriminator. For example,
kinematically the J/¥pK*~ and J/¢pK~ modes differ, so
in models based on kinematic singularities it is not obvious

whether or not the Pg*) states are expected in both.
The Cabibbo-suppressed b — dc¢ transition leads to a

final state with flavour uddcénn. The PC(*)jL states could
therefore be observed in A) — J/¢pr~ [63], and the pie

states in A — J/¢n7®. In this context there is an in-
teresting experimental fact which has not been noted in

the literature. Prior to the discovery of Pc(*) states, the
LHCb Collaboration reported on the observation of the
AY — J/¢ppr~ decay, and noted that there is no sign of
exotic structures in the J/ip mass spectrum [64]. This

was not discussed in the P*) discovery paper [1].
Whether or not the absence of a signal is statistically
significant remains to be seen: the A) — J/ypr~ branch-
ing fraction is around a factor of ten smaller than A) —
J/yppK~, for example. Intriguingly there is a peak in the
J/1p invariant mass plot in ref. [64] around 4.4 GeV (see
their fig. 2). Experimental analysis of the A) — J/¢pr—

mode would be very useful: observation of the Pc(*) states,
or an upper limit on their production, would help to dis-
criminate among their possible interpretations. For this
purpose, theoretical estimates of the relative yields of Pc(*)
states in the different production modes are required. Al-
ready there is one such prediction in the literature: in the
model of ref. [63],

B(A) — P )

B =0.8£0.1.
B(Ag — P K_)

(33)

The Cabibbo-suppressed transition is also interesting
as an indicator of isospin. Whereas the Cabibbo-favoured
transition can only produce states with flavour uudcé and
uddce, the Cabibbo-suppressed transition can additionally
produce the dddce state. In some models only the first two
states (an isodoublet) are expected. In the EC*)D(*) sce-
nario, however, the Pé*) states could be putative I = 3/2
states, or could have I = 3/2 partners. The Cabibbo-
suppressed transition gives a unique possibility to pro-
duce the negatively charged (I,13) = (3/2,—3/2) state
dddce.

As the ud pair in A} is isosinglet, the uddcéni combi-

nation has I = 1/2. If the P states (or their partners)
are pure I = 1/2, only two charge modes are expected,
and their relative production branching fractions are de-
termined by 1/2 — 1/2 x 1 Clebsch-Gordan coefficients,

PC(*HW* : PC(*)OWO =2:1. (34)
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Fig. 1. Pion exchange in (a) the D*D + DD* state, (b) its A%D 4+ X.D* analogue, and (c) the direct £.D* channel.

Discrepancies from the above ratio would indicate isospin
violation, consistent with expectations for the 2§*>D<*>
scenario. An I = 3/2 multiplet is characterised by three
charge modes, weighted by 1/2 — 3/2x 1 Clebsch-Gordan
coefficients,
PO g pM00 . p)=pt —1:2:3 (35)
Note that the negatively charged state, which is a clean
signature of an I = 3/2 multiplet, is produced most copi-
ously.
In addition to Ag decays, there are some other possi-

ble sources of Pc(*) and related states. As noted by several
authors [15,49,65], if they are genuine resonances and not

kinematic effects, the Pé*) states should be observable in
~vp — J/vp. Likewise they could be found in vp photopro-
duction in any of the final states described in table 3.

In 7(1S) decays and eTe™ the P states could be
observed in the J/v¥pp mode [2,49]. Similarly we could

expect the same processes to produce PC(*)Jr p, with PC(*)Jr

observed in any of the modes in table 3. If the Pg*) states
have mixed isospin, or have I = 3/2 partners, the same

processes would produce Pc(*)A.

Prior to the discovery of the P'*) states, Wu et al. [11]
noted that hidden charm baryons could be studied at the
PANDA experiment, in pp — J/¢¥pp and pp — n.pp. With
a 15 GeV p beam the states are just energetically allowed;
there is, however, insufficient energy to produce the I =
3/2 partners recoiling against A.

Note that the high resolution of the PANDA experi-
ment could be particularly advantageous in studying the

c(*) states. As near-threshold states, their lineshapes will
be intrinsically linked to their underlying meson-baryon
degrees of freedom, as in the case of X (3872): see, for ex-
ample, refs. [66-72].

10 Parallels with X(3872)

There are some intriguing parallels between P} and the
charmonium-like state X (3872).

Due to its extreme proximity to threshold, interpre-
tations of X (3872) usually involve D*°D° 4+ DOD*0 de-
grees of freedom. While models (discussed below) differ on
the nature of the binding interaction, a significant meson-
antimeson component is unavoidable due to the S-wave
coupling and proximity to threshold. It is an interesting

exercise to try to find a baryon-antimeson analogue of this
meson-antimeson state. Specifically, we search for a pair
of charmed baryons Y. and Y from which to build a

YD + Y, FD*0 state. (Note that Y. and Y are only
being used as labels here: there is no assumption that one
is an excitation of the other.) To turn a D™) meson ¢

into a charmed YC(*) baryon cqq requires the replacement
of one colour antitriplet () with another (gq). This meson-
baryon symmetry has been widely applied to exotic and
non-exotic spectroscopy [73-80].

In the case of X (3872), the thresholds corresponding
to the two wavefunction components D*°DY + DY D*0 are
obviously degenerate, but this is not true of the analogous
Y+ DO+Y;F D*0 state. In order for there to be strong mix-
ing between the two components, we want their thresholds
to be approximately degenerate,

M(Y})+ M(D°) = M(Y,) + M(D*°), (36)

()

which constrains the masses of the Y.’ states

M(Y}) — M(Y,) ~ M(D**) — M(D°) = 142.1 + 0.2 MeV.
(37)
It turns out that there is only one possibility which works
well; taking Y. and Y as Y. and A} respectively gives
M(AST) — M(XF) =139.4 +£0.7MeV. (38)
We already knew that this combination would work, as we
observed (table 1) that the A*D and X.D* thresholds are
approximately degenerate. The point is that there are no
other obvious combinations Y, and Y which will work in
this sense. So the most natural analogue of D* D+ DD* is
AxD + X.D*, which suggests that X (3872) at D*D/DD*
threshold is likely to be related to P at A*D/X.D*
threshold. (The notation A*D + X.D* is not intended to
imply that the two components have equal magnitude in
the wavefunction, or that their relative phase is positive.
Also, charge labels are omitted here and below.)

Many models for X (3872) are based on (or least in-
clude) the attractive potential arising from the D*D —
DD* transition via pion exchange [42,43,81-87]. On this
basis a molecular state (deuson) at the D* D threshold had
been predicted prior to the X (3872) discovery [38,39]. The
pion-exchange diagram is shown in fig. 1(a).

Due to the allowed A% — X.m coupling, the A*D —
X .D* transition is also possible through pion-exchange,
as depicted in fig. 1(b). It is therefore plausible that pion-
exchange in the A*D + X,D* channel is playing a role in
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P?. Notice that pion exchange is off-diagonal and mixes
the two wavefunction components, just like in the case of
D*D + DD*. In this way the proposed state avoids the

argument (sect. 4) that, because Aé*) — Aﬁ*)w is forbidden

by isospin, Ag*)D(*) molecules do not form.

While the analogy between D*D + DD* and AXD +
X.D* is encouraging, there is an important difference.
In the former case both channels have a pair of S-wave
hadrons, coupled in S-wave. In the latter, one channel is
a pair of S-wave hadrons, but the other is an S- and a
P-wave hadron. Due to the opposite intrinsic parities in
the latter case, it is of course impossible that both chan-
nels are coupled in S-wave. The most natural possibility
(see table 2) is Assignment 3, in which the 3/2~ state is
a mixture of ¥.D* in S-wave, and A%D in P-wave; other
possibilities involve higher partial waves.

If matching D*D + DD* to A:D + X.D* seems odd,
because of the P-wave constituent in one of the channels,
the alternative is to disregard the A*D component and
consider the analogue of a D* D+ DD* to be a pure X,D*
state. (This is similar to the picture of ref. [14].) Pion ex-
change in the direct channel ¥.D* — X.D* is allowed, as
shown in fig. 1(c), so a molecular X.D* state is a possibil-
ity. (Even in the mixed state, this direct channel will make
some contribution.) In this simpler picture, though, an in-
teresting connection with X (3872) is lost. The kinematics
of A*D — X.D* scattering is very similar to D*D — DD*
scattering, just because of eqs. (37) and (38): the pi-
ons are just on mass shell. By contrast X,D* — X.D*
scattering is elastic, with off-shell pions. Precisely how
the effects of on- and off-shell pions play out in models
is a topic of considerable discussion [44, 82, 88-90], but
the point remains: from the point of view of kinematics,
A*D — X.D* scattering resembles D*D — DD* scatter-
ing, while X, D* — X.D* is rather different.

In any case, the presence of the P-wave A% constituent
may be advantageous from the point of view of bind-
ing. Close et al. [91,92] note that for molecules such as
D* D+ DD* there is a ¢° suppression in the pion-exchange
potential for small momentum transfer ¢. This can ulti-
mately be traced to the P-wave couplings associated with
each pion vertex D* — Dm. They point out that if one
of the constituents is replaced by a P-wave meson such as
Dy, the pion vertices Dy — D are S-wave. Consequently
the potential for molecules with a P-wave meson in each
channel, such as D1 D + DD;, does not suffer threshold
suppression and instead behaves as a constant for small
q. This leads to enhanced attraction and the possibility of
deeply bound states. Other authors have considered sim-
ilar scenarios [93-100].

Similar effects are to be expected in molecules with
meson-baryon constituents. In the A} D + Y. D* molecule,
one of the vertices (D* — D) is P-wave, while the other
(Af — X.m) is S-wave. In this sense it is intermediary
between the D*D + DD* and D1D + DD; situations, so
the prospect of binding seems reasonable. If we assume
that the S-wave coupling is beneficial to binding, it is nat-
ural that P is more bound with respect to A*D/X.D*

C

thresholds than X (3872) is with respect to D*D/DD*.
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While P-wave constituents can benefit from S-wave
couplings, they also (on account of those couplings) tend
to be rather broad: this can be problematic for the for-
mation of bound states [92,101]. This should not be a
problem in the current case: while A} benefits from S-
wave couplings, it is narrow (I" = 2.6 + 0.6 MeV) due to
the limited phase space for A} — X.m, which follows from
eq. (38).

Whether or not pion exchange is sufficient to bind
a A:D + X.D* molecule can only be resolved with de-
tailed calculations, beyond the scope of this paper. Recall
(sect. 7) that the total quark spin of A% (hence also A D)
is dominantly S = 1/2 with a possible S = 3/2 admix-
ture, while (assuming Assignment 3) ¥.D* has S = 3/2.
The pion-exchange transition through the dominant wave-
function component therefore does not conserve spin, but
this does not preclude attraction: the analogous poten-
tial connecting channels with pairs of S-wave constituents
contains a tensor part which mixes states with different
quark spin [39,52]. If there is an S = 3/2 component to
A% then spin-conserving pion transitions also contribute.

Another interesting parallel between X (3872) and
P is the proximity to three-body threshold. Note that
X (3872) couples to D° D70 via the decay of either of its
heavier constituents D*° or D*°, and is just above the
relevant threshold at 3864.65 £ 0.14 MeV. Similarly P
couples to X+ D70 via the decay of either of its heav-
ier constituents A* or D*°, and in this case the threshold
is just slightly above: see table 1. (The physical decay is
accessible via the finite width of PZF.) The proximity of
three-body thresholds is in a sense not a new aspect of
the analogy between P and X (3872), as it follows from
egs. (37) and (38). It does imply, however, that three-body
dynamics for P} are likely to be important, just as in the
case [66-68,88-90,102] of X (3872).

The analogy between P} and X (3872) can be pushed
still further. The X (3872) mass coincides not only with
the threshold for the open-charm channels D* D/DD*, but
also the closed-charm channels J/¢w and J/1p. Likewise
the P} mass is not only close to the open-charm thresh-
olds A*D/X.D*, but also overlaps exactly with the closed-
charm channel y.1p. It is difficult to ignore this remarkable
coincidence.

In some models for X (3872), the proximity of its mass
to both open- and closed-charm thresholds is fundamen-
tal to its existence. An early molecular model [50] argued
that pion-exchange alone is insufficient to bind a molecule,
but that the transitions D*D/DD* — J/vw/J/1p pro-
vide an additional attractive force which leads to binding.
Similar results are obtained by Vijande et al. [51,103-105],
whose model does not assume pion-exchange, but instead
uses the same quark-level interactions as for ordinary
mesons and baryons. They find that D*D/DD* interac-
tions alone are insufficient to bind, but that switching on
the D*D/DD* — J/¢w coupling leads to binding. Similar
mechanisms have also been discussed elsewhere [106-108].
Note that in the above models, the closed-charm channels
are not themselves attractive: it is the coupling between
open- and closed-charm which generates attraction.
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It is intuitively obvious that the importance of the
D*D/DD* — J/¢w/J/1p transition is driven by the
proximity of the corresponding thresholds, and this was
demonstrated explicitly in refs. [104,105]. For the same
reason, the coupling A*D/X.D* — x.p is likely to
play an important role in P}. Of course, there are dif-
ferences, not least that the scattering involves non-zero
partial waves. But the enhancement of the scattering due
to the small energy denominator is a generic and model-
independent effect.

A further similarity between X (3872) and P is isospin
violation, already discussed in sect. 6. In both cases this
is due to the mass gap between different charge combina-
tions, namely D*°D° compared to D** D~ and X D*0
compared to X+ D*~. A slight difference here is that for
P? one of the two open-charm channels (A% D) has only
one charge combination and does not contribute to isospin
violation.

The parallels between P and X (3872) are compelling,
but there is one marked difference which ought to be
highlighted. The mass, flavour and JX¢ quantum num-
bers of X(3872) allow for a valence charmonium com-
ponent. In several models X (3872) is essentially a 23P;
charmonium distorted strongly by the coupling to cc —
D*D + DD* [31-37,72,109], in some cases supplemented
by the coupling D*D/DD* — J/vw/J/1p [110,111]. For
P there is no obvious parallel: its quantum numbers al-
low for mixing with nucleon excitations, but its mass is
far above the region of the corresponding states.

This difference notwithstanding, the common features
of X(3872) and P} are intriguing. In much of the discus-
sion in this paper the A*D, ¥.D* and y.p degrees of
freedom were treated as distinct, competing scenarios for
P?. Given the compelling similarities with X (3872), how-
ever, it appears more likely that P is a consequence of
the interplay among these three degrees of freedom. In this
case the picture of distinct, competing scenarios is indeed
much too simple; however the conclusions based on that
simplified picture are still very useful.

For example, it was argued that there is the possibility
of I = 3/2 partners for P in the X.D* scenario, but not
in the A% D or y.1p scenarios (sect. 5). If all three degrees
of freedom are indeed fundamental to the existence of P},
there cannot be I = 3/2 partners.

Isospin violation (sect. 6) is a feature of X.D* but not
ArD or x1p degrees of freedom. If all three degrees of
freedom are important to PJ, isospin violation will still
be present due to the X, D* component.

The selection rules (sect. 7) for decays are no longer ab-
solute, as decay channels forbidden for one wavefunction
component are allowed for other components. In princi-
ple all of the decays in table 3 (apart from A.Dn) should
be accessible if P} contains all three wavefunction com-
ponents, unless of course there is destructive interference
among amplitudes from different components. Experimen-
tal observation of P} in different modes which are not all
allowed by one scenario would be an indication of mixed
degrees of freedom. In this case it may be possible, in prin-
ciple, to infer the weight of the different components in the

Page 13 of 16

wavefunctions from the relative branching fractions in dif-
ferent decay modes; this would of course require detailed
and model-dependent calculations.

Relations among decay modes (sect. 8) would be mod-
ified. The J/¥A and 7n.A modes are only accessible
through the X.D* component, whereas .J/i¢p is accessi-
ble through all three: in that case eq. (21) no longer ap-
plies, but the relative weight of J/$A and n.A is given
by eq. (22). Similarly as 7.p is only accessible through the
A*D component, whereas .J/vp is accessible through all
three, eq. (25) no longer applies. The ¥.D decay would
still satisfy eq. (26), as this is only due to the I = 1/2 com-
ponents. On the other hand isospin relations (27) and (29)
are modified due to mixing among all three wavefunction
components. In the J/¢) N7 mode a mixed state would
satisfy neither eq. (30) nor (31), and this will be a signa-
ture of mixing. Finally eq. (32) for A.D*7 would still hold
as this is only accessible through the X,D* component.

Most of the proposals for new production modes
(sect. 9) would be unchanged, although of course the dis-
covery of the (I,13) = (3/2,—3/2) state P*~ would not
be expected.

11 Conclusions

Due to the proximity of their masses to thresholds, it

appears likely that the Pc(*) states are best described in
terms of meson-baryon degrees of freedom. In this paper
the model-independent consequences of this assumption
have been explored.

Among the various possible J© assignments, the ex-
perimentally preferred option (Assignment 1) is also the
most natural theoretically, given the relative widths of
the states. However, none of the assignments is consis-
tent with naive expectations that threshold effects are ex-
pected in S-wave. In kinematic models (which currently
match P* but not P.) this is not particularly problem-
atic, as threshold effects are shown to appear in non-zero
partial waves. Molecular models based on pion-exchange
can naturally accommodate P in S-wave, and the boson-
exchange model can accommodate both P. and P}. The
baryocharmonium model has both states in S-wave, but
the connection of their masses to threshold is lost, and
deep binding is required.

In all models, the observed charged states would be
accompanied by neutral partners, and the mass gaps can
indicate the underlying degrees of freedom. In the x.p
scenario a gap of around 1MeV is expected, whereas in
the A% D scenario a larger gap of almost 5 MeV is expected.

While several models can accommodate the J¥ quan-

tum numbers of the Pc(*) states, none is yet able to explain
why these quantum numbers are unique: in all models sev-
eral possible J? are equally plausible, and model calcula-
tions are required to determine if partner states are to be
expected. In the pion-exchange model, if P} is a putative
1/2(3/27) state, it should be accompanied by a degen-
erate 3/2(1/27) partner. Other models predict a richer

spectroscopy.
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Models based on Eé*)D(*) degrees of freedom are
characterised by isospin violation, a necessary conse-
quence of the 5 MeV mass gap separating 25*)+D<*>0 and
Zé*)++D(*)_ thresholds. In this case the observed Pc(*)
states are admixtures of I = 1/2 and I = 3/2, and their
production and decays will reflect this. An intriguing pos-
sibility is that they belong to putative I = 3/2 multiplets,
in which case (I, I5) = (3/2,43/2) partners would be ex-
pected, although these may not be bound.

Many two- and three-body decay modes are accessi-

ble for the Pc(*) states, and there is an indirect argument
suggesting that channels other than the observed .J/¢p
are significant. The competing scenarios have characteris-
tically different decay patterns, so the experimental obser-
vation of P{*) states in different channels can indicate the
relevant degrees of freedom. The strongest predictions are
due to isospin and the conservation of heavy-quark spin.

In the simple decay model used here, amplitudes for
transitions from open- to closed-charm are proportional to
the overlaps of quark spin and flavour wavefunctions. In
the Eg*)D(*) scenario, significant isospin violation is ex-
pected, and due to large wavefunction overlaps the J/$A
and 7.A modes ought to be comparable to the observed
J/vp. In models based on vector meson exchange, these

modes are larger still. The Eé*)D, J/YNm, and A.DW
modes occur in different charge combinations, and their
branching fractions are related by isospin. Experimental
measurement of their relative strengths would be a useful
indicator of the relevant degrees of freedom. For example,
deviation from the 2 : 1 ratio for the multi-body J/¢nm™
and J/¢pr® channels indicates isospin violation and the

role of Eé*)l_)(*) degrees of freedom.
Given their discovery in A) — .J/¢pK ~, the Pc(*) states

may be found in other decay modes in /12 — Pc(*)K*,
and in AY — J/¢pK*~. The Cabibbo-suppressed mode
/12 — J/1ypr~ has already been observed experimentally,
and no J/¢p structures were found: it is important to es-
tablish if the absence of a signal is statistically significant,
and to compare this to theoretical models. The Cabibbo-
suppressed transitions also give unique access to any neg-
atively charged (I, I3) = (3/2,—3/2) partners to the pt
states, and relations among different charge modes are in-
dicative of isospin. The lineshapes of PC(*) states will be
sensitive to their meson-baryon degrees of freedom, and
these can be accurately studied at the PANDA experi-
ment.

Finally, there are some intriguing parallels between P}
and X (3872). Each has mass near to threshold for open-
charm pairs (D*D + DD* cf. A*D + X.D*), whose chan-
nels are coupled by pion-exchange with similar kinematics.
Each has mass near to three-body thresholds (D°D%7°
cf. X1 DO70) accessible by the pion decay of its open-
charm constituents. Each has mass exactly coinciding with
threshold for closed-charm states (J/vp/J/¢w cf. xcap),
so open- to closed-charm mixing should be large. Each has
the possibility of isospin violation, arising from the mass
gap separating different charge combinations (D*°D® and
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D**tD~, cf. ¥+F D and X+t D*7). If these similarities
are not relevant, they would be remarkable coincidences.
An interesting difference between the two is that for the
P, one of its threshold components includes a P-wave
hadron: this implies an S-wave pion coupling with en-
hanced attraction, consistent with the stronger binding

of P compared to X (3872).
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