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We study the hadronic molecular structure of hidden heavy pentaquarks—new exotic states composed of
charmed/bottom baryons and D(D*)/B(B*) mesons. Based on the observation of three pentaquark
candidates P (4312), P} (4440), and P} (4457) by the LHCb Collaboration we consider the classification
of possible flavor partners composed of charmed baryons and D(D*) mesons within the hadronic
molecular approach. We extend this classification to the bottom sector. Using phenomenological
Lagrangians we construct baryon-meson bound states governed by the Weinberg-Salam compositeness
condition. As an application we consider strong two-body decays of the new exotic states into a light
baryon and V = J/y. T or P = 1., n, mesons. Results are presented in the heavy quark limit.
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I. INTRODUCTION

In 2015 the LHCb Collaboration reported on the obser-
vation of resonances in the J/w p decay channel consistent
with possible pentaquark states in the full reaction Ag -
J/wK~p decay [1]. A model-dependent analysis of the
invariant masses and angular distributions describing
the A decay lead to the claim of two pentaquark resonances,
a broad state P.(4380)" with mass 4380 + 8 + 29 MeV
and a width of 205+ 18 =86 MeV and the narrower
P.(4450)" state with mass 4449.8 £ 1.7 + 2.5 MeV and
width 39 £5 £ 19 MeV. Soon after in Ref. [2] the LHCb
Collaboration confirmed in a full amplitude analysis the
consistency of data with the existence of the two exotic
hadron structures P.(4380)" and P,.(4450)". In a recent
paper [3] the LHCb Collaboration with the analysis of a
much larger data sample confirmed the previously observed
P.(4450)" peak and resolved it into two narrow exotic
baryon states P.(4440)" and P.(4457)*. Furthermore, a
narrow partner state P.(4312)" has been claimed in [3]
while the existence of the P.(4380)" can neither be
confirmed nor excluded. The conclusion drawn from
this analysis was: (1) the minimal quark content of the
P_-states is (duucc), (2) since the P.(4312)*, P.(4440)",
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and P,.(4457)* are narrow and below the =} D® and X} D*°
thresholds, these states are strongly correlated with baryon-
meson bound state structures.

Recently, the GlueX Collaboration at JLab [4] reported
on the first measurement of the exclusive J/y photo-
production cross section in the energy region from thresh-
old up to E, = 11.8 GeV using a tagged photon beam.
Such a measurement is extremely important since it
provides a crucial check for theoretical approaches to the
gluonic structure of the proton at high x, but also to possible
structure interpretations of the LHCb pentaquarks. At this
stage the GlueX Collaboration did not see any evidence for
the LHCDb pentaquarks and set model-dependent upper
limits on their branching fractions Br(P} — J/wp) with
4.6% for P.(4312)", 2.3% for P.(4440)*, and 3.8% for
P.(4458)" assuming spin-parity quantum numbers J¥ =
3" for each state.

The observation of the LHCb Collaboration stimulated
extensive theoretical studies of hidden pentaquark struc-
tures using different scenarios and frameworks (see, e.g.,
Refs. [5-42] and recent overviews in Refs. [5,34,35]). In
particular, the composite structure of the new exotic states
has been studied using coupled-channel dynamics [6,7]. An
application of QCD sum rules to hidden charm pentaquark
states has been done in [8] using diquark-diquark-antiquark
type interpolating currents, in [9—11] with meson-baryon
molecular type currents, and the currents in form of product
of two color-octet clusters of three light quarks and charm-
anticharm pair [12]. Double polarization observables in
pentaquark photoproduction have been studied by JPAC
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Collaboration using reaction model in Ref. [13]. Different
types of potential models to explain the spectrum of LHCb
pentaquarks has been developed in Refs. [14-25]: a
diquark-triquark potential model [14,15], quark delocal-
ization color screening potential model [16], nonrelativ-
istic potential model [17], chiral quark model [18], color
flux-tube model based on a five-body confinement
potential [19], constituent quark model [20], diquark
model derived using gauge/string duality [21], potential
model based the Cornell-like potential [22], and a
quasipotential Bethe-Salpeter equation approach [25].
Using a simple phenomenological model based on the
Giirsey-Radicati mass formula was used to predict the
masses of hidden charm and bottom pentaquarks in
Ref. [26]. In Refs. [27] the hidden charm and bottom
pentaquark states have been studied using chiral pertur-
bation theory. Implications of SU(3) flavor symmetry for
heavy pentaquarks have been considered in Refs. [28]
and[29]. A hadronic molecular approach based on a
charmonium-nucleon structure of the hidden charm pen-
taquarks has been proposed in Ref. [30]. An effective
field theoretical approach incorporating heavy-quark spin
symmetry has been suggested in Ref. [31]. Using effec-
tive Lagrangian approach the production of the penta-
quark states P.(4312), P.(4440), and P.(4457) has been
investigated in Refs. [32]. A framework based on an
effective-range expansion and resonance compositeness
relations has been discussed in Ref. [33]. Field-theoretical
hadronic molecular approaches for heavy pentaquarks
have been developed in Refs. [35,36]. In Refs. [38] the
new LHCb peaks have been related to kinematical effects
in the rescattering from y. to J/wp. Reference [39]
proposed a hadrocharmonium pentaquark scenario for the
new states discovered by the LHCb Collaboration. Ideas
of light- and heavy-flavor symmetries and their manifes-
tation in properties of heavy hidden pentaquarks have
been discussed in Refs. [40-42]. One should also note
that for the identification of the hidden charm pentaquark
states it is important to perform a complete analysis of the
cascade decay A, — A*(17,3)[— pK~] +J/y done e.g.,
in Ref. [43].

The main ideas in the application of quantum field
theory to bound states using their compositeness have
originally been laid out and formulated in Refs. [44-47].
Reference [44] contains the original application to the
composite system of the deuteron—the canonical exam-
ple of a hadronic molecule (HM). A extensive set of
descriptions of hadronic molecules in the context of
exotic heavy hadrons have been pursued by us for quite
some time [48-57].

The main building blocks and related evaluation strategy
of the quantum field approach to bound states [44—47] and
specifically for the HM [44], [48-57] are as follows:
(1) First, a phenomenological, manifestly Lorentz covariant
and gauge invariant Lagrangian has to be set up, which

describes the interaction of the bound state with its
constituents. The bound state and constituents are described
by standard local quantum field operators. The field
operators of the constituents form the interpolating current
with the corresponding quantum numbers of the bound
state; (2) The coupling strength of the hadronic molecule to
its constituents is determined by the compositeness con-
dition Zyy = 1 — I}y, = 0 [44-57]. The wave function
renormalization constant Zyy; of the hadronic molecule
HM defines the matrix element (or overlap) between the
physical and bare states of the HM. I}y, is the derivative of
the HM mass operator generated by the interaction
Lagrangian of the HM with its constituents. The condition
Ziv = 0 means that the probability to find the HM as a
bare state is always equals zero or, in other words, it is
always fully dressed by its constituents. The compositeness
condition provides an effective and self-consistent way to
describe the coupling of the HM to its constituents;
(3) Then, using interaction Lagrangians between the HM
and its constituents one can construct the S-matrix operator
and consistently generate matrix elements for hadronic
processes involving the HM (represented by corresponding
Feynman diagrams). In the evaluation of the Feynman
diagrams the compositeness condition enables to avoid the
problem of double counting.

The main objective of the present paper is a self-
consistent study of the hidden charm pentaquarks com-
posed of charmed baryons and D mesons in hadronic
molecular picture based on the formalism proposed and
developed in Refs. [48-57]. We present a classification
of these exotic states and calculate their strong two-body
decays in the heavy quark limit. A first consideration of
some of these states in a similar approach has been done
recently [35]. In our numerical analysis we proceed as
follows: first we derive the results for the helicity
amplitudes and decay rates in terms of two model
parameters (size parameter A and D-wave coupling of
pseudoscalar heavy quarkonia with vector heavy-light
meson and pair of light and heavy-light baryons). Next,
we use recent results of the GlueX Collaboration [4] on
upper limit of the branching fraction of the P.(4457)"
pentaquark to derive upper limit on its size parameter,
which describes the distribution of the constituents in the
pentaquark state.

The paper is structured as follows. In Sec. II we give a
classification of hidden charm pentaquarks—exotic states
composed of charmed baryons and D mesons and
present details of our formalism to set up these exotic
states as hadronic molecules. We also discuss the
extension to hidden bottom pentaquarks. In Sec. III
we focus on the calculation of strong two-decays of
hidden charm pentaquarks. We present a derivation of
the corresponding matrix elements and the discuss
numerical results. Finally, we summarize the results of
the paper.
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TABLE L. Classification of hidden charm pentaquarks composed by a single charm baryon and D(D*) mesons.

Pentaquark 1 JP Interpolating current Jp Threshold (MeV) Mass (MeV)
First family P,

P(4312)" 3 : \/§2j+ D- 4323.62 (4317.17) 43119+ 0.7483 [3]
P.(4312)° ! - O, U 4318.58 (4322.55) 4312
P3(4435)F 1 . 2+ DO 444223 4435
P5(4435)° 1 - (B D™ +EDY) 4447.05 (4443.63) 4435
P3(4435)" 1 . E0D- 4448.45 4435

P (4420)° 0 - J5 (B D™ —EPD°) 4447.05 (4443.63) 4420

P35 (4554)° : 3 QDO 4560.03 45545

P (4554)~ 1 - QD 4564.85 4554

Second family P,

P.(4440)" 1 ! S ( \/%E D - \Azi D) 4464.23 (4459.75) 4440.3 £ 1.3%47 [3]
0 1 1~ -
P (4440) ! ! S \/228 Do - \ézj D) 4460.60 (4463.16) 4440
P5(4560)* 1 - Py EF DY 4584.25 4560
P(4560)° 1 - 57" (B D+ EPD;) 4587.66 (4585.65) 4560
P5(4560)~ 1 - Py ER D 4589.06 4560
P5(4545)° 0 - 17 (BUD; —EODY) 4587.66 (4585.65) 4545
P$$(4678)° ! 3 'y’ QD;° 4702.05 4678
Py (4678)" 1 - QD" 4705.46 4678
Third family P
Pe(4457)t : 3 Ve -\ [y 4464.23 (4459.75) 44573 4 0.6+ 3]
P(4457)° 1 Ey _ \/%Zo 5o & \@y D+ 4460.60 (4463.16) 4457
c™u c
P5(4575)* 1 3~ EOD;0 4584.25 4575
P5(4575)° 1 a 75 (B0 Dy~ + EOD;) 4587.66 (4585.65) 4575
Ps(4575)~ 1 N EOD;- 4589.06 4575
P5(4545)° 0 2 75 (B Dy —EPD;) 4587.66 (4585.65) 4545
P (4695)° 3 2 QD;° 4702.05 4695
P55 (4695)" ! 2 QODx~ 4705.46 4695

II. HADRONIC MOLECULAR STRUCTURE OF
HIDDEN CHARM PENTAQUARKS

For the spin-parity quantum numbers of the hidden
charm pentaquark states we use one of the possible
scenarios, which follows from the conjecture of the
LHCb Collaboration [3] and the classification of some
theoretical approaches: J* =1 for the P.(4312)" and
P.(4440)" states and J© =3~ for the P.(4457)" state. We
also base the following procedure on a base on a SU(3)
classification of hidden charm pentaquarks proposed in
Ref. [29] and consider all together 8 hidden pentaquarks
states coinciding with hadronic molecular states composed
of charmed baryons and D(D*) mesons. In Table I we
present the classification of 24 =3 x 8 hidden charm

pentaquarks composed by a single charm baryon and
D(D*) mesons. For each pentaquark discovered by
the LHCb Collaboration we propose the existence of 7
partner states, which are composed of charmed baryons
(2., E.,Q.) and D(D*) mesons. We specify isospin
and spin-parity I,JF, the interpolating currents in terms
of the constituent fields, the constituent threshold (sum of
the masses of the constituents), mass (if available from the
LHCb Collaboration [3], otherwise our conjecture as
explained further on). For the case when the pentaquarks
are mixed states of two components we indicate the
constituent thresholds for both cases (the value for the
second component is given in brackets). In our conjecture
for the masses of the pentaquarks we suppose that the mass
difference of two pentaquark states is roughly equal to the
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difference of the corresponding charm baryon 4+ D(D*)
meson thresholds. By analogy, one can also derive hidden
bottom pentaquarks replacing D(D*) — B(B*) and the
charmed baryons by the bottom one. Recently a five-flavor
classification of hidden charm and bottom pentaquarks has
also been proposed in Ref. [42]. Our scheme is differed
since we only use nonstrange D(D*) and B(B*) heavy-light
mesons in the construction of hidden heavy pentaquarks.
We construct the pentaquark Fock states as eigenstates of
the isospin operator |/, I3) and give an expansion in terms
of the corresponding Fock states using standard SU(2)
couplings:

11/2,£1/2) = £/2/3[|1,£1) @ [1/2.F 1/2)]
F V1/3[1,0) @ [1/2,£1/2)],
11/2,+1/2) = [1/2,41/2) @& |0,0),
11, +1) = [1/2,£1/2) @ [1/2, +1/2),

11(0),0) = /1/2[[1/2,1/2) & |1/2,-1/2)]
+/1/2(]1/2,-1/2) @ [1/2,1/2)]. (1)

We next describe the hadronic molecular structure
of the pentaquarks using phenomenological Lagrangians
which involve the interpolating currents presented in
Table I. Note that the three states P.(4312)%, P.(4440)7,
and P.(4457)" have already been considered in Ref. [35].
For all 24 pentaquark states the corresponding Lagrangians
look as

Lp (x) = gp, Per(x)Ip, (x) + gp,Per(x) I p, (x)

- 0p Pes,(6) 7%, (x) + e, (2)
where P, P, and P , are the hidden charm pentaquark
fields belonging to the first, second, and third family,
respectively, Jp_ (x), Jp,(x), and J}, (x) are the nonlocal
extension of the currents from Table I, gp . (i =1, 2, 3) is

the coupling constant. The nonlocal pentaquark currents are
written as (here flavor indices are suppressed)

To, ()= / oy, (Y)H, (x +opy)Dx—any).  (3)

1
Jp,(x) = \—5/ d*y®p , (y*)r.rsH.(x + w}y)

X D*(x — wy y). (4)

()= / dy®p () H, (x+ why) D (x—wpy). (5)

H,. denotes a single-charm baryon, ®p (y*) is a
phenomenological correlation function describing the
distribution of H.D(D*) in the pentaquark state P,;,

H, H,

B(B*)

FIG. 1. Diagrams representing the mass operator of the hidden
charm P, and bottom P, pentaquarks.

wp, =My /My +Mpe) and opo=Mpe /(My+Mpe)
are the mass fractions of the constituent hadrons with
oy, + wpe = 1. Here we include an overall factor 1 / V3
for the case of the interpolating current of pentaquark P, in
order to have the same results for the couplings of all
pentaquarks in heavy quark limit (HQL), i.e., in the limit
when heavy quark mass goes to infinity. To generate
ultraviolet-finite Feynman diagrams, the Fourier transform
of the correlation function ®p_(y*) should vanish suffi-
ciently fast in the ultraviolet region of the Euclidean space.
We use the Gaussian form for the correlation function
®p(p) = exp(—p}/A} ). where pp is the Euclidean
Jacobi momentum and Ap  is a free size parameter.

The coupling gp_is determined from the compositeness
condition (see Refs. [44—47] and [48-57])

ZPC]/"Z - 1 - Z/Prl/trz (MPcl/CZ) = O’ (6)

Zp,=1-58 (Mp,) =0, (7)

c3

where £, and ¥} are the derivatives of the full and the
transverse part of the mass operator of the P/, and P
states, respectively. Here we have

w o T p'p*
Ty (p) =d (p)Zp,(p) + 7

%, (p). (8)

where ¢"(p) = ¢ — p"p*/p*. The generic Feynman
diagram representing the mass operator Xp , which is
generated by loop containing the (H.D) or (H.D*)
constituents, is shown in Fig. 1 (left panel). Note that
the compositeness condition gives a relation between the
coupling constant gp and the mass mp .

The extension to the bottom sector is straightforward.
Now we have to construct phenomenological Lagrangians
describing the coupling of the hidden bottom pentaquark
to its constituents by the following replacements in
Egs. (2)-(5):

P.i— Py, D(D*) — B(B*),
{26 B Q) = {2, B Q) )

The corresponding Feynman diagram for the mass operator
Zp,, which is generated by loop containing the (H,B) or
(H,B*) constituents, is shown in Fig. 1 (right panel).
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TABLE II. Classification of hidden bottom pentaquarks composed of a single bottom baryon and B(B*) mesons.
Pentaquark 1 Jr Interpolating current Jp Threshold (MeV) Mass (MeV)
First family P,

P,(11080)" 1 3 \@ZZBO Is0p+ 11090.20 (11092.33) 11080
P, (11080)° % { _ %E;B* + %2230 11094.97 (11092.64) 11080
Pj(11215)" 1 2 EOB* 11214.35 11215
Py(11215)° 1 3 5 (EYB° + B BY) 11214.66 (11214.35) 11215
Pj(11215)" 1 3 =, B° 11214.72 11215
P§(11200)° 0 3 % (EPB° — B BT) 11214.66 (11214.35) 11200
Pi#(11315)° 3 - Q,B* 11325.43 11315

P (11315)~ ! - Q; B° 11325.74 11315

Second family P,
P,(11125)" 1 - ¥ » 11135.26 (11137.70 11125
»(11125) ; 2 P (3B - /30 ( )
0 1 1~
P,(11125) 3 3 _yﬂys(\@ZZBﬁ _ \AZQB*O) 11140.34 (11137.70) 11125
P3(11250)* 1 - "7y EQB;t 11259.72 11250
P$(11250)° 1 { %yﬂyS(EQ?B;O +E,B;") 11259.72 (11259.72) 11250
P;(11250)~ 1 { y"}/SE/b_B;O 11259.72 11250
P3(11235)° 0 % %yﬂyS(Eg)BZO -8, B;") 11259.72 (11255.72) 11235
P3#(11360)° 1 3 Y, BT 11370.80 11360
P3#(11360)~ i 3 yﬂySQ;B;jO 11370.80 11360
Third family P;

P,(11130)" : -3 \/%ZZB;O _ \@ZSBIT 11135.26 (11137.70) 11130
P,(11130)° ! -3 —\/gizBﬁ n \/gng*O 11140.34 (11137.70) 11130
Pj(11255)" 1 %_ EYB;* 11259.72 11255
P$(11255)° 1 %_ \/LE (E;OB;O + &, B;") 11259.72 (11259.72) 11255
Py (11255)" 1 3 g, By’ 11259.72 11255
132(11240)0 0 %‘ JLE (5'})03;0 -E;B;Y) 11259.72 (11259.72) 11240
P(11365)° : %_ Q; B* 11370.80 11365
P(11365)~ ! 3 Q, B;? 11370.80 11365

The classification of the hidden bottom pentaquarks
composed of single bottom baryons and B(B*) mesons is
presented in Table II. For an estimate of their masses we use
some typical values close to the corresponding thresholds.

The expressions for the mass operators Xp, (Q = ¢, b)

are given by

Zp,, (p) =

> d'k 2
9P, W‘DPQ,(—(k+PwP) )

X Siy (k + p)Sn(k).

X, (p)=—3

(10) where
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H,,

H H
= J/(ne) X (1)

B(B*)

FIG. 2. Diagrams describing strong two-body decays P, —
HJ/y(n.) and P, — HY (), where H represents a light baryon
octet state.

S0 == S =3
0 = -5, (13)

are the propagators of the spin-% baryon H,, P = D(B),
and V = D*(B*) mesons, respectively.

The leading diagrams contributing to the strong two-
body decays P.— HJ/w(n.) and P, - HY(n,), are
shown in Fig. 2. Here H is a light baryon octet state
corresponding to the light quark flavor content of the
decaying pentaquark. The two-body decays P, —
HJ/w(n.) and P, — HY(n,) proceed via the hadronic
loops HD(D*) and HB(B*), composed of the constituents
contained in the hidden heavy pentaquark state. To evaluate
the diagrams in Fig. 2 we need to set up an interaction
Lagrangian, which includes the coupling of the pentaquark
constituents to the final hadrons (H + M pair, where
M =J/y,n.,Y,n,). We need to specify three types of
interaction Lagrangians: (1) Ly g fpv—the coupling of
heavy-light H; = H.,H;, and light H; = H baryons to
pseudoscalar P=D,B,5,.,n, and vector V=D* B*,J/y,T
mesons, (2) CHinPI p,—the coupling of H; and H; to
two pseudoscalar mesons P; = D, B and P, = 5., 1,
3) LHinVV—the coupling of H; and H; to two vector
mesons V; = D*, B* and V, = J/y, Y.

The SU(4) symmetric form of the first phenomenologi-
cal Lagrangian, Ly y Py Was originally derived in
Refs. [58] and extensively employed in our formalism in
Refs. [53,54]. Here we extend this Lagrangian to five
flavors (we only display the part of the Lagrangian which
contributes to current processes) with

L = gH""iy*y[V,, PIMH'"™ + H.c. (14)
The commutator of vector and pseudoscalar mesons is
given by [V,,P| = V,P—PV,, H*" is the baryon field
and (k,m,n,l =1,...,5) is the set of SU(5) flavor indices.
The effective coupling

g=— gv
frV2

was already fixed in Refs. [53], where gy = g,yy = 4.8
[59] is the strong pNN coupling constant and fp is the

(15)

pseudoscalar decay constant, which for the charm and
bottom sectors is identified with f, and f, . The leptonic
decay constants f, and f, have been evaluated in Lattice
QCD [60]: f, =438 +5+6 MeV and f,, =801 =7+
5 MeV and in several phenomenological approaches (see,
e.g., Refs. [59,61]). In particular, in Ref. [61] the leptonic
decay constants of heavy quarkonia have been predicted
using the Royen-Weisskopf formula: f, = 420 & 52 MeV
and f, =705+27 MeV. In Ref. [59] these couplings
have been estimated using the covariant confined quark
model: f, =427 MeV and f, =772 MeV. In our cal-
culations we will use averaged values of the three sources:
Sy, =430 MeV and f, =750 MeV.

The expression of the physical meson and baryon states
in terms of the tensors V™, P"" and H™" are discussed
in detail in Refs. [53,54,58]. Here we present some
examples:

p=H"2=—2F"2 = 2!
n=H?2 = D[22 — _pH122,
SH =H =2 = g4
SF=HUS =215 = 2 f5!,

J/l[/:V44, T:‘/SS’ ﬂc:P447 ﬂh:PSS,
DO — P14, D= P24, D*O — VM, D = V24,
B+:P51, BO:PSZ’ B*+:VSI’ B*OIVSZ. (16)

Part of this Lagrangian involving the coupling of the
light-heavy light baryon pair to DJ/yw, D*n., BY, and
B*n;, pairs needed for our calculation reads

L= gMAISH + MPTL + MFIE + MY IR + Hee.

(17)
Here we introduce the notations
M =n.Dy~ = J/y,D",
¥ = n.D;> —J/y,D°,
M;" =Bt —=Y,B*,
M) =n,B0 - T,B°, (18)

and J57, J9U" are the charged and neutral axial-
vector currents composed of charm (bottom) and light
baryon as

1 1 1 _
_ = = - =/0
Jff—z PVﬂ}’sZ?Jr—%nthzf—%z 7,475~'c

ley  r = V3o _
—Ezomsz’i B J/ﬂsﬂ?-—jl\omsnﬁ, (19)
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1 1 1 -
0 _ = 0 = =
Jﬁ 1 {nh}’szc - ﬁp}’,ﬂ/sz‘j - EZJFY,J’SJCJF

Lo o, = V3., o
- EZO}’MSEIO + 207,4759(3 + 7/\07”75:19} . (20)

—_f—

o L T o s
Ju :Z DYuYsZy, —E’Wﬂszb—ﬁz Yul5=p

1 = — —_—— — \/§ A —
—5207,,75:’;,0 +E77,75, —7/\07/,475:3,0] . (21)

b L] b o_ 1 S+ =0
],4 =2 ’Wﬂ}’szb —ﬁp}’,ﬁ’szb—\/—iz Yuls=p

1. - _
—5 2By +E0,rsQ; +§A(’m55$,‘} . (22)
Using Egs. (19) and (20) we derive the couplings
9H.HDJ )y = —9H, Hy.D* = Crn,9 a0d 9y, upy = —9H,Hy.B* =
CHp,9> Where cypy and cyy, are flavor factors shown in
Table III. Note that above results for the couplings are
consistent with recent predictions derived on the basis of
heavy-flavor and spin symmetry in Refs. [40,41]. We also
derive the relations between couplings involving charm
and bottom hadrons:

9H _HDJ |y _ 9H Hy.D* _ CHH, (23)

9H,HDJ)y  YH,Hy,D*  CHH,

In the next step we introduce the couplings of two
pseudoscalar and two vector mesons to a baryon pair
implementing the consequences of heavy-flavor and spin
symmetry. We are therefore consistent with the results of
Refs. [40,41]. In this vein we derive the interaction
Lagrangian required for the description of the decays of
hidden flavor pentaquarks to J/w(n.) + H and Y (,) + H
pairs. The relevant Lagrangian reads:

Line = geun, H{[5J /y* +n.iy'y|D;,
+ [J/w,ir'y> = 3n.]D}H,
+ genn, H{[5Y + nyir*y’|B;,
+ [Tﬂiy”ys —3n,|B}H, + H.c. (24)

Note that again the coupling g is fixed [see Eq. (15)] and
expressed in terms of well-known couplings/parameters.
The P 3 pentaquark cannot decay into nyH in an S-wave as
was stressed in Ref. [40], while it can proceed in a D wave.
We introduce an additional D-wave coupling and specify it
by introducing an additional parameter $ (for convenience
we scale it by a factor Mp )

D-wave __
int

gcyn HO"n.y’DiH,
P

_|_

geyn, HO*ny B H, +He.  (25)
P

TABLE III.  Flavor factors cyy, and cyy, .
Flavor structure HH.  cyy,~ Flavor structure HH,  cpyp,
++ 1 + 1
ch 4 pzb 4
0 1 - 1
nx/ 1 nX, i
s+ 1 0 1
P& 4\/5 pr 4\/5
N+ 1 0 1
‘ W3 nX; W3
—=/0 _ 1 >=- — 1
2R 42 b 42
STET _ 1 +2/0 1
¢ 42 2TE, 42
0=/+ 1 0=/0 _1
> = -3 ) = 3
0=/0 _1 0r/— 1
e g 2’5, S
AO:H— V6 AO:/O V6
= —vo E, —vo
AOEIO V6 AOEI— V6
¢ 8 b 8
=—00 1 70 1
BE7Q Z B, i
=000 1 =00— 1
=2'Q i E'Q, i

Such an additional coupling leads to a suppression of the
decay rates for Py3 — noH by a factor 1/m in compari-
son to the modes Py — noH and Py, — noH. It also
gives a contribution to the matrix element of the Py, —
noH transition at next-to-leading order in the heavy quark
mass expansion, and, therefore, will be suppressed in
comparison with the S-wave.

In the calculation of the two-body decays P.; — H + M
M=V,PandV =J/y,T; P =n,.,n,) of pentaquark P,
with spin Sp - we use the rest frame of the pentaquark with
the final baryon moving in the positive z-direction. The
4-momenta of pentaquark (p;), final baryon (p,), and
meson (p3) are specified as

P1 :(MP“-’O)7 p2:(EH50’07 P2 )7
q=p1—p>=(Ey.0,0,—|py|). (26)

We will also use the following notations: M. =Mp +M,
Q. =M% -M; and A(x,y,z) =x*+y* + 72— 2xy —
2xz —2yz is the Killen kinematical triangle function.
Energy values and three-momenta of the decay products
are defined as

M3+ My - M,
" 2MPci ’
Mj - My + My,

Ey=Mp —Ey= (27
M P, H 2MP(.,- (27)

ipa| = A2 (ME My, M3y) O, 0 (28)
2 2Mp, 2Mp,

ci

Due to Lorentz covariance and because of the transversity
condition qﬂe’(, =0 for the polarization vector of the
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V =J/w,T mesons, the matrix elements of the P, —
H + V decay processes are in general expressed in terms of

two form factors (FY,i=1, 2) for the 1 _)%+ + 17

i=1,2,3) for the 3~ —1" ¢

transitions and three (FY, 3

1~ transitions (see detalls in Refs. [43,62]):

transition é_ -1 AENENE

M I 1+—|—1_
. 5=
inv {5 )

= i) |1 O) =i Py 015
P
X }’5”(191,51)5’\4/(61), (29)
transition 3 — 1 MINEEES
37 1t
Minv(i e +1_)
_ P2a
= 0752 |90, O3) + 1, 22 YO8
P2aD2 a
2% py ) s a (30)
Pu'

where 6, = (i/2)(y,7, —7.7,) and all y matrices are
defined as in the Bjorken-Drell convention. In our approach
only one form factor F| contributes to the transitions
P, —- H+Vand P; - H+ V, while the others vanish.

For the decay modes involving P = 5., 7, in the final
state the matrix elements are expressed in terms of a single
pseudoscalar form factor FP(M3):

transition —_ -3 o

1 1" _
Minv <_ -3 +O_) = u<p2’52)FP(M%)u(pl’sl)’

2 2
(31a)
transition 3 — o
3" 1+
M (2 == +0
(1)
= i(pa. $2) FF(M3)iy> ——u*(py.s1).  (31b)
Pos

It is convenient to express the decay widths of the
two-body decays P., — H +V in terms of the helicity
amplitudes H, ,; [43,62], where 4y = £1, 0 and 4, =
+1/2,43/2 are the helicity components of the V mesons
and the final baryon H, respectively. For our kinematics
helicity conservation reads: 4; = 4, — Ay, where 1; is the
helicity of decaying pentaquark. The helicity amplitudes
are related to the sets of the previously introduced relativ-
istic form factors F! as [43,62]:

.. 1~ 1 _ 14
transition 3 — 3 T _/12 iy = —Hju,

n = 2 FYM_-Fy—~ My
0 M} *Mp )’

M_
HKZVZQ+<—F¥+F¥M—), (32)
transition 1~ — 1" + 0~ H?, = —HF
It It
Hy, = /O F", (33)
transition 3 — % +1: HV/12 = H/‘{z i
v OMM M,
20 3 2Mp My
/9
H%V1 = %FY H%V1 = /O.,FY, (34)

we omit the contribution of F} and F} since for the present
calculation these foJl;m factors vanish;
transition 3 — 3 +07: H?, = H]
2 2
Hp Q+ Q—
T 6 M2

(35)

In the case of the 3 — ; + 0~ transition the helicity
amplitude H § has an additional 1/m, suppression factor in

comparison to the others. As already explained, the reason
lies in the D-wave coupling of this transition.

The decay width of the two-body transition P, — H +
V(P) is calculated according to the formulas [43,62]:

1 P2
I'(P H+V )
( ci - + ) 8”(25[) 1>M%)Ci P[,'H
My = |HY,, 1
Ao, Ay
(P, — H+ P) = ! P2l 5p
“ 87(28p, + 1) M3~ e

Mo = ZlH : (36)
= SP(‘Z = 5
pentaquarks, and HZfH
squared helicity amplitudes with:

where Sp and Sp = 3 are the spins of the

2
is the sum of the corresponding

chl/aH |H |2 + |I{V1()|2 + |H |2 + |HYL_1 |2’

Hp.u = [Hy |2+|HV10|2+|H P+ IH P

—1
+|H |2+\HV

s

My = [HEP -+ H .
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III. RESULTS
We proceed with our calculation in the heavy quark limit
(HQL) expanding the masses of the heavy hadrons around
the corresponding heavy quark masses mg,, Q = c, b:
MPQi = 2mQ + O(]),
MT’% = Zmb + O(l),
Mpp = m.+ O(1),

My, = 2me + O(1),

MB.B* = nmy, + 0(1), (38)

We also introduce the heavy-flavor independent quantity R,
the difference between the sum of the masses of the
constituents and the pentaquark mass, with:

R= MHQ +MMQ - MPQi (40)

which at leading order is considered to be universal for
all modes.

In the HQL the results become rather transparent. In
particular, the coupling constants of pentaquarks to the
constituents scale as /g and are given by

2m
9Py, = YPy, = Yy, = 4”\/TQ[1(V)]"/2, (41)

where I(r), r = R/A is the structure integral

I(r)= [)w da, /Ooo das(ay + o)

X exp [— % (a1 — @) — % (ay + az)r} @)

The couplings for all three types of pentaquarks are
degenerate in the HQL. For these reason we introduced
an additional factor 1/+/3 in the interpolating current of the
pentaquark P, [see Eq. (4)].

The transition amplitudes in the HQL are also given in
terms of a single structure integral

J(r):AwdalAwdazexp[—(al—aZ)Z—%(a]Jraz)r .
(43)

Therefore, all helicity amplitudes only depend on the
function &(r) = J(r)/+/I(r) involving the single param-
eter r = R/A. We find that &(r|) changes only slightly
when varying the size parameter A in the region 0.5-2 GeV.
In particular, for R ~ 10 MeV and A ranging from 0.5 to
2 GeV the quantity &(r) changes from 0.7872 to 0.7905.

In the HQL results for the squared helicity amplitudes
are simply expressed as:

TABLE IV. Flavor factors d.

Light baryon H dy
3
P e
3
n e
+ 1
x ~a3
0 1
x i
- 1
z ~a3
AO _V3
4
=0 1
= 4
B 1
4

3 3 1
Voo voo_ v o _lap P
Por 7 25" P2 T 50 Hey, 3 My =My,

2
= 12<—gdH> AE(r)(r + ug) (44)
T
M
P _ g MH 4p
Pos 54mg Por’ (45)

where uy = My /A is the mass of the light baryon in the
final state rescaled by A. The flavor factors dy depend on
the flavor of the final baryon and are summarized in
Table IV.

In the HQL the helicity amplitudes ), and H5 Lo, SCale
as O(1/mg) since the heavy quarkonig decay CQO/IQIStantS,
contained in the definition of the coupling g, have the scaling
behavior f Hop ™~ /M0 Therefore, the decay rates of penta-
quarks into heavy charmonia and a light baryon scale as
1/m}, (we take into account that |p,| behaves as O(1) in the
HQL). All relations between the helicity amplitudes (further
below it will also be displayed for the decay rates) are
consistent with the results reported previously in
Refs. [40,41]. In our approach the P ; pentaquark decay
nto noH 1s restricted to an orbital D-wave, the S-wave is
forbidden. The helicity amplitude for the decay P o3 — noH
(D-wave) contains an arbitrary parameter /3, which could be
fixed from future experimental results. However HﬁQB has an
additional suppression factor 1/m,, in comparison with the
other helicity amplitudes listed in Eq. (44) and the corre-
sponding decay rate scales as 1/ m‘é, i.e.,itis suppressed by a
factor 1/m, relative to the other modes.

Neglecting the mass differences of J/y-n. and Y-, we
finally derive following relations for the pentaquark decay
rates:

F(PC2 - rlcp) _ 3

1—‘(Pcl - ”cp) _ _
L(Py—J/wp) —  T(Po—J/yp) 25
F(Pc3 - ’7cP) :ﬂ_zMH
F(Pc3—’J/WP) 300mc’
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TABLE V. Two-body decay rates of hidden charm pentaquarks
in MeV [results for decay rates should be multiplied by factor
(A/1 GeV)3].

TABLE VI. Two-body decay rates of hidden bottom penta-
quarks in MeV [results for decay rates should be multiplied by
factor (A/1 GeV)3].

Mode Decay rate (MeV) Mode  Decay rate (MeV) Mode Decay rate (MeV)  Mode  Decay rate (MeV)
First family P First family P,
P = J/yp 4.12 P = n.p 14.81 P, —>Tp 0.38 Pl —np 1.20
PO, = J/yn 4.11 PO, > yen 14.78 P9 > Tn 0.38 P9, = pn 1.20
Pt — J/pZ* 1.01 Pl — 2t 4.06 Pt - YT 0.12 Pyl =, X" 0.38
P9 — J/wx’ 1.00 P — 5, X0 4.04 Py - 10 0.12 P - 5,20 0.38
PT = J/yx” 0.98 P = X" 4.00 Piy = T~ 0.12 Py = X 0.38
P — J/wA° 7.13 P9 = 5 A° 26.76 P — TA° 0.76 P — 5, A 2.38
PO — J/y=E0 1.94 Ps0 - . B0 7.85 P30 — TE° 0.24 P30 — B0 0.76
P~ = J/yE" 1.90 P - 5B 7.75 Py~ - YE- 0.24 Py = BT 0.76
Second family P, Second family P,
PhH = J/wp 39.82 Ph = nep 545 pH o Tp 327 P}, = nyp 041
PY% — J/yn 39.77 P% - n.n 5.45 P), = Tn 3.27 P, — nyn 0.41
PG = J/yEt 10.99 Py =zt 158 pr Tt 1.03 P o gzt 0.13
PSS — J/yx0 10.93 P9 — 520 1.57 Py — 10 1.03 P — X0 0.13
PG = J/wE” 10.84 Py = X" 156 ps- o v3- 1.03 P35 - npE- 0.13
P9 — J/wA® 72.09 P9 — 5.0 10.08 PO = TA? 6.41 PO = 5, A° 0.78
P = J/yE 2125 P = B 3.06 pso RO 2.07 P30 — 1,20 0.26
Py = J/wE” 20.99 Py = BT 310 pys- - vE- 2.06 Py = BT 0.26
Third family P4 Third family P,;

PhL = J/yp 80.04 Ph = nep 0.138  pf, > Tp 6.57 Pl = myp 0.0044
PY% — J/yn 79.93 P% — nen 0.134% PY - Tn 6.56 POy = nyn 0.004/82
Pt — J/yzt 22.45 P -2t 0.054° Pyl - TSt 2.07 Py - =t 0.0024
P~ J/wx’ 22.63 PS5 > n.X 0.054°  p — Tx0 2.07 P — X 0.0022
P = J/wE” 22.17 P =2 0.058*  ps; - Tx- 2.06 Py =z 0.0028
PS = J/yA° 146.67 Pg = noA° 0.288%  pi0 - TAO 12.87 PR = A 0.0092
Pi,%o - J/wE° 43.58 Pigo - 5,.B° 0.104? Pis30 - T=O 4.15 Pi%o = 1,20 0.003/3>
P = J/yE 43.09 Py = nE” 0108 ps- - TE- 4.13 Py = B 0.0034?

for the decay rates are expressed in terms of the model
(P, = nyp) _3 ['(Py, = np) _ i parameters A and S as
F(Pbl - Tp) ’ F(sz b Tp) 25 ’ A 3
T(Pys = mpp) _ P> My @) T(P, — J/wp) = 4.12 MeV - (m> . (49)
F(Pb3 d Tp) 300 my, ’

A \3
+ pr— . —

F(Pa=nep) _T(Pa=J/wp) _(m\' .|, I'(P5 = J/wp) = 39.82 MeV <1 GeV) . (50)
L(Pyi—myp)  T(Py—Tp) \m.)’ o

(48)

In the following we turn to the discussion of our numerical
results. We first look at the decay rates of charm nonstrange
pentaquarks to the final states J/wN and #.N. The results

A 3
(P = 80.04 MeV - , (51
A

3
(P p) = 14.81 MeV - . (52
(P5 = n.p) e (1 GeV) (52)
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A 3

A 3
(P p)=0.13MeV-p- [ ——] . 4
Ph = =03 MV (o) 9

In Tables V and VI we present the results for other decay
modes. For many of the indicated states we use typical
values for the masses. In all results we drop the fac-
tor (A/1 GeV)>.

We can use the upper limit on the branching ratio of the
P.(4457)" recently set by the GlueX Collaboration at JLab
[4] to constrain the size parameter A of this LHCb penta-
quark assuming spin-parity J© = %_ for this state. We do not
consider P.(4312)" and P.(4440)" states in our estimate
because they have spin-parity J” =1 in our case, which is
different from the assumption of the GlueX experiment. As
pointed out by the GlueX Collaboration [4] their upper limits
are sensitive to the spin-parity quantum numbers. In par-
ticular, the limits become by a factor of 5 smaller for the

JP = ; assignment. For an estimate of the branching of the
P.(4457)" state we use the central value for the decay width

of the recent LHCb data analysis [3]:
FP((4457)+ = 64 MeV. (55)

We find the following constraint: Ap 4457)+ < 145 MeV.
Note that the A parameter characterizes the binding forces
acting on a charmed baryon and a meson in the bound state
of a hidden charm pentaquark.

In conclusion, we presented a calculation for the
strong two-body decays of hidden charm and bottom
pentaquarks into pairs of a light baryon and heavy
quarkonia. We evaluate the final results in the heavy quark
limit using only one free parameter—the scale parameter A
characterizing the binding forces of the hadronic constitu-
ents in the hidden heavy pentaquark. Our predictions for
the decay rates scale as A3, therefore the results are very
sensitive to the choice of this parameter. Using recent data
of the LHCb Collaboration [1-3] on the total widths of
nonstrange hidden charm pentaquarks and of the GlueX
Collaboration [4] on the upper limit of the partial two-body
decay width of the P.(4457)" state with J* =3~ we derive
preliminary result for the upper limit for our scale param-
eter A. Future and more precise experiments on the decay
properties of hidden heavy pentaquarks can give strong
constraints on the model parameter and insights into the
predictions given in the last tables.
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