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Abstract: In this work we present predictions for meson-baryon molecules in the Z.. sector.
The states are modelled as either pseudoscalar or vector mesons interacting with ground state
baryons in s-wave, through a t-channel vector exchange picture described by effective Lagrangians.
Unitarization is implemented using the Bethe-Salpeter equation, from which the molecules emerge
as poles of the resulting scattering amplitude. As a result, we get a total of eight states. Four
pseudoscalar-baryon states, with J© = 1/27, at 3862, 4135, 4239, and 4240 MeV; and four vector-
baryon states, degenerate with J* = 1/27,3/27, with masses of 4380, 4353, 4387 and 4523 MeV.

I. INTRODUCTION

In the past few years there have been observations
hard to fit within the usual picture for hadrons, which
therefore need a more unorthodox description. This is
the case of some baryon resonances, which may have
bizarre properties if considered simply as excited three-
quark baryons. One of such explanations proposed, and
the one considered in this work, is that of quasi-bound
states composed of a meson-baryon pair. They belong
to a broader family of models called hadronic molecules,
(see [1] for a thorough review). A well-known example
of this kind of studies is the successful description of the
A(1405) resonance as a meson-baryon molecule [2].

More recently, following the discovery of five narrow
Q9 resonances by the LHCb Collaboration (2017) [3],
Montana, Feijoo, and Ramos (2018) [4] showed that
two of these states, Q2 (3050) and Q2 (3090), could
be described as meson-baryon molecules. Employing a
t-channel vector meson exchange model, originally pre-
sented in [5], the work successfully reproduced both the
mass and the width of the observed resonances. In their
model, transition amplitudes were obtained from effec-
tive SU(4) Lagrangians describing the interaction be-
tween pseudoscalar mesons and ground-state baryons in
the C =1, § = —2 and I = 0 sector. Then the ampli-
tudes were unitarized through the Bethe-Salpeter equa-
tion in coupled channels. The sought resonances emerged
as poles of the scattering amplitude in the second Rie-
mann sheet of the complex energy plane. Their position
is given by z. = M, +il',/2, where M, is the mass of
the resonance and T, its width. Moreover, their research
gave a prediction for the spin-parity of the observed reso-
nances, assigning the values J* = 1/27 to both of them,
as the model considered pseudoscalar mesons interact-
ing with baryons in s-wave. This is specially interest-
ing since quark-based models predict different values for
their spin-parity (either 3/2~ or 5/27). In addition, their
work also presented predictions on molecules generated
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by vector mesons interacting with baryons in the same
flavour sector. Similarly, [6] also described the two QY
resonances mentioned as pseudoscalar-baryon molecules,
working with an analogous model which only differed
slightly in the Lagrangians employed, as they considered
the charm quark as an spectator for the interaction.

The recent discovery of a doubly charmed baryon 21"
by the LHCb Collaboration [7] (2017), with a mass of
3261 MeV, has also sparked many theoretical studies in
an attempt to understand its properties. Since {2, res-
onances have been observed, Z.. resonances may exist
as well, so there have also been efforts in order to pre-
dict possible doubly-charmed molecular states. One of
such works is [8], wherein are presented several inter-
esting predictions for quasi-bound states in the C' = 2,
S =0 and I = 1/2 sector, found following the same ap-
proach as in [6]. In the present study we aim to expand
the aforementioned method of [4] to this 2. sector, both
for pseudoscalar and vector mesons, considering this new
LHCb discovery as the ground state of the =L, We will
compare the results to those of [8].

II. THEORETICAL FRAMEWORK

Interacting particles forming a quasi-bound state
cannot be studied using perturbation theory, since from
the point of view of quantum field theory the particles
interact infinitely many times so all diagrams must be
considered. The Bethe-Salpeter equation implements
a summation of loop diagrams to infinite order (see
Chapter 6 in [9] for a detailed presentation of this
equation). In order to simplify the calculations, usually
only the most relevant diagrams are taken into account.

A. Interaction model

The interaction between a meson and a baryon has
three different tree-level diagrams possible, but we shall
only consider a t-channel interaction taking place due to
the exchange of a vector meson. The other two diagrams,
the u-channel and the s-channel, are not taken into ac-
count, since their contribution to the interaction is much
smaller that that of the t-channel, as seen in [2] and [4].



Meson-Baryon molecular states in the (I = 1/2, S = 0, C = 2) sector

Quim Llorens Giralt

Moreover, as we want to study the possibility of bound
states and the mass of the exchanged vector meson is rel-
atively large, we will take the limit at low ¢, eventually
reducing the t-channel diagram to a contact term.

The fields of the sector we are interested in are those
of pseudoscalar mesons, vector mesons, and baryons built
up from u, d, s, and ¢ quarks, and their respective an-
tiquarks in case of the mesons. We will use the identifi-
cation (1,2,3,4) = (u,d, s,c). We will denote by ¢ the
16-plet matrix of the m, by V,, the 16-plet matrix of the
p, and by B the tensor of baryons of the 20-plet of the
proton. For their explicit expressions see [4].

Let us first describe the case of a pseudoscalar meson
interacting with a baryon, which we will call PB scatter-
ing. The Lagrangians related to each of the two vertices
were first presented in [5] and found using the hidden
gauge formalism assuming SU(4) symmetry. The VPP
vertex coupling the exchange vector meson to the in and
out pseudoscalar mesons is described by

Lypp =ig tr([0u0,9]V"), (1)

where the trace is taken over the SU(4) matrices in
flavour space; while the V BB vertex coupling the vec-
tor meson to the baryons is

4
LvBB :g Z ij,y Vk B?jl+2vj B1lk) (2)

The factor g is the coupling constant, which we take
g = ”;—JY, where my is a representative mass of the
exchanged meson (usually taken around the p-meson
mass), and f = 93 MeV is the pion decay constant.

Now, using the given effective Lagrangians to calculate
—ityerter = tLyerter and working out the diagrams with
Feynman rules, one obtains an identical transition am-
plitude for all possible channels i coupling to channels j
through a vector meson exchange v, except for a coeffi-
cient Cy;. We denote by m, the mass of the exchanged
vector meson, and by p;, p; (ki, k;) the four-momenta of
the baryons (mesons) of the 4, j channels. The resulting
transition amplitudes, which we shall call potentials, are

-1 m?

Vi = g 2 Ot g (i R (3)
where we have already taken the limit ¢t = (p; — p;)* =
(ki — k;)? < m?2 in order to reduce the diagram to a
contact term. The CY; coefficients for all sectors involving
u, d, s, and ¢ quarks have already been calculated and
presented in [5]. Now, we can define new coefficients
by adding up all C}; for all possible exchanged v, each
weighted according to its mass:

Cij = zvjc;;. (%)2 (4)

We break SU(4) symmetry by considering (my /m,)? ~

1 if v is a light (uncharmed) vector meson, (my /m,)? =
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ke = 1/4 if v is a singly charmed meson (D* family), and
finally (my /m,)? = & ~ 1/16 for a doubly charmed
vector meson (J/v). Finally, expanding equation (3) up
to order O(p?/M?), we obtain

M; M; ’

(5)

where s = (p; + k;)? = (p; + k;j)? represents the square

of the total energy in the center of mass frame, M;, M;

represent the masses of the baryons of the ¢, j channels,

and Ez = p?, Ej = p(J)

In our case, which is that of the C = 2, S = 0 and

I = 1/2 sector, the possible channels are those in Table
I. The resulting C;; coeflicients are given in Table II.

Vo (VE) = —Ci Q\f M M\/E+M (E; + M;)

Channel 7E2. DAc 1Zcc KQee DYe DE. DsZEL 1n'Eee
Threshold 3759 4152 4169 4208 4319 4438 4545 4579

TABLE I: Available pseudoscalar-baryon channels (J© =
1/27) and their threshold mass, in MeV.

TZce DAe NZce KQee DY DsE. DsZL 1n'Eee
= 3 3 —1

y=T 2 5/‘65 0 b THC 0 0 0
—1 —1

DA. l—bee Fhe 00 1 0 ke
775(:1: 0 % %1/1(: KRe % Re 0
KQcc 1 0 She ke 0
—1

DY, 3—fbee 0 V3 Hke
= _ =1

D=, 1 fcc 0 \/§KC
=/ _ =1

DS_‘C 1 écc \/gl‘ic
7' Zee 0

TABLE II: Cj; coefficients for the PB scattering.

The interaction of vector mesons with baryons, which
we will call V' B scattering, is calculated similarly. One
need only substitute the V PP vertex for a VVV vertex,
which is described by the effective Lagrangian

Lyyy =ig tr([V#,0,V,]V"). (6)

The resulting V' B interaction is identical to the PB one
(eq. 5) multiplied by the factor €; - €; of polarizations,
except for some Cj; coefficients. The available channels
are shown in Table III. As done in [4], following [10], the
new Cj; coefficients can easily be obtained from those
in Table II by identifying 7 — p, K — K*, D — D*,
D, — D7, %77-1— \/%77/ — w, and —\/gn—i— %n’ — Q.
In comparison, [8] presents an almost identical model.
Their Cy; coeflicients mostly coincide to ours if k. =
&e.c = 0, as they treat the charm quark as spectator. A
few non-diagonal terms are mismatched due to different
SU(4) symmetry breaking. The only other difference is
that the potential is simplified to order O(p/M) in [8].
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Channel D*A. pZcc wEee D*Ye DIZc K* Qe ¢Zce DIZL

Threshold 4293 4392 4404 4460 4581 4606 4641 4689

TABLE III: Available vector-baryon channels (degenerate
with J¥ = 1/27, 3/27) and their threshold mass, in MeV.

B. Bethe-Salpeter equation

Having reduced the t-channel diagram to a contact
term, the Bethe-Salpeter equation in coupled channels
looks schematically like Fig. 1. It allows us to sum all
ladder diagrams by factoring out a tree level interaction:

Tij = Vij + VaGiVi; + VaGVip G Vkj + - -
= Vi; + VauGiTy, (7)

FIG. 1: Bethe-Salpeter equation diagram representation [4].
The light circles are the T;; matrix element, the dark circles
the potential V;;, and the loops the propagator function G;.

The loop function is given by

d*q 2M, 1
Gl =i 8
! Z/(27r)4(P—q)z—MZQ—ﬁ-ieqz—m?—I—ie’ ®)

where M; and m; are respectively the masses of the loop
intermediate baryon and meson, P = (1/5,0), and ¢ is the
four-momentum of the virtual meson. This assumes that
the particles of the loop channel have negligible width.
That is the case for all particles in our sector except for
the p and K* vector mesons, which have I', = 149.4
MeV and '+ = 50.5 MeV respectively. For these two
cases, the loop function above must be convoluted with
the mass distribution of the particle. The convoluted
loop function can be found in [4] and was derived in [10].

Regardless of the particles having width or not, the
loop function shows an ultraviolet divergence for ¢ — oco.
In order to overcome it, we must either implement a cut-
off method for the three momentum ¢ or a dimensional
regularization. In this work we use the dimensional regu-
larization approach, as opposed to [8]. The exact expres-
sions for our procedure can be found in [4]. There are
some free parameters: the regularization scale, which we
choose equal to 1 GeV, and a subtraction constant a; (1)
for each channel [. Their values are fixed by imposing
that for energies close to the channel threshold, the loop
function G calculated by dimensional regularization co-
incides with the one calculated by the cut-off method,
given a certain cut-off A. We will work imposing the
same A as in [4], A = 800 MeV. It is a sensible choice,
as it is close to the masses of the light vector mesons
exchanged, integrated out when reducing the t-channel
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to a contact term. The resulting subtraction constants
are given in Tables IV, V. We have also studied the case
with A = 650 MeV, as it is the cut-off considered in [8].

Channel 7Z.. DA: nZcc KQee DX DsZc DsZL 1n/'Eee
a=8%0 292 -2.91 -2.75 -2.81 -2.27 -2.31 -2.34 -2.67

TABLE IV: Subtraction constants for the PB channels.

Channel D*A. pZcc wEee D*Te DiZe K*Qee ¢pZce DIEL
a}=8%0 2925 270 -2.70 -2.31 -2.34 -2.72 -2.67 -2.39

TABLE V: Subtraction constants for the V B channels.

Solving for T, we find
T=>01-VG) V. (9)

The resonances will appear as poles of the equation
above, that is, when G = 1/V. However, they will do
so in the second Riemann sheet of the complex plane
[11], so we need to rotate the on-shell momentum of the
loop meson from ¢; to —¢; whenever the real part of the
complex energy +/s is larger than the channel threshold.
Equivalently, [12] showed that in that case G/ can also
be calculated as

qi

Gl (s) = Gi(s) +i2Ml4W\/§.

(10)

III. RESULTS

In order to look for poles, we must first identify the
range of energies of interest. It is instructive to consider
the simplified case of uncoupled channels, where all non-
diagonal C}; coefficients are null. In such scenario, for a
real energy /s, G, is real below the channel threshold and
complex above it, while V;; is always real. Recall that the
position of the pole is given by /s = z. = M, +il',./2,
where M, is the mass of the resonance and I', its width.
Therefore, in order to have a bound state with no width,
we must have G; = 1/Vj; for real /s below threshold. If
G; = 1/V;; for a complex energy /s with Re(4/s) greater
than the threshold mass we have a resonance with width.
In our case, the channels are coupled, so things are not
so simple, but it is still a useful recipe to look at energies
around the given thresholds nonetheless. For the PB-
scattering we calculated T;; for real /s from 3000 MeV
to 5000 MeV in steps of 0.25 MeV, while for the V B-
scattering, from 3500 MeV up to 5500 MeV. By plotting
> |Tij| for all i we can identify bound states as diver-
gences. Moreover, resonances which appear as poles on
the second Riemann sheet will also have its effect on the
real axis and appear as local maxima. Once possible
poles have been identified, we search for their exact posi-
tion on the complex plane via a steepest ascent method.
As the poles are of order 1, we can approximate Tj; as
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the dominant term of the Laurent series about them,

9i9;
Ti(s) @ —=—>—. 11
O (11)
Therefore we can calculate the couplings for the diagonal
terms through Cauchy’s residue theorem

2m

. T (2 + Re')e™do, (12)

2
g = 27 J,
where R is the chosen radius of integration.
Fig. 2 shows an example of a }_.[Tj;| graph for
i = T2, DY, DsZ.. The two narrow peaks corre-
spond to two different bound states, respectively coupled
to Dy=, and DY,.. The smooth local maximum of the
7= channel on the left indicates the presence of a pole
in the second Riemann sheet of the complex plane with
Re(y/s) around 3850 MeV. The same behaviour can be
observed in D=, around 4250 MeV, indicating the pres-
ence of a fourth pole, also in the complex plane.

103 4

=

o
=
L

%|Ty| [MeV]
=
9

10—3 4

107> T T T T T T T
3700 3800 3900 4000 4100 4200 4300 4400 4500

Energy (Vs) [MeV]

FIG. 2: The solid lines represent the sum over all j channels
of the module of the PB scattering amplitude T;;, for A = 800
MeV and ¢ = 7=.., D¥., Ds=.. The dashed vertical lines
correspond to the threshold masses of the respective channels.

We first describe the results for the pseudoscalar-
baryon interaction. Table VI shows the PB poles found
for A = 800 MeV. Since they consist of a pseudoscalar
meson and a ground state baryon interacting in s-wave,
they have J¥ = 1/27. Following the local 7Z., maxi-
mum in Fig. 2, we first find a wide resonance at 3862
MeV, with a width of 158 MeV, coupled mainly to the
TE.. channel but also to DA, and K. The large width
is due to its mass being well over the 7=.. channel thresh-
old, to which it couples most. The second molecule found
is a bound state at 4135 MeV, corresponding to the D =,
peak in Fig. 2, and it couples mainly to DA., although
also to KQc., Ds=Z., and n=... As for the DX, peak
we find a narrow resonance coupled exclusively to DX,
and D=/ with mass and width equal to 4239 MeV and
0.8 MeV respectively. These two states are bound states
with negligible width due to their mass being lower than
all thresholds of the channels to which they couple most.
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Finally, we find another wide resonance at 4240 MeV
with a width of 166 MeV. It is greatly coupled to Ds=,,
as the local maximum on the right-hand side of Fig. 2
suggests. D=, has a threshold mass greater than that of
the resonance, however, the state presents a large width
since it is also weakly coupled to channels 7=.., DA,
N2 and K€, all of which are open for decay.

Re(z) = M, [MeV] 3861.9 4134.5 4239.4 4240.4

Im(z) = T,/2 [MeV] 79 0 0.38 83
|gr=z..| (3759) 2.10 003 001 0.83
lgpa. | (4152) 1.29 1.73 0.01 1.13
|gnzee| (4169) 0.02 083 0.09 0.92
lgra..| (4208) 1.22 110 0.12 0.78
lgps.| (4319) 0.23 0.08 2.88 0.01
lgp.=.| (4438) 0.36 1.09 0.02 4.07
lgp.=; | (4545) 0.18 0.01 1.55 0.01
lgn=..| (4579) 003 020 011 0.33

TABLE VI: PB results (J© = 1/27) for A = 800 MeV.

As for the results concerning the V' B scattering, as-
sociated to degenerate J© = 1/27,3/27, we also find 4
poles. The first pole found is a resonance at M, = 4280
MeV with T', = 6.4 MeV, coupled to the D*A., p=,
and D}Z=. channels. Even though its mass is lower than
any threshold mass, it shows some width due to that of
the p. We then find another resonance related to similar
channels, but at a mass of 4353 MeV and a greater width
of 22 MeV, since it is already over the D*A. threshold.
It is also predominantly coupled to p=,.. and D=, as the
previous pole, but less coupled to the D*A,. channel and
notably coupled to K*Q.. instead. The third pole is a
narrow resonance strongly coupled to the D*¥., channel,
and also mildly to D*Z’. Both thresholds are higher than
the pole mass, which is approximately 4387 MeV. There-
fore its width is only 1.3 MeV. Comparing to the DX,
PB resonance, it seems that they could be spin partners
of the same molecule. Finally, one last wide resonance
with M, = 4523 MeV and I', = 54 MeV, coupled to
Di=., K*Qec, $Zcc, and slightly to w=.., which is open
for decay.

Re(z) = M, [MeV] 4279.8 4352.6 4386.8 4522.6

Im(z) =I,/2 [MeV] 3.2 11  0.65 27
lgp-a.| (4293) 1.67 086 008 0.21
|gpz..| (4393) 1.57 1.91 021 0.36
|gwz..| (4404) 030  0.15 019  0.92

lgp=s.| (4460) 015 062 3.12  0.02
lgps=.| (4581) 145 1.76 023 1.64
lgr-a..| (4606) 037 1.54 0.34  2.02

|gs=..| (4641) 043 021 027 1.30
lgp==| (4689) 0.04 016 1.89 0.20

TABLE VII: VB results (J© = 1/27,3/27) for A = 800 MeV.
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The results obtained using A = 650 MeV, both for
the PB and V B interaction, are qualitatively the same
as the ones described. A lower cut-off limits the inter-
mediate states, which translates into less binding interac-
tion. Therefore, the poles with A = 650 MeV show larger
masses, approximately between 15 and 40 MeV heavier.
As a result, they also present larger widths.

With respect to the results of [8], there is qualita-
tive agreement on the nature and couplings between the
states found, although not quantitative. They only pre-
sented three states for each PB and V B scattering, and
in general their results show lower masses. For the PB
scattering, our m=.. pole appears at 3861.9+79:, whereas
it is found at 3837.3 4 4100 in [8]. Even a greater dis-
crepancy is encountered for the DY . bound state, as it
appears 150 MeV lower than in our results, with a mass
of 4092 MeV. Regarding the states coupled to DA, and
D,E., only one state is found in [8], at 4083 MeV, as
opposed to the two states we present. A similar com-
parison holds for the V' B molecules: general qualitative
agreement, but quantitative disagreement on the values
of the masses and widths. Again, only three V B states
were found in [8], with comparable couplings to those
of our states. Further research is needed to better un-
derstand these discrepancies, but as of now, we believe
that the quasi-bound states found following our approach
qualify better as molecular states, since they have higher
energies and are closer to thresholds.

IV. CONCLUSIONS

We have studied the possibility of dynamically gener-
ated hadronic molecules in the Z.. sector, i.e. (I, S, C)
= (1/2, 0, 2), for ground state baryons interacting in
s-wave with both pseudoscalar and vector mesons. The
interaction is modelled through effective Lagrangians de-
scribing a t-channel vector exchange picture. Unita-
rization is implemented via the Bethe-Salpeter equation,

from which the possible molecules emerge as poles of the
resulting scattering amplitude. The loops have been cal-
culated through dimensional regularization choosing suit-
able subtraction constants.

We find four poles for PB scattering, with JZ = 1/2.
A wide resonance at 3862 MeV, mainly coupled to 7=..; a
DA, bound state at 4135 MeV, slightly below its thresh-
old mass; a narrow resonance at 4239 MeV mainly cou-
pled to DX but also D;E.; and finally a wide D=,
resonance with a mass of 4240 MeV.

Regarding the VB scattering, which produces
molecules degenerate with J© = 1/27,3/27, we also find
four possible states. A narrow resonance at 4280 MeV,
slightly below the threshold of channel D*A., to which
it couples the most; a wider resonance coupled to p=..
at 4353 MeV; a narrow state strongly coupled to D*X,
with a mass of 4387 MeV; and finally a wide resonance
at 4523 MeV mainly coupled to K*Q..

The observation of resonances close to these eight
molecules predicted would give support to the compos-
ite nature of these states, and give deeper understanding
on the structure of heavy hadrons and their spin-parity.
In order to provide further information to guide experi-
mental searches, we shall deepen this study on the near
future. Moreover, we plan to extend it to equivalent sec-
tors substituting the ¢ quark for the heavier b quark.
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