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Abstract: Using the vector exchange interaction in the local hidden gauge approach, which in the light quark sector

generates the chiral Lagrangians and has produced realistic results for Q.,=.,Z, and the hidden charm pentaquark

states, we study the meson-baryon interactions in the coupled channels that lead to the =5, and Qp;, excited states of

the molecular type. We obtain seven states of the Z;, type with energies between 10408 and 10869 MeV, and one

Qppp state at 15212 MeV.
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1 Introduction

Doubly- and triply-heavy baryons have attracted con-
tinuous theoretical attention [1-3] which has been intensi-
fied with the recent finding of the =} state by LHCb [4].
=pp and Qup, states have not yet been found, but are likely
to be observed in the future by the LHCb or Belle II col-
laborations”. Thus, it is appropriate to make theoretical
predictions before the experiments are performed. Con-
cerning the =, and Qp, states, most of the theoretical
work concentrated on quark model calculations with three
quarks. Pioneering work in this field was presented in
Ref. [5]. A reference work on doubly- and triply-heavy
baryons is Ref. [6]. More recently, there has been a theor-
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etical revival stimulated by the new experimental find-
ings and one finds studies of doubly-heavy baryons in
Refs. [7-20], and of triply-heavy baryons in Refs. [10, 21-
27], among others. Lattice QCD has also been used to
make predictions of these states [28-30]. Calculations
with pentaquark configurations are available in Refs. [31,
32]. Suggestions on how to observe these states by look-
ing at weak decay products have been made in Refs. [33,
34], and using the e¢*e~ colliders in Ref. [35]. Yet, mo-
lecular states of this type based on the meson-baryon in-
teraction have not been investigated so far, and this is the
purpose of the present work.

Molecular states bound by the meson-baryon strong
interaction in coupled channels are peculiar. While there
can be states bound by several tens of MeV, there are oth-
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ers which are very close to the threshold of meson-bary-
on channels. Let's assume, to begin with, that we have
Just one meson-baryon channel bound by a small binding
energy B. The coupling of this state to the meson-baryon

component g is such that —g2 g—g 5= 1 (Epis the energy
of the bound state), where G 1s the meson-baryon loop
function such that the scattering matrix is given by
T =V + VGT. This function has a cusp at the threshold of
the meson-baryon channel, such that its derivative to the
left is infinite at the threshold. Thus, g> — 0 as the bind-
ing B goes to zero [36]. This can be derived from another
perspective and is known as the Weinberg compositeness
condition [37, 38], with g2 ~ VB. What is less known is
that if the bound state is close to the threshold of one of
the coupled channels, then the couplings of the bound
state to all channels reduce to zero [36, 39]. As a con-
sequence, the decay widths for the channels, proportional
to g7, go to zero and one obtains automatically very nar-
row widths. This property, so naturally obtained with mo-
lecular states, is a source of permanent problems in the
three-quark or tight pentaquark models of these states
[40].

A clear situation favoring molecular states is the re-
cent finding of three narrow pentaquark states by the LH-
Cb collaboration close to the X.D, X.D* thresholds [41],
which have been interpreted in a large number of papers
as molecular states [42-56]. This is also the case in Ref.
[57], where the earlier predictions made in Ref. [58] were
updated. The same molecular model has been successful
in predicting three of the five narrow Q. states found by
LHCD [59] in Refs. [60-62], of some =, states reported in
PDG [63], and of Z,(6227) observed by the LHCD collab-
oration [64] in Ref. [65]. Predictions of =, states that
have not yet observed were made in Ref. [66]. We should
point out that the molecular picture is not the only one
which claims to reproduce these states, and a variety of
other models have been suggested. Abundant informa-
tion can be found in a series of review papers [1-3, 67-
78]. In this sense, making predictions with different mod-
els prior to experiments is useful to gain a better under-
standing of the nature of these states. Our work is written
in this perspective.

Ny d ———r
b ———

()

Fig. 1.

We use here the same interaction that has been tested
successfully in other cases and make predictions for the
Zpp and Qppp states.

2 Formalism

In order to understand the classification of the meson-
baryon states considered, it is convenient to begin with
the interaction we use. Let us look, as an example, at the
B~ Ap — B~ A, transition shown in Fig. 1. By means of the
mechanism of Fig. 1(b), one can exchange a uii state
between B~ and A,. This could physically correspond to a
7, p or w meson. One can equally exchange a bb pair
which could correspond to 7, or v, but we can anticipate
that 77, or v exchange, corresponding to a meson propag-
ator, would be very much suppressed because of the large
mass of the bb state compared to uii .

We next consider the case where we have K~ instead
of B~ in Fig. 1, where the chiral Lagrangians can be used
to obtain the strength of the exchange mechanism. We re-
call the observation in Ref. [79] that the chiral Lagrangi-
ans can be obtained from the local hidden gauge Lag-
rangians which rely on the exchange of vector mesons
[80-83]. In the K~A;, — K~ A, interaction, we have the ui
exchange and the s quark as a spectator, the same as in
the diagram Fig. 1(b) where the b quark is a spectator.
We can make a mapping from the K~ A, — K~ A, interac-
tion to the B"A, — B~ A, interaction at the quark level,
taking into account that when writing the $ matrix at the
meson level the normalization factors of the meson fields

1 1
V2Ex. \2Eg
made in Ref. [84].

In the evaluation of the B~A, — B~ A, transition in
Fig. 1(b), instead of the Langrangians one can use the op-
erators at the quark level, both in the upper vertex BBV
[85] and in the lower vertex ApA,V , with V the ex-
changed vector meson [61], to get the same result. For
practical reasons, we use the Lagrangian for the upper
vertex

are different. These considerations were

L= —ig([P.ﬂ#P] VHy, )
b
U — -~ 1
A Yy
u > u
d >
b >

(b)

(a) Quark representation of B~A,; (b) Meson exchange mechanism for the B-A, — B~ A, transition.
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. M
where (---) stands for the matrix trace, g = el (My ~ 800
MeV is the vector mass, f, =93 MeV), and PV are the

A0, 11
\/571' + \/377"1‘ \/677 o
P= vt
K-
B-
1 0+L0) + K* B \
VP T L
_1.0 1 *0 %0
= P P e KB )
K* K*O ¢ B?O
B* B*O B;O T }

where we use the p-n” mixing of Ref. [86]. The lower ver-
tex is of the type V,y” , and we make the approximation
that the momenta of the particles are small compared to
their masses and y* — 9% = 1, rendering the interaction
spin independent. This means that after contraction of
ViV, only the dp component of 9, in Eq. (1) is operat-
ive. The lower vertex is still evaluated at the quark level
and the Lagrangian is trivial in terms of the operators,

8 = a7 0
e \/E(W dd), for p w

i(m‘t +dd), for w
A2 '
which has to be sandwiched between the baryon wave
functions. The next step to complete the program is to
write the wave functions, and here we divert from using
SU(4) or other extensions of SU(5), because the heavy
quarks are not identical particles to the u, d, s quarks. We
single out the heavy quark and impose the flavor-spin
symmetry on the light quarks. If instead we have two or
three b quarks, then we impose the flavor-spin symmetry
on the b quarks. Once this is clarified, we have the fol-
lowing meson-baryon states with two b quarks:

1) bb in the baryon,
Ebbs Qpb,

and the meson-baryon states are
K Qypp. )

Since we have two identical b quarks, the spin wave func-
tion has to be symmetric in these quarks. We take them as
number 1 and 2, and thus we must use the mixed sym-
metric spin wave function y s for the first two quarks.

2) One b quark in the baryon and one in the meson.
The meson-baryon states are

BAp, BZp,

TZpp,  NEpps

B;Zp,  BsE),. 6)
In this case the flavor-spin symmetry is imposed on the
second and third (light) quarks. The baryon states are
classified as shown in Table 1.

We need yps(12), xms(23) and ypa(23) , which are

+

qq matrices written in terms of pseudoscalar or vector

mesons, with quarks u, d, s, b . Hence

at K+ BT\
‘%7]+ ‘/Lgn’ K° B° )
K° —R1 5 B
B° B m )
given in Ref. [87] for 53 = %
1
xms(12) = %(TH +1T7T =211, @)
1
xms(23) = %(TN +TUT =211, (®
1
23) = — - . 9
xma(23) \/z(TTl T ©)

Note that with our spin independent interaction, Zp, and
Qpp can have spin overlap with the other baryon compon-
ents of Table 1, since

1
Orms (1 2)xms (23)) = —=

, 10

: (10)
V3

Oems (1D)ema(23)) = ——-. an

We also consider vector-baryon states and pseudo-

scalar combinations with baryons with J7 = %+, Erp Qs

X7, Z; , shown in Table 2. They all have the full symmet-

ric spin wave function ysg,

xs(s3=1)=11T. 12)

Table 1.

MS and MA stand for mixed symmetric and mixed antisymmetric.

Wave functions for baryons with JP = %Jr and =0, %,].

states 1.J flavor spin
=, 11 bbu xms (12)
o, 0,1 bbs xus (12)
AY 0. % b%(ud—du) xma(23)
ZZ 1, % b\/Lj(ud+ du) xums (23)
=0 {’, % b %(us — su) xma(23)
E'bo 11 b%(us+su) xums (23)

Table 2. Wave functions for baryons with JP = §+ and / =0, %, 1.8

in y 5 stands for full symmetric.

states 1,J Flavor spin
Ezg {;, % bbu Xs
Q) 0,3 bbs Xs
ZZO 1, 2‘ b%(ud+du) XS
Chie %, % b%(us+ stt) Xs
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The combination of vector-baryon ( %+) gives rise to
states in a region difficult to identify experimentally [57]
and we do not study them.

In the case of vector-baryon interaction, the upper
vertex is evaluated using Eq. (1) by substituting [P, BMP]
with [VV,(?HV"]. In the limit of small momenta, V* of Eq.
(1) is the exchanged vector. Hence, the interaction is cal-
culated in the same way as for pseudoscalars except that
there is an extra €&’ factor which gives the spin inde-
pendence of the upper vertex [61]. Therefore, the interac-
tion is spin independent. This feature allows to classify
the channels into different blocks:

a) mEpp, = and K Qpp, With y s (12), BA, and B,E,
with y14(23);

b) 7=, 1Epy and KQpp, with yps(12), B, and By E;
with y5(23);

C_) 0%, WEpp, ¢Zpp and K* Qpp, with yuys(12), B* Ay
and B: =), with yp4(23);

d) pZpp, WZpp, ¢Zpp, and K* Qp, With yps(12), B*x,
and B} Z; with ys5(23);

€) nEp,, N5y, KQp,
Xs-

Taking into account our isospin phase convention
(=n*,7%77), (B*,B%), (B°,-B"), (K*,K") and (K°,-K"),
we can construct the isospin wave function for the blocks
to have isospin / = % for the global "=,," states. Using the
vector-exchange interaction discussed above, we obtain a
potential V;; for the i — j transition of the type

1

i (k0 + &), (13)

where, k°, k’° are the meson energies in channel i and

BX; and B,E; with all states in

Vij = Dij

channel j, respectively, and D;; are the coefficients which
are given in the tables below.

Note that since ypus(12) in the Zpp, Qpp states over-
laps with yps(23) and y4(23) , blocks a) and b) can mix
and have to be put together. The same can be said for
blocks c) and d), which also have to be put together. We
then obtain the D;; coefficients shown in Tables 4, 6, 8
(note that we changed the order of baryon-meson in the
tables, which must be taken into account when construct-
ing the isospin wave functions). In Tables 3, 5, 7 we
show the thresholds of the channels considered. The
masses which are not tabulated in PDG [63] are taken
from Refs. [13, 88]. In the tables there are terms which go
with parameter A. They correspond to transitions that re-
quire B* exchange. Because of the large mass of B* com-
pared to the light vectors, these terms are very much sup-
pressed. With the same considerations as in Ref. [61], we
estimate A as

-m3,
l=— V201, (14)
(mp—my)? —m3,
We note that when the light vector mesons are ex-
changed, the heavy quarks are spectators, and hence these
terms automatically fulfill the rules of heavy quark sym-
metry. The exchange of B* makes the b quark active. This

term goes barely as O(%) (with mg the heavy quark
mass) and is not subject to the heavy quark spin sym-
metry rules. Note that these terms are very small in our
approach, as expected.

We turn now to the Q) states. Here, the coupled
channels are Q. BE;,. B;Q;,. The baryon states in-

volved are tabulated in Table 9. The Q. BE;,. B;Q;,

Table 3. Pseudoscalar-baryon( %+) (PB) channels considered for the sector with J = %7.

channel Epp T Eppn

Qpp K

ApB X, B =, By E;}BS

threshold/MeV 10335 10745 10756

10899 11092 11160 11302

Table 4. Dj; coefficients for the PB sector with JP = {, .

Pt Sy E QK ApB ¥ B Zp By Z, By
S 2 0 NE 3 -1 0 0
Epp7 0 —% 2’—‘/7/1 Zl—ﬁ/l —ﬁ,{ 21_\/61
QK -1 0 0 L ‘ﬁﬂ
AyB -1 0 -1 0
Xy B -3 0 3
=p By -1 0
_;BS -1

17 37

Table 5. Vector-baryon( %+) (VB) channels considered for the sector with J” = 3 3

channel ApB* Eppo Eppw

B QK™ ZpB: Zppd E;B;

threshold/MeV 10945 10972 10980

11138 11156 11208 11216 11350
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Table 6. Dj;j coefficients for the VB sector with JP =

1-
7 -

JP=1"3 Ay B Zpop Zppw 3, B* Qp K* =, B: Zpp o E} B;
ApB -1 Y RSP 0 0 -1 0 0
Zpop o 0 ~1a \/g 0 0 0
Epp @ 0 B —% 0 0 0
I, B -3 0 0 0 V3
QupK* _1 %/l 1 —ﬁ
2, B -1 3 0
Epp ¢ 0 _ﬁ
E;B’; —1

Table 7. Pseudoscalar-baryon( %+) (PB) channels considered for the

sector with J© = %i

—*

3 Results

channel g Zn QK 3B ;B With the V;; potential of Eq. (13), we solve the Bethe-
threshvold/Me 10374 10784 10793 1113 11320 Salpeter equation in coupled channels
T=[1-VG|V, (15)
Table 8. Di; coefficients for the PB sector with /” = 3 where G is the diagonal meson-baryon loop function giv-
P23 T T K 5B =B, en by
=y 2 0 3 1 0 G, :if d'q M, 1 1
= 0 2 1, _1q Qm)* EG) KO+ p°—q°—EG) +i€ 2 —m? +ie
=o'l V3 Vi Vo X !
QK -1 0 52 _ f dq 1 M, 1
¥ B -3 \3 Gl<gue 2703 201(q) Ei(G) KO+ pO - wi(§) - Ei(q) 2—1166)
=B, -1 . . . .
4 with p° the energy of the incoming baryon in the meson-
Table 9. Wave functions of baryons with J¥ = %+ and /=0, baryon rest frame. m; and M, are the meson and baryon
<tates 17 favor spin masses, and w; and E; their energies w; = 1/mlz +gZand
Qs 0,3 bbb Ys E = ,/Mlz+q2. As 1n the studies [61, 85, 89], we use a
= 13 bbu s three-momentum cut-off g, = 650 MeV to regularize
o 0.3 bbs Ys the loop function. The poles are searched for on the

channels with J* = %7, do not couple with the "Z,," states
since they contain one more b quark. In Table 10, we
show the threshold masses of the pseudoscalar-baryon

channels, and in Table 11 the D;; coefficients.

Table 10.
three b quarks.

PB channels considered for the sector with J% = %7 and

second Riemann sheet, as done in Refs. [61, 85, 89], and
the couplings of the states to the different channels are
obtained from the residues of the 7;; matrix at the pole zg,
knowing that close to the pole one has
8i8j

Vs—zg
The second Riemann sheet is obtained using G'/(s) in-
stead of G(s) given by

Tij(s) =

)

channel Qepbn =, B Q;, By l G(s), for Re(v/s) < /sy,
G = . 2M; , 18
threshold/MeV 15382 15515 15664 ! <| Gi(s) +iz \/‘IE . forRe(yS) > VS, (18)

Table 11.  Dj; coefticients for the PB sector with JP = %7 and three b

where /sy, ; 1s the threshold mass of the /-th channel, and

(luarks47 ] i /ll/z(s,mlz,Mlz) .
JP=3 Qppp 1 g, B Q;, B, q= i with Im(g) > 0. (19)
Qpppn 0 7%/! 7%/1 .
o & > v In Table;s 12 and 13,. we show the couphggs and ths:
beB 1 wave function at the origin for two states with JF = ;-
bb™> -

obtained from the coupled channels of Table 4. In addi-
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tion to the couplings g;, we show the values of g G/ at
the pole, which according to Ref. [36] provide the
strength of the wave function at the origin.

We find two states, one at 10408 MeV with a width of
about 186 MeV , which couples mostly to the Z;,7 com-
ponent, with a non-negligible coupling to Qu, K and A, B.
The large width of this state stems from the large coup-
ling to the =, 7 channel and the fact that this channel is
open. The second state appears at 10686 MeV with a very
small width. It couples mostly to the ¥, B channel, which
is closed. The =, 7 channel is open, but the coupling to
this channel is very small, which justifies the small width
obtained.

Some of the components are quite bound and one may
think that these components should be very small. Yet,
this is not the case, since, as shown in detail in Ref. [66]
the size of the channels is not linked to the binding but is
determined by the cut-off, and r?|y(r)]* peaks around
r=0.7 fm, with still a significant strength around 1 fm.

We now consider the states generated from the
coupled channels of Table 6 from vector-baryon (%+)
states. We find three states with zero width, degenerate in
JP = {% . We note that the additional pion exchange
would break this degeneracy but, as discussed in Ref.
[66], its effects are largely incorporated in our approach
with a suitable choice of gm,y, and only a small part re-

mains and produces a small splitting between the ;—7 and
%7 states. The small difference between the masses of the
hidden charm pentaquark states P.(4440) and P.(4452) of
Ref. [41], assumed to be § .3, respectively, corrobor-
ates this finding.

In Tables 14, 15 and 16, we show the properties of
these three states. The first state appears at 10732 MeV
and couples mostly to X, B*, the second is at 10807 MeV
and couples mostly to A, B* , while the third appears at
10869 MeV and couples mostly to Z,,p. Note that all
channels are closed which is why we obtain zero widths.

Let us look at the states formed from the pseudoscal-
ar-baryon ( %+) channels of Table 8. We find two states,
shown in Tables 17 and 18. The first appears at 10447
MeV with a width of about 186 MeV. This state couples
mostly to Z;, &, which is open, justifying the large width.
The second state appears at 10707 MeV and couples
mostly to X B. The Z;, = channel is open, but the small
coupling to this channel results in a very small width of
this state.

Finally, we consider the only " Q" state found from
the coupled channels of Table 10. This state is at 15212
MeV and couples mostly to Z;, B, as shown in Table 19.
All coupled channels are closed and we obtain a zero
width for this state.

In summary, we obtained two excited =, states with

Table 12.  The g; couplings of the 10408.18 +i93.18 state (generated dynamically in the PB sector with J© = %7) to various channels and g; G,“ (in
MeV).
10408.18+i93.18 Zpr ) O K ApB 5B Zp B =, Bs
8i 1.69+11.21 -0.02-10.09 -0.86-10.73 -1.03-10.31 0.50+1i0.23 -0.28-10.19 -0.16-10.12
giGl ~73.58-112.87 0.01+10.58 4.52+i5.41 0.79 +10.39 -0.29-10.18 0.14+i0.12 0.07 +10.06
Table 13. The g; couplings of the 10686.39 +i0.08 state (generated dynamically in the PB sector with J* = %7) to various channels and g,-G,“ (in
MeV).
10686.39-+i0.08 Eppr Epp1) QK A»B %, B b Bs =, Bs
8i 0.01 -10.05 -0.10+10.02 -0.05+10.04 0.06 +10.02 19.03 0.02+1i0.02 -10.80
4Gl 1.57+10.51 1.52-10.23 0.72-10.52 -0.11-10.03 ~18.78 -0.02-10.02 7.23
Table 14. The g; couplings of the 10732.01 +1i0 state (generated dynamically in the VB sector with J* = %7, %7) to various channels and g; G,“ (in
MeV).
10732.01+i0 Ap B Eppp Eppw %, B* Qpp K~ EpB; Epp® ) B;
8i -0.01 0.15 -0.14 19.13 -0.10 0 -0.03 -10.86
giG! 0.02 -1.01 0.88 -18.72 0.42 0 0.09 7.18
Table 15. The g; couplings of the 10807.41 +i0 state (generated dynamically in the VB sector with J” = %7,% ) to various channels and g; G,“ (in
MeV).
10807.41+i0 Ap B” Eppp Eppw X B* Qpp K* =p B Epp® =, B;
8i 7.82 -0.66 -0.12 0.06 0.16 7.57 -0.10 -0.04
4iG! -18.77 5.52 0.97 -0.07 -0.76 -7.37 0.39 0.03
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Table 16. The g; couplings of the 10869.63 +i0 state (generated dynamically in the VB sector with J” = %7, %7) to various channels and g; G,U (in
MeV).
10869.63+i0 ApB* Zppp Eppw %, B* Qpp K* Zp B Ep® =, B;
8i 0.61 3.57 -0.36 -0.37 -241 1.18 0.48 0.26
8i G{I -2.25 -38.50 3.76 0.53 13.34 -1.34 -2.16 -0.21

Table 17. The g; couplings of the 10447.50+193.31 state (generated dynamically in the PB( %+) sector with /¥ = %7) to various channels and g; G{’ (in

MeV).
10447.50+i93.31 By, Epn QK ;B =, By
8 1.69+i1.21 ~0.03-i0.10 ~0.87-i0.73 ~1.03-i0.49 0.34+i0.26
&Gl ~73.61-i12.82 0.05+i0.62 4.58+i5.47 0.60 +i0.39 0.15-i0.14

Table 18. The g; couplings of the 10706.87 +1i0.30 state (generated dynamically in the PB( %+) sector with J% = %7) to various channels and g,-G,l.l (in

MeV).
10706.87+i0.30 g, 0 Q;,K B =} By
8i -0.01+10.09 0.19-10.03 0.08-10.07 19.01-10.01 -10.79+10.01
giGl” -3.04-11.20 -2.55+10.35 -1.06+i0.91 —-18.75-10.01 7.25+10.01
Table %94 T.he gi coup31ii1gs of the .15213.04;i0 state (generated dy- coupling to the EZbB channel. The latter channel is bound
namically in the PB( 5 ) sector with J* = 5 and three b quarks) to

various channels and g; G;” (in MeV).

15212.04+i0 Qpppn E;,B @, B
8i 0.15 14.03 -9.82
&G -1.44 -18.31 8.80

JP = { coupled to the pseudoscalar-baryon ({r) chan-
nels, three states with J” = 1",3", degenerate in our ap-
proach, coupled to the vector-baryon (%+) channels, two
states with J* = %7 coupled to the pseudoscalar-baryon
(%+) channels, and found only one state corresponding to
an excited Q) state, coupled to the pseudoscalar-baryon
(%+) channels.

We used the mass of the Q, ground state from Ref.
[13], 14834 MeV. This is quite different from the Lattice
QCD calculations in Ref. [29], 14371 MeV, similar to
Ref. [6]. Surprisingly, if we redo the calculations using
this latter mass, we obtain a mass of the excited Q,;, state
of Table 19 which differs by less than 1 MeV from the
former. The reason is that the obtained excited Qy, state
is mostly a Z;, B molecule and the Q17 channel plays a
negligible role. This is due to the zero D; coefficient for
Qpppny in Table 11, which indicates that there is no direct
interaction in this channel. The negligible effect of this
channel in the excited g, state can also be seen in the
small coupling to this channel, 0.15 versus 14.03 for the

by about 300 MeV, which again is due to the scale of the

masses and the large D;; = -2 coefficient for the diagonal
E;,B — E;, B transition.

4 Conclusions

We carried out a study of the interactions of meson-
baryon coupled channels that lead to the formation of
bound or resonant states, corresponding to the excited Zpp
and Q, states. As in related studies of Z.,Z;,Z. and
hidden charm molecular states, we used an interaction
based on the exchange of vector mesons, which in the
case of light quarks gives rise to the chiral Lagrangians.
In particular, the exchange of light vectors, which pro-
duces the dominant part of the interaction, leaves the
heavy quarks as spectators and fulfills the rules of heavy
quark symmetry. We find seven Z, states and one Qpp,
state of molecular nature. The success in describing the
hidden charm pentaquark states, and of some Q.= %5
states using the same input for the interaction, supports
our confidence that the predictions are realistic. It will be
interesting to compare them with the future measure-
ments which are likely to be made by LHCb and Belle I1.

We thank the Guangxi Normal University for hospit-
ality, where the main part of this work was done.
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