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Combining heavy quark spin and local hidden gauge symmetries in
the dynamical generation of hidden charm baryons
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We present a coupled channel unitary approach to obtain states dynamically generated from the meson-
baryon interaction with hidden charm, using constraints of heavy quark spin symmetry. As a basis of states,
we use DB, D*B states, with B baryon charmed states belonging to the 20 representations of SU(4) with
JP =1/2%,3/2". In addition we also include the 5.N and J/N states. The inclusion of these coupled
channels is demanded by heavy quark spin symmetry, since in the large m, limit the D and D" states are
degenerate and are obtained from each other by means of a spin rotation, under which QCD is invariant.
The novelty in the work is that we use dynamics from the extrapolation of the local hidden gauge model to
SU(4), and we show that this dynamics fully respects the constraints of heavy quark spin symmetry. With
the full space of states demanded by the heavy quark spin symmetry and the dynamics of the local hidden
gauge, we look for states dynamically generated and find four basic states that are bound, corresponding to
D3, D3%, D*3,, and D*X?, decaying mostly into n.N and J/N. All the states appear in isospin [ =
1/2, and we find no bound states or resonances in I = 3/2. The D3, state appears in J = 1/2 and the D3*
in J = 3/2; the D*3,. appears nearly degenerate in J = 1/2, 3/2 and the D*3% appears nearly degenerate
inJ = 1/2,3/2, 5/2, with the peculiarity that in J = 5/2 the state has zero width in the space of states
chosen. All the states are bound with about 50 MeV with respect to the corresponding DB thresholds, and
the width, except for the J = 5/2 state, is also of the same order of magnitude. Finally, we discuss the

uncertainties stemming from the expected breaking of SU(4) and the heavy quark spin symmetry.
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L. INTRODUCTION

In this paper we investigate hidden charm baryons that
come from the interaction of mesons with baryons, with
the system containing a c¢ component. This can come from
pseudoscalar-baryon or vector-baryon interactions. In [1,2]
this problem was faced and, mostly by means of the D3,
DA, and D*3., D*A,. components, a series of meson-
baryon dynamically generated, relatively narrow N* and
A resonances were predicted around 4.3 GeV. The inter-
action used in [1,2] was obtained from an extrapolation to
SU(4), conveniently broken, of the local hidden gauge
dynamics used for SU(3) [3-5].

The local hidden gauge model is dynamically very rich
and is considered a good representation of QCD at low
energies. In the pseudoscalar sector it contains the lowest
order chiral Lagrangian [6,7] and, in addition, the hidden
gauge Lagrangian provides the interaction between vectors
and their coupling to pseudoscalars. It implements the
vector-meson dominance hypothesis of Sakurai [8] and,
within this assumption, it also provides the second order
Lagrangian for the pseudoscalar-pseudoscalar interaction
of [7], as shown in [9]. The use of the local hidden gauge
Lagrangian in connection with coupled channels and uni-
tary techniques provides a tool that allows one to study
vector-meson interactions in the intermediate energy range
where the interaction itself gives rise to dynamically gen-
erated states. This is the case for the pp interaction, from
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where one obtains the f,(1270) and f,,(1370) resonances
[10] and the extension to the interactions of vectors of the p
nonet [11], where a few more dynamically generated reso-
nances are obtained, like the f,(1710), f(1525), and
K3(1430). The properties of the resonances obtained are
shown to be consistent with the radiative decay to two
photons [12] and to two-photon and one-photon—
one-vector mesons in [13]. Similarly, consistency with
experiment has been shown in J/ ¢ — ¢(w)R [14], with
R being any of the resonances of [11], and in J/ i radiative
decays in [15]. The extension of these ideas to the charm
and hidden charm sectors has also shown that some of the
excited D states and X, Y, Z states recently reported could
be explained in terms of molecules involving mesons with
charm [16-22].

The extension of the local hidden gauge approach to the
baryon sector for the interaction of vector mesons with
baryons has also been tackled: the interaction of vector
mesons with the decuplet of baryons is studied in [23] and
with the octet of baryons in [24]. In both cases some
dynamically generated resonances are obtained that can
be associated with resonances reported by the PDG [25].
One step forward in this direction is the consideration of a
vector baryon and a pseudoscalar baryon simultaneously in
the interaction, which has been done in [26]. A thorough
work in this direction has also been done in [27-29].
A review of the hidden gauge approach for vector-baryon
and vector-nucleus interactions can be seen in [30].
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Work in the charm sector for meson-baryon interactions
has been done along different lines, sharing similarities
with the local hidden gauge approach [31-34]. A different
approach is done in [35], where one uses an analogy of the
work for the KN interaction and replaces an s quark by a ¢
quark. As mentioned in [36], while the potentials obtained
are fine with this prescription, some coupled channels, that
mix charm and strangeness, are missing in that approach.
In [36,37] the work of [31] is retaken and appropriate
modifications are done in the potentials and the regulari-
zation scheme. Similar work is also done by the Jiilich
group in [38-40]. All these works share the dynamical
generation of the A.(2595), which comes mostly from
the interaction of the DN channel. Some hidden charm
baryonic states are also generated in [33], albeit with a
binding of the order of 1000 MeV, which is difficult to
accommodate with the generated potentials, as discussed
in [1,2].

As we can see, the topic of baryonic molecules with
charm and hidden charm has attracted much attention, and
the upcoming FAIR facility is certainly stimulating much
work along these lines. Yet, an element missing, in princi-
ple, in these works is the consideration of heavy quark spin
symmetry (HQSS), which should be a good symmetry
when working with mesons and baryons with charm.
From the point of view of HQSS, which is a proper QCD
spin-flavor symmetry [41-43] when the quark masses be-
come much larger than the typical confinement scale,
Aqcp, one should consider, in the same footing, D and
D* as well as charmed members of the 20 SU(4) represen-
tation of baryons containing the octet of the proton and the
20 representation containing the decuplet of the A when
their isospin and strange contents are the same. Work along
these lines was done in [44-47]. In these references, an
extended Weinberg-Tomozawa (WT) interaction to four
flavors was derived. The model for four flavors includes
all basic hadrons (pseudoscalar and vector mesons, and {
and %+ baryons); it reduces to the WT interaction in the
sector where Goldstone bosons are involved, while it
incorporates HQSS in the sector where charm quarks
participate. Charmed and strange baryons are studied in
[46], where, among other results, a heavy quark spin
symmetry doublet is associated with the three stars
E.(2790) and E.(2815) pair of resonances. Moreover,
the model derived in Ref. [46] also naturally accommo-
dates the three-star charmed resonances A,.(2595) and
A.(2625). The A,(2595) was previously dynamically gen-
erated in other schemes based on #-channel vector-meson-
exchange models [33,35-37], but in [46], as first pointed
out in [44], a large (dominant) ND* component in its
structure was claimed. This is in sharp contrast to the
findings of the former references, where it was generated
mostly as one ND bound state since the ND* channel was
not considered in the coupled channels space. The work of
Ref. [48] takes advantage of the underlying spin-flavor
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extended WT structure of the couplings of the model of
Refs. [44,46], and it is used to study odd-parity bottom-
flavored baryon resonances by replacing a ¢ quark by a b
quark.’ Two resonances, A, (5912) and A ,,(5920), which are
heavy quark spin symmetry partners, are predicted in [48]
and turn out to be in excellent agreement with the two
narrow bottom baryon resonances recently observed by
the LHCb Collaboration [49]. Finally, in [47] the model of
Ref. [46] is extended to the hidden charm sector, the subject
of the current work. Seven odd-parity N-like and three
A-like states with masses around 4 GeV, most of them as
bound states, are predicted in [47]. These states form heavy
quark spin multiplets, which are almost degenerate in mass.
However, the HQSS does not determine the potential; it
simply puts some constraints in it. Thus, the determination
in the works of [44—48] is made assuming extra elements of
SU(8) spin-isospin symmetry. As we will discuss below,
here we extend the hidden gauge approach, and the predic-
tions found in this work differ from those obtained in [46]
(we do not obtain any isospin 3/2 states, and the isospin 1,/2
states are significantly heavier, in the region of 4.4 GeV).
Besides the use of different dynamics, which are both con-
sistent, as we shall see, with the leading order HQSS re-
quirements, the scheme to renormalize the Bethe-Salpeter
equation employed here is also quite different from that
advocated in [47], which, for the case of the hidden charm
sector, leads to appreciable differences. We will give some
more details when our results are presented.

The work with baryons along these lines has run parallel
to work in the meson sector [S0-54]. In these works, an
effective field theory that implements leading order (LO)
HQSS constraints is constructed, and its consequences are
derived. The scheme, however, relies neither on SU(4)
flavor symmetry nor on spin symmetry in the light sector.
Many dynamically generated resonances are obtained as
HQSS partners of the X(3872), Z,(10610), and Z,(10650),
some of which can be associated with known resonances,
but most are predictions.

In the present work, we come back to the local hidden
gauge approach and introduce D* and the members of
the 20-plet of the A, as demanded by HQSS, but the
dynamics linking the different pseudoscalar-baryon and
vector-baryon states is taken from the hidden gauge
approach. We look again at the hidden charm baryon
sector. What we find in this work is that the matrix
elements obtained with the dynamics of the local hidden
gauge approach respect the HQSS for the dominant
terms in the mass of the heavy quarks, something that
was not known before. Another finding is that, within
this model, the transition from D to D* states is sub-
leading in the heavy quark mass counting, as is the

'"The universality of the interactions of heavy quarks, regard-
less of their concrete (large) mass, flavor, and spin state, follows
from QCD [41-43].
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transition from the 1/2% baryons of the 20 representa-
tion to those of the 3/2" 20 representation. In this sense,
the findings of the present work give extra support to
earlier works using the local hidden gauge approach
where the different spaces were not allowed to connect.
Yet, in addition to the states obtained in [1,2] from
DB, );+ and D*B;/,+, one obtains extra states from the
DB;);+ and D*Bj),+, which will be reported here.

We also devote a section to evaluating uncertainties tied
to the flavor SU(4) symmetry and HQSS breaking, or the
regularization of the loops. We show that all of them
induce uncertainties on the binding, but the existence of
the bound states and the order of magnitude of the binding
are quite stable results.

II. LOWEST ORDER HQSS CONSTRAINTS

HQSS predicts that all types of spin interactions vanish
for infinitely massive quarks: The dynamics is unchanged
under arbitrary transformations of the spin of the heavy
quark (Q). The spin-dependent interactions are propor-
tional to the chromomagnetic moment of the heavy quark,
and hence they are of the order of 1/m,. The total angular
momentum J of the hadron is always a conserved quantity,
but in this case the spin of the heavy quark §Q is also
conserved in the my — oo limit. Consequently, the spin of

the light degrees of freedom §z =J- §Q is a conserved
quantity in that limit. Thus, heavy hadrons come in
doublets (unless s; = 0), containing states with total spin
ji =5, %1/2 [with §7 = s5;(s5; + 1) and J2 = j(j + 1)]
obtained by combining the spin of the light degrees of
freedom with the spin of the heavy quark s, = 1/2.
These doublets are degenerate in the my — oo limit. This
is the case for the ground-state mesons D and D* or D and
Dy which are composed of a charm quark with sy = 1/2
and light degrees of freedom with s; = 1/2, forming a
multiplet of negative-parity hadrons with spins O and 1.
The entire multiplet of degenerate states should be treated
in any HQSS inspired formalism as a single field that
transforms linearly under the heavy quark symmetries
[42,43]. For finite charm quark mass, the pseudoscalar
and vector D meson masses differ by about one pion
mass [actually one has mp — mp = O(1/(mp + mp))],
and even less for the strange charmed mesons; thus, it is
reasonable to expect that the coupling DN — D*N might
play an important role. This is indeed what happens when
SU(8) symmetry is used [44,46]. Conversely, we shall see
that with the local hidden gauge dynamics, the transition
DN — D*N, which is mediated by pion exchange, is rather
small and vanishes formally in the limit of zero difference
between the mass of the D and the D*. Something similar
occurs with the transition from the 1/2* baryons to those
with 3/2%. As a consequence, four diagonal blocks de-
velop when the hidden gauge dynamics is used, while at
the same time the relations due to heavy quark symmetry
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are exactly fulfilled in each of the blocks. With a different
dynamics than the one provided by the SU(8) symmetry,
the numerical results that we obtain are also different from
those obtained in [47] and we will make a discussion about
these results in the present work.

We study baryons with hidden charm and I = 1/2, 3/2,
J =1/2,3/2,5/2. We take as coupled channels states with
M., J/¥ and an N ora A, and states with D, D* and A, ..
or 2. For the different 1, J/ quantum numbers we have the
following space states.

HJ=1/2,1=1/2

n.N, J/ 4N, DA,, D3, D*A,, D*S,., D*3:.

2 J=1/2,1=3/2

J/WwA, D3, D*3,, D*3%.
(3)J=3/2,1=1/2

J/WN, D*A,, D*3,, DY%, D*3%.
4 J=3/2,1=3/2

A, J/YA, D*3,, D3%, D*3%.
) J=5/2,1=1/2

DS,
6) J=5/2,1=3/2

J/ WA, D*SE.

Attending to the spin quantum number, we thus have 17
orthogonal states in the physical basis. Next we will in-
troduce a different basis, which we will call the HQSS
basis, for which it is straightforward to implement the LO
HQSS constraints. In the HQSS basis we will classify the
states in terms of the quantum numbers: J, total spin of the
meson-baryon system; L, total spin of the light quark
system; Sz, total spin of the c¢ subsystem; €, total spin
of the light quarks in the meson and €, total spin of the
light quarks in the baryon. Note that we assume that all
orbital angular momenta are zero since we are dealing with
ground-state baryons.

Thus, the 17 orthogonal states in the HQSS basis are

given by

@) 1S =0, L= Lu= l)(f =0,6,=1)»

S =0, L= %;J = §>(eM:1/2Be 2:0),
M »VB

1S =0 L=3:0=D¢ _1/20,-1)

(11) |ScE =1, L= %7‘] = _>(€M:O,€B=%)’
Scc = 1, L =537 = e, =1/2.6,=0):
1Sz = 1. L =317 = Dt =1/2.4,-1)>

(i) 1S = 1, L =337 = D, =0,6,=1
Sce = 1, L =357 = Diey=1/2.,=0)>
1Sce = 1. L =317 = De=1/2.6,-1-

(V) 1Sez = 0. L =337 = D, =0.6,=9>
|SCE = O’ ‘E = %’J = %>(€M:1/2v€B:1)’

W) [See =1, L= %QJ = 2 (ty=0.6,=>
1Sce =1, L =557 = 3e,=1/2.5=1)>

Vi) ISce = 1, L =357 = (e, =0.0,=)>
See = 1 L =317 = Dt =1/2.4,-1)»

(vid) 1Sez = L.L =330 = gy =0.4,-p:
1S =1, L =357 =3¢, ~1/2.0,=1)-
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The approximate HQSS of QCD leads [neglecting O(Aqcp/mg) corrections] to important simplifications when the HQSS
basis is used:

@, e){Ste L5, &/ lHIPS o, L3, @ie,0,) = Saa8108s1.5,,0 £y L; al|HIPI€y €5 L; @), (1

where «a stands for other quantum numbers (isospin and hypercharge), which are conserved by QCD. Note that the reduced
matrix elements do not depend on S,z because QCD dynamics is invariant under separate spin rotations of the charm quark
and antiquark. Thus, one can transform a c¢ spin singlet state into a spin triplet state by means of a rotation that commutes
with HP i e., without cost of energy. Thus, in a given a sector, we have a total of nine unknown low energy constants
(LEC’s):

(1) Three LEC’s associated with £ = 3/2,

3 3
Af = < =0 = X L=3/2;allH¥P||€y = 0,€ = > L=3/2 a>, 2)
AS =)y, = /2,4, =1L = 3/2; al|HXP||€,, = 1/2, €5 =1, L =3/2; a), 3)
3
@ — <€/M = 0.0y =3, £ = 3/2allHOPl|e, = 1/2, 6, = 1, L = 3/2 a>. 4)
(i1) Six LEC’s associated with £ = 1/2,
1 1
i =t = 0., = 2 L= /2l = 0.0, =) £~ 1/2a), ©
pe = (€, =1/2,0, =1, L = 1/2; al|[HXP||¢,, = 1/2, €5 = 1, L = 1/2; a), )
a / , 1 QCD
piy = (b = 0.0, =5, L =1/2allH°Pllty = 1/2, 6, =0.L = 1/% ), (8)
1
usy = (O, = 1/2,€, =0, L = 1/2; allHCP||6,, = 1/2, €5 = 1, L = 1/2; a). (10)

This means that in the HQSS basis, the HP is a block- 1
diagonal matrix, i.e., up to O(Aqcp/mg) corrections, §>(€ —0,0,=)
HOP = Diag(u®, u® u® A% A% A%, A%), where u% Mo
and A® are symmetric matrices of dimensions 3 and 2, (11)
respectively.

To exploit Eq. (1), one should express hidden charm 3
uncoupled meson-baryon states in terms of the HQSS 2>(€M=0J43=%,
basis. For those states composed of hidden charm mesons
(€3 = 0) the relations are trivial, (12)
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c u ¢ u d
1 3 1
J\I,A;JZ—): Sﬁ=1,£=—;]=—> ,
2 2 2/ (ey=0.6,=3
(15)
3 3 3
J A;]=—>= Sz = 1,£=—;J=—>
v 2 277 2/ (y=06,=3
(16)
5 3 5
J\pA;J=—>= Se=12L =—;J=—>
FIG. 1. Diagrams for the 9-; coefficients evaluation. 2 2 2/ (ey=0.65=3
a7
1 1 1 while for the other states, one needs to use 9-j symbols.
JyN;J = §> = |Se=1L= E;J = §>(€ o The 9-j symbols are used to relate two bases where
Mo the angular momentums are coupled in a different way.
(13) Taking two particles with l;, §, and lz, s2, we can
3 4 3 combine them with j;, j, and finally Jl, J» to obtain
JyN;J = _> =|S:=1LL==;J= _> a total J. Alternatlvely, we can couple ll, 12 to L 51, 8
2 2 2/ 0y =0.6,= 2) to S, and then L, S to a total J. These two bases are
(14)  related as [55]
L L, L
lisijis bsajai IM) = D [(2S + DL + 1)(2j; + DQ2j, + DIV2{ sy 55 S HILL; 515,85 IM), (18)
SL .
' i 2 J

where the symbol { } stands for the 9-; coefficients.
As an example, take a meson-baryon (M-B) state of the type D™ B, and look at the recombination scheme in Fig. 1.
Thus, in this case we have the correspondence

generic: [, L sy s J1 J2 L S J
1 1 1 13 135
HQSS: €y(=) € = = 0,1 _,Z S J[=22)
Q M(z) B 2 2 Iu(©1) JB<2 2) L (2 2 2)

with J, and Jp the total spin of the meson and baryon, respectively. Then one easily finds
i J=1/2,

DAY= |Se=0.0=5:7= %)(KM_I/MB_O) + g S =1 L=3:0 = %}(m_l%_o), (19)
D% = % IS —0L= %;J N %>(€M—1/z,e3—1) - ﬁ? | Se=1L= %;J - %><6M—1/2,e3—1>

" \E S =1L = %;J - %)(EMWBU, (20)

DA =5 | B %;J - %>(€M—1/2,e,;—0) - % IS‘E e %;J - %><€M—1/2,€B—0)’ D
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1 1
+2|SCC=1,£=—;J=—

I5°S.) = - )
2 2/ (ey=1/2.6,=1)

1 1
—|S.-=0 L = —>
V12 I “ 2/ 0, =1/2,5=1)

2 3 1
+\/—_|SC5=1,£=—;J=—> ,
3 2 2/ €y=1/2.45=1)

_ 2 1 1 2 1 1
D37y = = scézo,£=—;1=—> e s“=1,£=—;1=—>
6 2 2[@y=1/245=1) 3 2 2/ y=1/2.5=1)
1 3 1
- = SC5=1,£=_,J=_> .
3 2 2/ (¢,=1/2,65=1)
Gi) J = 3/2,
) 1 3
IDA,) = scé=1,£=—;J=—> ,
2 2/ (€y=1/2.6,=0)
1 3 3 1 1 3
|D*3,) = —— SCC=O,£=—;J=—> + = SCC=1,£=—;J=—>
\/§ 2 2 (Cy=1/24=1) 3 2 2 (Cy=1/2,45=1)
+\/—g 565=1,£=§;J=§> ,
3 2 2/ (¢, =1/2.6,=1)
1 3 3 1 1 3
|D2j)—|SC5=O,£=,J=> —|scE=1,£=;J=>
2 2 2 ey=1/20-1) 3 2 2/ y=1/2.5=1)
5 I 3 3
+ —505=1,£=—;J=—> ,
\/; 2 2/ (e, =1/2,65=1)
_ 5 3 3 NG 1 3
|D*23>=\/: 505=0,£=—;J=—> + ¥ 505=1,£=_;J=_>
12 2 2/ y=120,=1) 3 2 2/ €y=1/2.6,=1)
1 3 3
+ — SCEZI,LZ_,J=_> .
6 2 2/ e, =1/2,¢5=1)
Gii) J =5/2,
_ 3 5
1D*37) = scf=1,£=—;J=—> .
) 2 2/ (e,=1/2.¢,=1)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Ignoring hidden strange channels, we find the following interactions for each sector (these are the most general

interactions compatible with HQSS):
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i J=1/2,1=1/2,

n.N JyN DA,
(w0
0 Wi ﬁém
me  Bpn
Boo-& 0
S
v
K 2113 ﬁém s
Gi) J =1/2,1=3/2,
JyA
A

(i) J =3/2,1=1/2,

N

3

1[5

5\/;)%2
A

A1z
6

%\/5(,“3 — )

ol

*Ec

A

o

o

Ap
3

581 + u3)

A — s

33
% \/g(,% — )
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DA, D', D3
\/gé/vlz — ;71% '\/%'U“B \
_ & 5,LL13 M
2 6 3

0 % \/%,%3

my Mg LR, )
M2 a 2?3 ﬁém

W 1A+ Tps)  2(ps — Ay)
LN PR SR TPR PR
D*3, D3¢
V2Ain — A

3 3

2(—p3)

ENE %\/%(Ma —A)

12+ w3)

L = a3)

D3
A

2
1[5
5\/;)‘12

A —ps
343

122, + w3)

%\/%(/\2 — i3)
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2()‘32\7{3) s QA + Tus) %ﬁ(ﬂ@ — A2)
(s — 2) 5V2(us — X)) §(Ap + 8py) 1=3/2
D*3, DX D3}
i3 _ M3 \/gﬂ«ls \
3 Nel 3
3
581y + u3) )‘27_’5@ 1V5(ps — M)

L5 = )
LA, + 5u5) )

1=1/2
D*3
1 /5
5‘/;/\12 \
A
6

%\/g(ﬂa —A)
%\/%(/\2 — 13)
§(4Ay + 5u3)

1=3/2

(29)

(30)

(3D

(32)
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(V) J=5/2,1=1/2,

D3 . (33)
(A2)i=1/2
i) J=5/2,1=3/2,
JyA D
Al Ap . (34)
(’\12 Ay )1—3/2

We should stress, once more, that u and A depend on
isospin, and thus those LEC’s corresponding to I = 1/2
are not the same as those corresponding to I = 3/2.
However, they can be related using SU(3) flavor
symmetry.

There is a total of seven (6u’s and A,) independent
LEC’s for I = 1/2, while for I = 3/2, we have four
(3M's and w3) LEC’s. Thus, when one neglects open and
hidden strange channels, we have a total of 11 LEC’s. The
extension of the WT model, using SU(8) spin-flavor sym-
metry [47], provides predictions for all these LEC’s.
Namely,

121/2_)/1’1:0’ /~L2:/*L3:1’ (35)
M2 = —M13 =\/6, M3 =—3, Ay=-2;

123/2—’/1/3: _2,
)\12=2\/?_’, )\224,

)ll = 0, (36)

#(k0 + k™) factor, with k% and k° the
center-of-mass energies of the incoming and outgoing
mesons. The extension of the local hidden gauge approach
to the charm sector provides different values, as we discuss
below.

Note that in [47] (Sec. IL.F) the 12 most general opera-
tors allowed by SU(3) X HQSS in the hidden charm
baryon-meson sector were already given. Moreover, the
reduction of these Lagrangians when no strangeness is
involved was also discussed. In this latter case, there are
11 independent couplings, which determine the 11 LEC’s
(u's and A’s) introduced in Egs. (29)—(34).

up to an overall

a n i]v i]i +
RtRtET A G
- _ a4 ms
b T N/ + NG +
K~ KY
DO D*
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III. BRIEF DESCRIPTION OF THE LOCAL
HIDDEN GAUGE FORMALISM

We summarize the formalism of the hidden gauge
interaction for vector mesons, which we take from [3,4]
(see also useful Feynman rules in [56]) extended to SU(4).
The Lagrangian accounting for the interaction of vector
mesons amongst themselves is given by

1
Ly = _Z<VWV“V>, (37
where the ( ) symbol represents the trace in the SU(4)
space and V,,, is given by
V= 0,V,—a,V, —iglV,, V,], (38)

with the coupling of the theory given by g = where

My
2f
f =93 MeV is the pion decay constant. The magnitude

V, is the SU(4) matrix of the vectors of the meson
15-plet + singlet, given by [57]
o° + *+ *+0
5 + % p K D
- —o4pe g0 D*"
v,=1 * NN
K*~ K*0 ¢ D~
D*0 D*t Dt J/ u

(39)

The interaction of L;; provides a contact term that
comes from [V, V,][V,, V,],

2
C g v 14
£ =3<vﬂvywv — V,V, VYY), (40)

as well as a three vector vertex from

LE) = igl(a,V, — 9,V,)VFV")

=ig((V*a,V, —9,V,VH)V"). 4D

It is worth recalling the analogy with the coupling
of vectors to pseudoscalars given in the same formal-
ism by

Lypp = —ig([P,d,P]VH), (42)

where P is the SU(4) matrix of the pseudoscalar
fields,

Kt DO
+ I K° D~
v 27 7 7, “43)
- 8 c Ne -
N RN R D,
+ _ 3% 4 7
DS m + m

7. stands for the SU(3) singlet of the 15th SU(4) representation, and 7’. denotes the singlet of SU(4) (see quark content in

[2]). The physical 1. can be written as [2]
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1
ne = 5 (=37 + i), (44)

The philosophy of the local hidden gauge in the
meson-baryon sector is that the interaction is driven by
the exchange of vector mesons, as depicted in Fig. 2.
Equations (41) and (42) provide the upper vertex of
these Feyman diagrams. It was shown in [24] that the
vertices of Eqs. (41) and (42) give rise to the same
expression in the limit of small three-momenta of the
vector mesons compared to their mass, a limit which is
also taken in our calculations. This makes the work
technically easy, and it allows the use of many previous
results.

The lower vertex, when the baryons belong to the octet
of SU(3), is given in terms of the Lagrangian [58,59]

where B is now the SU(3) matrix of the baryon octet
[60,61]. Similarly, one also has a Lagrangian for the cou-
pling of the vector mesons to the baryons of the decuplet,
which can be found in [62].

In the charm sector the lower vertex VBB does not have
such a simple representation as in SU(3), and in practice
one evaluates the matrix elements using SU(4) symmetry
by means of Clebsch-Gordan coefficients and reduced
matrix elements. This is done in [1,2] [a discussion on
the accuracy of the SU(4) symmetry is given there]. Since
the 20 representation for baryon states of 3/2" is not
considered there, we must consider these matrix elements
here. Once again, one uses SU(4) symmetry for this vertex
to evaluate the matrix elements, as done in [1,2].
Alternatively, one can use results of SU(3) symmetry,
substituting an s quark by a ¢ quark, or make evaluations
using wave functions of the quark model [63], substituting
the s quark by a ¢ quark.

The y* matrix of the VBB vertex [see Eq. (45)] gets
simplified in the approach, where we neglect the three-
momenta versus the mass of the particles (in this case
the baryon). Thus, only the y° becomes relevant, which
can be taken as unity within the baryon states of
positive energy that we consider. Then the transition
potential corresponding to the diagram of Fig. 2(b) is
given by

FIG. 2. Diagrams obtained in the effective chiral Lagrangians
for the interaction of pseudoscalar (a) or vector (b) mesons with
the octet or decuplet of baryons.

PHYSICAL REVIEW D 88, 056012 (2013)

1

= _Cl,jm

Vi (K° + k)€€, (46)
where k°, kK are the energies of the incoming and
outgoing vector mesons, and C;; are numerical coeffi-
cients evaluated as described above. The expression is
the same for the pseudoscalar baryon matrix elements
for the same quark content of pseudoscalar and vector
mesons, omitting the €€’ factor.

The scattering matrix is evaluated by solving the
coupled channels Bethe-Salpeter equation in the on-shell

factorization approach of [64-66],
T=[1-VG]'v, 47)

with G being the loop function of a meson and a baryon,
which we calculate in dimensional regularization using the
formula of [65] and similar values for the subtraction
constants.

The iteration of diagrams produced by the Bethe-
Salpeter equation in the case of the vector mesons keeps
the €€’ factor in each of the terms. Hence, the factor €€’
appearing in the potential V also factorizes in the T matrix
for the external vector mesons. A consequence of this is
that the interaction is spin independent, and one finds
degenerate states having J* = 1/27 and J* = 3/2".

In the present work, in the spirit of the heavy quark
symmetry, we shall include in the coupled channels
dynamics the pseudoscalars, vectors, baryons of spin
J = 1/2, and baryons of J = 3/2 using the matrices of
Eqgs. (29)-(34).

IV. EVALUATION OF THE HQSS LEC’S IN THE
LOCAL HIDDEN GAUGE APPROACH

Let us examine first the / = 1/2 sector. As an example
let us take DA, — DA, and D*A, — D*A,. These two
interactions are equal, as we discussed. This is in agree-
ment with the general HQSS constraints explicited in
Eq. (29) for J = 1/2 and I = 1/2, where both matrix
elements are equal to the LEC’s u,, and it is also consistent
with the diagonal D*A, entry in Eq. (31) (J =3/2, I =
1/2). So we see that the HQSS is respected by the local
hidden gauge results. In addition, the interactions of
D3, — D3, and D*3,— D*X, are also equal. This
does not contradict Egs. (29) and (31); it simply forces

1 1
5(2712 + p3) = §(2A2 + Tus), (48)

which has the solution
Ay = M3 (49)

As a consequence, the matrix element of D*3* — D*3% is
also equal to A,. The evaluation of this latter matrix
element using SU(4) Clebsch-Gordan coefficients also tells
us that this matrix element is the same as the one of
D*3.. — D*3.,. Once again, we can see that the constraints
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Te Ne J/ 1r“/" J / 1/)
_— > - T — —_— — — _—— > — -T-- - > - —
I I
| I
\ Y
I I
| I
Il 1
N N N N
FIG. 3. Diagrams for the n,N — n.N and J/¢N — J/ N interactions. No vector-meson exchange is allowed.
Tle D e D Te D+
—_—_— o - = = O - — —_—_— o — = = S — — —_—_— o — = = O — —
I I I
Y D T D T D
: I I
[ \(‘ ! Er‘, / AF
Mmoo Vo) M

FIG. 4. Diagrams for the n.N — DA, (a), DX (b), D*A, (c) interactions.

of HQSS are fulfilled by the hidden gauge formalism,
except that it gives us A, = w3, which is a different result
than the one obtained in the approach of [47] [see Eq. (35)].
Let us look at the coefficient w;. It is related to the
n.N— n.N or J/yN — J/{ N matrix elements. In this
case, since 7. or J/ ¢ have cc, there is no vector that can
be exchanged in Fig. 3, and hence this leads to
py = 0. (50)

This also occurs in the approach of [47], and it is a
consequence of the OZI rule that is implemented in
both schemes. Let us now look at the wu, parameter.
This enters in the n,N — DA, transition, which is de-
picted in Fig. 4(a). Within the hidden gauge model, the
diagram forces the exchange of a D* and is subleading in
the my counting [O(mgy?)]. In the limit of my — oo this
term would vanish. We, however, keep it and take it from
[1,2]. Yet, because it is subleading we shall not expect the
LO HQSS restrictions to hold. We also evaluate the dia-
gram of Fig. 4(b), and using again SU(4) symmetry for the
D*NZ3,. vertex (see [1,2]) we find that

M3 M2

TS ™ M3 T T M

2 2 G

which also occurs in [47].

The transition from 1 .N — D*A, is mediated by the
exchange of a D meson; see Fig. 4(c). This term is doubly
suppressed because of the D propagator and because of the
Yukawa coupling, & - 4, in the DNA, vertex, where the
three-momentum is small compared with mp. In Eq. (29)
we see that this term is proportional to w,, showing again
that the LO HQSS constraint does not hold for these
subleading terms in the m, counting. In practice, keeping
this term, and those for n.N — D*3,., D*3.%, or ignoring
them has no practical repercussions on the final results.

A. Transition from D to D*

With the dynamics of the local hidden gauge approach,
only the pion exchange in the ¢ channel is allowed in this
case; see Fig. 5. The DA, — D*A, transition is zero
because the 7 exchange is zero in the wA_ A, vertex.
This agrees with the result of the matrix of Egs. (29),
(31), and (33). However the transition DA, — D*X, is
not null and we evaluate it here.

The 7A_ 2, vertex can be obtained by analogy to the
7 A3 vertex in SU(3) (exchanging the ¢ and s quarks) and
using the Lagrangian

1 1 -
-£ = §D<B')’M75{”,u B}> + §F<B’}’M7’5[”w B]>: (52)

D D* D D~
- —— - — = = > - — — - — = = = = = = > — — —
Y -
A. A, A, ¥,

(a)

(b)

FIG. 5. Diagrams for the pion exchange in the transition of D, D*. Panels (a) and (b) correspond to the DA, — D*A, and DA, —

D*3,, transitions, respectively.
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where u, = iuto,Uut, > =U= eV20/f with D =
0.80, F = 0.46 from [67]. The DD*r vertex is evaluated
from Eq. (42). We find, at the end, projecting over an s
wave,

1 My2D+F _,. . i
—it=—=—= q°o-e

V6 2f 5 2f q” = § —m3;’

with ¢ the momentum transfer.

One can also prove that the matrix element of & - € is \/5
[26]. If we compare the contribution of this diagram with
that of the DA, — DA, transition from [1,2], we find a
contribution of the order of 7%. If one looks at diagonal
matrix elements in the final scattering 7" matrix, the non-
diagonal terms of the transition potentials become squared,
and then we can safely neglect this contribution. Thus,
we take

(53)

o3 = 0. (54)

Note that the transitions D3, — D*3 ., D*3* also require
the pion exchange and should be taken to be zero. This is
consistent with the matrix of Eq. (29) since these matrix
elements are proportional to A, — w3, but we saw before
that )12 = M3

When evaluating the pion exchange mechanism in the
VB — VB transition, one has to consider the equivalent
contact term that in the case of yN — 7N scattering is
known as the Kroll-Ruderman term. Explicit expressions
to obtain this term can be found in [26-29], and it is of the
same order of magnitude as the pion exchange term,
usually with destructive interference. We do not need to
evaluate it explicitly here because the important point is
that, as in Eq. (53), it is of order O(1) in the m, counting
for the field theoretical potential, which implies (D(mél)
for the ordinary potential of quantum mechanics, as we
shall see in the next section.

With this exercise we have proved that the dynamics of
the local hidden gauge approach is fully consistent with
the HQSS requirements for the matrix of Eq. (29). The
values for the parameters that we obtain from [1,2],
together with those determined here, are

1 0
_ + 10

Mo = 4f2 (kO + k), M3 =
J6 mf, 0 0
= ot (0 K —0,
M2 p 4f2( ), M
a3 =0, Ay = s, M1z = — Ui (55)

Mo 1s small, of the order of 15%, but we keep it since
this term is the only one that allows the scattering
n.N— n.N (J/¢N — J/¥N) through intermediate in-
elastic states.

The matrix of Eq. (30) for J =1/2 and I = 3/2 is
equally analyzed. We find

PHYSICAL REVIEW D 88, 056012 (2013)

J/ D
—— o — = > - =
I

Y D
I
I

A X

FIG. 6. Diagrams for the J/ A — DZ,. interaction.

A = 0. (56)

Then A, is also suppressed since it requires again the
exchange of a D meson; see Fig. 6. Once again, since the
D3, — D3, transition is equivalent to D*3.— D*3,
this implies that

1 1

from which we conclude again that

Ay = ps. (58)

As before, the D3, — D*3,, DX} transitions involve
pion exchange, and we find them negligible, which
is compatible with the HQSS requirement since w; —
A, = 0. The values that we obtain with this isospin combi-
nation are then

2
m
Ay = 3\/579 (K0 + K1),
. Pl — m3. 4f (59)
= 2—(k0 k/())’ AZ = M3, /\1 = 0.

For Eq. (31) (J/ = 3/2,1 = 1/2), since our interaction is
spin independent for PB — PB and of the type €€’ for
VB — VB, the coefficients are the same as those for
Eq. 29) (J = 1/2, I = 1/2), given in Eq. (55).

The same can be said for the matrix of Eq. (32) with
respect to the one of Eq. (30), as given in Eq. (59).

As for Eq. (33), once again D*3.F — D*3% has the same
matrix element as D*3% — D*X% of Eq. (29) and, indeed,
since Ay = w3, §(Ay +8u;) = Ay, which is given in
Eq. (55).

Finally, in Eq. (34) A; = 0 and A,, A, are the same as
those given in Eq. (59) (I = 3/2).

V. HEAVY QUARK SPIN SYMMETRY IN THE SU(4)
EXTENDED HIDDEN GAUGE APPROACH

The origin of the heavy quark spin symmetry in this case
is easy to trace. The PB — PB transitions have no spin
dependence. Also, under the approximation that g/Mp,
G/Mp are negligible (consistent with the heavy quark
symmetry), the VB — VB interaction has trivial €€’ de-
pendence and no spin dependence of the baryons, which
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also leads to spin independence. Also, up to the trivial €€’
factor, the D*B — D*B interaction is the same as the one
for DB — DB.

Heavy quark symmetry also implies that in leading order
the potential is independent of the flavor of the heavy
quarks in the limit of m, — oo. This is also accomplished
by the dynamics of the local hidden gauge approach. This
might be surprising since, as seen in Eq. (46), the potential
goes like the sum of the energies of the mesons. This
obviously grows from the strange to the charm and then
to the bottom sector. However, this is the potential in the
field theoretical approach. To have an idea of the strength
of the interaction, one has to convert this into the ordinary
potential that appears in the Schrodinger equation of quan-
tum mechanics. This is done in [68] [Eq. (68) of that
reference].

DMy

Sk for

Because of the normalization of the fields (

baryons and \/2—'-— for mesons) we have
O yp

327

VFT —
2M,

Vsuve”  (meson-baryon),  (60)

where w is the reduced mass of the system, Mgm/
(Mg + mp). Considering that the leading potentials go as
k9 + k¥ we find that

(2
poM N\ mp)

14 Mg 4 M
2 mp Zm%)

~ O(m), (61)

which goes as O(1) in powers of mp, both if My is a
nucleon and if My is one charmed baryon.

Incidentally, in the case of a meson-meson interaction
the formula is

VT =323 [spve”  (meson-meson).  (62)

Here the interaction in field theory goes as V7T ~ (k% +
k°)(p° + p©) since both meson lines are linked by a vector
meson and we have the (kX° + k°) in each vertex. In this
case we also find immediately that VeM ~ O(1). This
means that the extrapolation of the rules of the hidden
gauge to SU(4) or even to the bottom sector strictly
fulfills the rules of LO HQSS. This would justify the
work of [69], where a direct extrapolation of the work
[1,2] to the beauty sector is done, or of [48], where a
direct extrapolation of the Weinberg-Tomozawa term is
taken also in the beauty sector.

VI. RESULTS AND DISCUSSION

We use the Bethe-Salpeter equation in Eq. (47) in
coupled channels to evaluate the scattering amplitudes.
We need the G function, the loop function of the meson-
baryon interaction, for which we take the usual dimen-
sional regularization formula [65]

PHYSICAL REVIEW D 88, 056012 (2013)

G(s) =i d'q 2M s 1 ,
Qm* (P —q)* — M% +ie ¢*> — M3 + ie
(63)
2M M M3 — M%+ M?
=—32{aﬂ+ln—§+7p 570 n—g
167 7’ 2s My
9em
+1n(s + (M3 — M2) + 2qcn/5)
- ln(—s - (M£2§ - MIZJ) + 2‘]cm\/§)
~In(os+ (M~ M)+ 2030, (60

where ¢ is the four-momentum of the meson, ¢, the three-
momentum of the particle in the center-of-mass frame, and
P the total four-momentum of the meson and the baryon;
thus, s = P2. This formula avoids an undesired behavior at
large energies when one uses a cutoff method with a small
cutoff [70]. As done in [1,2], we take w = 1000 MeV,
a(u) = —2.3 for the parameters in Eq. (64), which are the
only free parameters in our present study. We solve the
Bethe-Salpeter equation in Eq. (47) in coupled channels
and look for poles in the second Riemann sheet when there
are open channels, or in the first Riemann sheet when one
has stable bound states (see [2,71] for details).

Let /5, be the complex energy where a pole appears.
Close to a pole the amplitude behaves as

. —_ 88
1 \/E _ \/W’
where g; is the coupling of the resonance to the i channel.

As one can see in Eq. (65), g;g; is the residue of T; at the
pole. For a diagonal transition we have

2= lim T;(/s — /5,) (66)
g = Aim_ Vs = 5,

(65)

The determination of the couplings gives us an idea of the
structure of the states found since, according to [68,72], the
couplings are related to the wave function at the origin for
each channel.

Let us begin with the J = 1/2, I = 3/2 sector. We can
see in Eq. (59) that the large potentials are repulsive. So,
we should not expect any bound states or resonances. Yet,
technically, we find bound states in the first Riemann sheet,
as one can see in Fig. 7(a) for different channels. However,
inspection of the energies tells us that these are states
bound by about 250 MeV, a large number for our intuition,
even more when we started from a repulsive potential. The
reason for this, which forces us to reject these poles on
physical grounds, is that the G function below threshold
turns out to be positive for large binding energies [see
Fig. 7(b) and discussions in [69]], contradicting what we
would have for the G function evaluated with any cutoff, or
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FIG. 7 (color online).

in quantum mechanics with a given range. These poles are
then discarded and, thus, we do not find bound states or
resonances in I = 3/2 in our approach.

The WT extended model of Ref. [47] predicts u; = —2,
which leads to some attractive interactions in the space
generated by D*3, , D35 and D*X%. These give rise to
three odd-parity A-like resonances (two with spin 1/2 and
one with spin 3/2) with masses around 4 GeV. In addition,
two other states show up as cusps very close to the AJ/
threshold, and their real existence would be unclear.

Our results for the J = 1/2, 1 = 1/2 sector are shown in
Fig. 8. From the squared amplitudes of |T|?, we find three
clear peaks with nonzero width around the energy range
42004500 MeV, which are not far below the thresholds of
D3..,D*3,., D*3%, respectively. The relatively small width
of about 40 MeV of these states allows us to distinguish
them clearly. We have checked that in the energy ranges
where these peaks appear, the real parts of the loop func-
tion G, Eq. (64), are negative in these channels. Thus, these
peaks are acceptable as physical ones. Then, because of the

0.3 ‘
Tpsl —
0.251 IT 55l
T =* o #[“ e
0.2 Tz

3900 4000 4100 4200 4300 4400 4500 4600 4700 4800
\s (MeV)

FIG. 8 (color online).
I = 1/2 sector.

The squared amplitudes of the J = 1/2,
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Re G(s)
(e}
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\/57 MeV)

(
(b)

4000

The results of the J = 1/2, I = 3/2 sector. (a): The squared amplitudes of three channels except for the J/ ¥ A
channel. (b): The real parts of the G function in the D*3% channel.

nonzero width, we look for the poles corresponding to
these peaks in the second Riemann sheet and find the
poles at (4261.87+i17.84)MeV, (4410.13 +i29.44)MeV,
(4481.35 +i28.91) MeV. The couplings to the various
coupled channels for these poles are given in Table I.
From Table I we can see that the first pole, (4261.87 +
i17.84) MeV, couples mostly to D3.,. It could be consid-
ered a DEC bound state that, however, decays into the
open channels n.N and J/#N. The D3, threshold is at
4320.8 MeV and, thus, the D3, state is bound by about
58 MeV. The second pole couples most strongly to D*3,...
In this channel the threshold is 4462.2 MeV, and thus we
have a state bound by about 52 MeV, much in line with
what one expects from heavy quark symmetry comparing
this with the former state. This state decays mostly into the
1n.N and J/¢N channels again. These two states corre-
spond to those reported in [1,2], and also the first one, the
D3, state, is consistent with the results using different
models [73,74]. In our work, we obtain one more new
baryon state, (4481.35 + i28.91) MeV, with total momen-
tum J = 1/2, which couples mostly to D*X%. Since in
[1,2] one did not include the baryons of J* = 3/2%, their
consideration here leads to a new resonance. The threshold
for the D*X* channel is 4526.7 MeV and, hence, the state
can be considered as a D*3.* bound state by about 46 MeV,
which decays mostly in 5N and J/ ¢ N.

For the J = 3/2, I = 1/2 sector, we show our results in
Fig. 9. From the results of |T|?, we can also see three clear
peaks around the range 4300-4500 MeV, which are not far
below the thresholds of DX, D*3,., D*X%, respectively.
The strength of the second peak is 17 times bigger than the
other two, and the widths are small enough to allow the
peaks to show up clearly. We have also checked that in
these channels the real parts of the propagator G, Eq. (64),
are acceptable too. So, these are our predictions for the
new baryon states with total momentum J = 3/2. We
search the poles in the second Riemann sheet and
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TABLE I. The coupling constants of all channels corresponding to certain poles in the J = 1/2, I = 1/2 sector.
4261.87 + i17.84 n.N J/WN DA, D3, D*A, D*3, D3k
gi 1.04 +i0.05 0.76 —i0.08 0.02—1:0.02 3.12—-1i0.25 0.14—-1i0.48 033 —-i0.68 0.16 —i0.28
lg;l 1.05 0.76 0.02 3.13 0.50 0.75 0.32
4410.13 + i29.44 n.N J/ YN DA, D3 D*A, D*3. D*3
gi 0.34 + i0.16 1.43 - 0.12 0.15—-i0.10 0.20—-1i0.05 0.17 —i0.11 3.05 —i0.54 0.07 —i0.51
lg;| 0.38 1.44 0.18 0.20 0.20 3.10 0.51
4481.35 + i28.91 n.N J/ YN DA, D3, D*A, D3, D3k
gi 1.15 —-i0.04 0.72 +i0.03 0.18 —i0.08 0.10 —i0.03  0.09 —i0.08 0.09 —i0.06 2.88 — i0.57
lg;| 1.15 0.72 0.19 0.10 0.12 0.11 2.93
TABLE II. The coupling constants to various channels for certain poles in the J = 3/2, I = 1/2 sector.
4334.45 + i19.41 J/WN D*A, D*3, DX D3k
gi 1.31 —i0.18 0.16 — i0.23 0.20 — i0.48 2.97 —i0.36 0.24 — i0.76
lg;l 1.32 0.28 0.52 2.99 0.80
4417.04 + i4.11 J/ N D*A, D*3, D3} D*3k
gi 0.53 — i0.07 0.08 — i0.07 2.81 —i0.07 0.12 —i0.10 0.11 — i0.51
lg;l 0.53 0.11 2.81 0.16 0.52
4481.04 + i17.38 J/YyN D*A, D*3. D3} D*3}
g 1.05 + i0.10 0.18 — i0.09 0.12 —i0.10 0.22 — i0.05 2.84 —i0.34
lg;| 1.05 0.20 0.16 0.22 2.86

find (4334.45 + i19.41) MeV, (4417.04 + i4.11) MeV,
(4481.04 + i17.38) MeV. The couplings to each coupled
channel corresponding to these poles are listed in Table II.
From Table II, we find that the first pole, (4334.45 +
i19.41) MeV, couples most strongly to the channel D%
and corresponds to a DX state, bound by 51 MeV with
respect to its threshold of 4385.3 MeV, decaying essentially
into J/¢N. The state corresponding to the big peak in
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FIG. 9 (color online).
figure magnified.

Fig. 9 (left) couples mostly to D*2. ; it is bound by 45 MeV
with respect to the threshold of this channel, 4462.2 MeV,
and decays mostly into J/N. The third state with J =
3/2,1 = 1/2 couples mostly to D*3%, is bound by 45 MeV
with respect to the threshold of this channel, 4526.7 MeV
and also decays mostly into J/¢N.

Finally, we also find a new bound state of D*3* around
(4487.10 + i0) MeV in the J = 5/2, I = 1/2 sector, as

0.25 . 7
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12
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0 ‘ : ‘
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The results of |T|? for the J = 3/2, I = 1/2 sector. The right panels shows the two small peaks of the left
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I = 1/2 sector.

The results of |T|*> for the J = 5/2,

shown in Fig. 10. As we can see in the figure, the state has
no width, as it corresponds to a single channel, D*3% of
Eq. (33). It is then a bound state in this channel. The
pole appears in the first Riemann sheet, and the state is
bound by about 40 MeV with respect to the D*X*
threshold.

The states that we have reported are different states since
they correspond to different energies or different total spin J.
Hence, we obtain seven states. Yet, we find that some states
of a given meson and baryon appear at about the same
energy but different J. This is to be expected from the
hidden gauge dynamics because for D*B the main diagonal
terms have an interaction of the type €é€’, which is spin
independent. Then, up to the small mixing with other chan-
nels, we get states degenerate in J = 1/2,3/2 for D*3 and
J =1/2,3/2,5/2 for D*3%. From this perspective we can
present our results by saying that we get four states bound by
about 40-50 MeV, corresponding to DX, D3 with J =
1/2, 3/2, respectively, D*3,. degenerated with J = 1/2,
3/2, and D*X% degenerated with J = 1/2, 3/2, 5/2.

The results reported in [47] show a certain parallelism
with those found here. There, seven odd-parity N-like
states were also found (three with spins 1/2 and 3/2 and
a further one with spin 5/2). Moreover, the dynamics of

these resonances is strongly influenced by the D3
components, as is the case here. Their masses, however,
are quite different since those found in [47] lie in the
region of 4 GeV, thus being significantly lighter than
those found in this work. Besides differences of dynami-
cal origin [SU(8) extension of the WTinteraction +
pattern of spin-flavor =~ symmetry breaking versus
SU(4) extension of the hidden gauge approach +
pattern of flavor symmetry breaking] that can help us
to understand these changes in the position of the
masses, there exists a major difference among both
approaches in what concerns the renormalization of the
loop function G(s) in the coupled channels space. The
baryon-meson propagator is logarithmically ultraviolet
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divergent; thus, the loop needs to be renormalized. Here,
we use Eq. (64) with a scale u = 1000 MeV, and the
subtraction constant a(u) is set to —2.3, as it was done
in [1,2]. However, in [47] a subtraction point regulari-
zation is chosen such that G;;(s) = 0 at a certain point

/5 = p;. The subtraction point u; is set to /m3, + M3,
where my, and My, are, respectively, the masses of
the meson and baryon producing the lowest threshold
(minimal value of my, + My,) for each I (isospin) sector,
independent of the angular momentum J. This renormal-
ization scheme was first proposed in Refs. [33,34], and it
was successfully used in Refs. [75,76] for three light
flavors and in the open charm (bottom) studies carried
out in [44-46] (also [48]). Both renormalization schemes
(the one used in this work and that employed in [47])
lead to similar results for the case of light flavors but,
however, produce quite different results in the hidden-
charm sector studied here. Indeed, a significant part of
the differences between the masses of the resonances
found here and those reported in [47] can be attributed to
the different renormalization procedure followed in both
works. As an example, let look at the I = 1/2, J =5/2
sector, where there is only one coupled channel: D*3.
The interactions used here and in Ref. [47] are attractive
and nearly the same, once we take into account that for
this particular channel 1/? is replaced by 1/f3. in [47]
according to the pattern of spin-flavor symmetry break-
ing implemented in that work (see Sec. IIIB of [47]).
However, the state found in [47] is around 450 MeV
lighter (more bound) than that predicted here. This dif-
ference can only be attributed to the renormalization
scheme.? Large binding energies cannot be discarded.
For instance, interpreting the A.(2595) in the open charm
sector as a D*N bound state [44,46] would lead to a
binding energy of around 350 MeV. On the other hand,
the subtraction constant (main difference of the two renor-
malization schemes) generates terms at the next order of
the expansion used to determine the potential [66]. Thus,
different values for the subtraction constant can only be
discriminated with the help of some phenomenological
input, for instance, the position of some states, which could
be used to constrain such terms.

We would like to finish this discussion by just stressing
again that, ignoring the difference in the mass positions,
the isospin 1/2 states found in this work have a clear
resemblance with those reported in [47]. The predicted
new resonances definitely cannot be accommodated by
quark models with three constituent quarks, and they might
be looked for in the forthcoming PANDA experiment at the
future FAIR facility.

2We should note that in [47], the interaction is split into
different irreducible representations of the symmetry group,
and only those sectors where the interaction is attractive are
studied.
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VII. CONSIDERATIONS ON HQSS AND
SU4) SYMMETRY BREAKING

The results obtained in the former sections rely upon
exact HQSS and SU(4) symmetries. We expect some
breaking of these symmetries, and we study uncertainties
of the results tied to these sources.

SU(4) symmetry is expected to be broken in a much
larger amount than SU(3). Yet, when one talks about
SU@3) or SU(4) breaking, one must be more specific
about what magnitude one is talking about. The different
masses of the quarks or mesons and baryons associated
with the group multiplets are largely responsible for the
symmetry breaking of some magnitudes. There is a clear
example of a large SU(3) breaking that is tied to the
unitarization and not to elementary vertices: The chiral
Lagrangians used in the study of the strangeness S = —1
sector in the pseudoscalar-baryon interaction are SU(3)
symmetric. Upon unitarization in coupled channels and
taking equal masses for the baryons of the octet of the
nucleon and the mesons of the octet of the pion, one
obtains a meson-baryon bound state as an octet and
another one as a singlet of the SU(3). When the masses
in the two octets are taken as the physical ones, the octet
splits into two branches and the singlet changes position
[75,77]. One of the two octets becomes the A(1670) while
the other one gives rise to the second A(1405) pole at
1420 MeV. The coupled channels rescattering using
physical masses has been responsible for a shift of
250 MeV into two states which are degenerate in an
SU(3) symmetric world. Yet, the chiral Lagrangian itself
is SU(3) invariant. This example tells us that the SU(3)
[or SU(4)] symmetry should be assumed in elementary
vertices where the masses do not play a role, while one
should be ready to accept large breaking in some physical
magnitudes where the different scales in the masses
are bound to have an effect. A further discussion along
these lines can be seen in Sec. II.D of [2], and uncertain-
ties related to SU(4) breaking are also discussed in Sec. V
of [78].

Contrary to some expectations that SU(4) symmetry
should be badly broken, when applied to elementary cou-
plings it works better than expected, as one can see in
radiative decays and associated processes [79].

But we want to be more specific here, and we concen-
trate on the vertices that appear in our theory. In the local
hidden gauge approach the leading term in the meson-
baryon interaction is provided by the mechanism of
Fig. 2, exchanging light vector mesons. We will concen-
trate on the DDp vertex for which there are evaluations
using the Dyson-Schwinger equation [80] and QCD lattice
gauge simulations [81]. The coupling gpp, is obtained in
[80] with the value gpp, =5 and in [81] with the value
gppp = 4.9, which contrasts with the SU(4) value of
gppp = &kkp = 2 obtained in [38]. In principle, one does
not need SU(4) to obtain this value as long as the ¢ quarks
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in gpp, and s quarks in gxg, act as spectators. Hence, one
would get this equality in the couplings, which means that
with the assumption of the ¢ quarks being spectators one
can get the gpp, coupling from g, using simply SU(3).
From this perspective, we can say that the results of
Refs. [80,81] challenge the spectator hypothesis.

One might think that the use of this new coupling,
considerably increasing the strength of the potential, will
drastically change the results obtained. One can guess that
changes would not be so drastic because, simultaneously
with this large coupling, a form factor arises, and one has
an effective coupling

. - A?
Fppp(G*) = gpp,F (%), F(g*) = AT (67)
with A =~ 0.7 GeV, which softens the interaction in the
loops. Actually, the integrated interaction (propagator
times squared form factor) in [80] is only 40% larger
than in [38], where the equivalent A is 1.4 GeV. This
integrated interaction is about 20% larger than that of
[82]. We can actually see the effects of such new couplings
in the binding energy in our problem. For this purpose we
choose one of the cases J = 1/2, I = 1/2 (for the other
cases the effects are similar). Then, following [83], we
change the present formalism a bit to incorporate the
form factor F(g?) of Eq. (67). We assume that the lower
vertex BBp does not change with respect to the one we
have. This exercise is sufficient to get a sense of the
uncertainties that we have for adhering to SU(3) or
SU(4) symmetry. Then we use Eq. (47) to obtain the T

matrix but, according to [83], now we have

VeV = gDDp(neW)
gDDp(SU(4))
+ w
G—G= Jlpe) padiiied
[(2 )} ) ey 2wpwp
2Mp

P —(wp + wp)* + ig’ (68)
with wp, wp, My, P° the relativistic energy of the pseu-
doscalar, the baryon, the mass of the baryon, and the total
energy of the system, respectively. Equation (68) incorpo-
rates the form factor F2(3%) into the usual integrand of the
G function. To implement the form factor we have to use
an explicit momentum integration for G in Eq. (68), in-
stead of the dimensional regularization formula used so far.
For this purpose we first find the cutoff g,,,, in the inte-
gration, such that the results are similar to those found with
dimensional regularization. This ¢, is found around
Gmax = 820 MeV, similar to what was used in [1,2].

The results with the modified potential can be seen in
Fig. 11, compared to those obtained using ¢u., =
820 MeV with no modification of the potential [this is
obtained using G in Eq. (68) with F(?) = 1]. The same
three peaks in |T|> appear now, albeit with different
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FIG. 11 (color online).
dmax = 820 MeV but with the modified potential of Eq. (68).

strength and at different energies. Since our only concern is
to see if there are bound states and to obtain an estimate on
the binding energy, we can see that this is indeed the case,
and the binding energies are changed but within the same
order of magnitude.

We now make more comments about Fig. 11. If we
compare the results obtained with the cutoff method with
dmax = 820 MeV with those of the dimensional regulari-
zation of Fig. 8, we can see that the lower and higher peaks
have both changed by about 12 MeV. The middle one has
changed by a similar amount but in the opposite direction
(this is a consequence of the interference of coupled
channels). What we see is that we have differences of
+(10-15) MeV in the bindings from using different regu-
larization methods on the loop function. We must accept
these as systematic uncertainties of our approach.

If we now compare panels (a) and (b) in Fig. 11, we can
see that the effect of using the increased gpp, coupling and
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FIG. 12 (color online).
potentials. Left panel: 1.20 X V; right panel: 0.80 X V.

The results of squared amplitudes for the J = 1/2, I = 1/2 sector: (a) With g« = 820 MeV; (b) with

the form factor simultaneously is an increase of the binding
by 12-14 MeV for the lower and upper states (the small
side structure in the upper peak comes from a numerical
artifact with no physical meaning), and the middle one
is shifted by 36 MeV, but compared to the results of
dimensional regularization by 21 MeV. The changes
obtained from this source are of the same order of magni-
tude as changes from using two different regularization
methods.

The other issue we want to discuss is the effect on the
breaking of the HQSS. HQSS is an exact symmetry of
QCD in the limit of infinitely heavy quarks, the question
is how relevant numerically can be the subleading cor-
rections, terms of (Q(m%) in the potential in our formal-
ism. One estimate can be provided by the relevance of
the contact terms in the vector-vector interaction in the
local hidden gauge approach. These terms are indeed
one order lower in mg, in the potential and hence

0.3 .
ITpsl"—
2
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The results of squared amplitudes for the J = 1/2, I = 1/2 sector, which have a modified factor in the
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subdominant. Yet, numerically they correspond to correc-
tions of the order of 20% in the charm sector. In the
beauty sector the corrections are much smaller, and
HQSS is assumed to be very accurate there. The 20%
violation of this symmetry in the charm sector is in line
with findings in lattice QCD, or the Dyson-Schwinger
equation. Indeed, in [81] it is found that gpp, ~4.90
while gp«p-, = 5.42. Similar breakings are found in the
D or D* decay constants (fp, fp+) in [84] from QCD
lattice gauge calculations, comparing gp pgx and gg px in
[85], evaluated with the Dyson-Schwinger equations, in
the QCD lattice evaluation of the D** magnetic moment
[86], or in the QCD sum rule evaluation of the DDp and
D*D*p couplings [87].

In view of these findings we perform an exercise
similar to the former one, evaluating the 7" matrix with
the interaction used in the former section multiplied by
1.20 or 0.80, respectively. The results can be seen in
Fig. 12 for J =1/2, I = 1/2. We can see that, with
respect to the results with weight unity in the potential,
the results with 1.20 X V lead to a binding increased
by about 15 MeV, while those with 0.80 X V produce
smaller bindings, with energies shifted by about 20 MeV.
The former exercises have shown that the changes pro-
duced by using different couplings obtained in other
approaches to QCD, with a certain amount of SU(4) or
HQSS breaking, induce changes of the order of
20-30 MeV in bindings estimated in our approach to be
of the order of 50 MeV. These uncertainties are in line
with other systematic uncertainties that we must also
admit from our partial ignorance in the regularization
scale of the loops. Yet, with all these uncertainties, the
binding of the states remains a solid conclusion, as does
the order of magnitude of the binding energies; the maxi-
mum one can hope without further experimental informa-
tion to constrain the input in our theory.

VIII. CONCLUSIONS

In this paper we have addressed a relevant topic,
which is to show the consistency of the dynamics of
the local hidden gauge Lagrangians extrapolated to
SU(4) with the LO constraints of heavy quark spin
symmetry. These latter constraints are very powerful
since they have their roots in the QCD Lagrangian and
must be understood as very stringent. To show the con-
sistency we have addressed the problem of the interac-
tion of mesons and baryons with hidden charm, a
problem of much current interest in view of ongoing
work at the BES, BELLE, FAIR and other facilities.
Once again, the requirements of HQSS demanded that
we put together pseudoscalar and vector mesons, as well
as baryons with J = 1/2, 3/2. A series of relationships
were developed for the transition potentials between the
different meson-baryon channels in different combina-
tions of spin and isospin. After this, we evaluated these
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matrix elements using the dynamics of the local hidden
gauge approach and found them to fulfill all the relation-
ships of LO HQSS while at the same time providing
some determined expressions for them, which allowed
us to find out about the existence of several bound states
or resonances stemming from this interaction. We found
seven states with different energies or different spin-
isospin quantum numbers. Yet, the fact that the interac-
tion that we had for vector-baryon factorizes as € - €
produces matrix elements which are degenerate in the
different spins allowed by the meson-baryon combina-
tions. Hence, up to some different mixing with sublead-
ing channels, we found a very approximate degeneracy
in the states that qualify as quasibound D*B. In view of
this, the seven states that we found could be more easily
classified as four basic states corresponding to a quasi-
bound D3, state that appears in J = 1/2, a DX state in
J =3/2, a D*3 state that appears nearly degenerate in
J=1/2,3/2, and a D*3} state that appears nearly de-
generate in J = 1/2, 3/2, 5/2. All the states are bound
with about 50 MeV with respect to the corresponding
DB thresholds, and the width, except for the J = 5/2
state, is also of the same order of magnitude. The J =
5/2 state that appears in the single D*X} channel has the
peculiarity that it has zero width in the space of states
chosen. All the states found appear in I = 1/2, and we
found no states in I = 3/2. We have also made some
effort estimating uncertainties from the breaking of
SU(4) and HQSS. While they indeed introduce changes
in the binding energies, the results in the appearance of
the bound states are stable under these changes, as is the
order of magnitude of the binding, with binding energies
that can increase by 30%-50%.

The masses obtained here are substantially heavier
than those found in another model [47] that also fulfills
HQSS, but incorporates some elements of extra SU(8)
symmetry and a different renormalization scheme. In
spite of this, the latter model also predicts the same J©
quantum numbers for these states. Experiments that
search for the states predicted will bring further light
on this issue in the future.
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