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In a previous work we presented a theoretical analysis of the A, — J/1¢ K~ p reaction from where
a recent experiment by the LHCb collaboration at CERN claimed the existence of two hidden
charm pentaquarks, P.(4380)% and P.(4450)". In that work we focused only on the A(1405) and
P.(4450)" signals and discussed the possible explanation of this pentaquark state within the picture
of a dynamical meson-baryon molecule made up mostly from D*¥. and D*¥? components. In
the present work we improve upon the previous one by considering the total K~ p and J/¢¥p data
including all the relevant resonances contributing to the spectra, and discuss the possible nature
of both P.(4380)" and P.(4450)". We also discuss several important topics, like the effect of the
contact term in the reaction, the viability of reproducing the data without the P.(4380)" and the
possible quantum numbers assignment to these pentaquarks.

PACS numbers:

INTRODUCTION

In the early beginning of the quark model Gell-Mann
and Zweig already mentioned that apart from the stan-
dard ¢q and qqq configurations for mesons and baryons
respectively, there could exist some multiquark config-
urations ﬂ, E] Concrete calculations for the case of
pentaquarks were done by Hogaasen and Sorba E] and
Strotmann M] Much excitement was generated by the
claims of an observation of a pentaquark state, O, at
Spring8/Osaka in a photonuclear reaction ﬂﬂ] A similar
method was used to analyze the vd — pnK K~ reaction
where again a claim was made for the ©" pentaquark ﬂa]
After a period of excitement where the peak was observed
in most laboratories, searches with better statistics and
analysis methods started to report negative results and
the issue was closed. A detailed report on this issue can
be seen in ﬂﬂ] An important work to clarify the issue
was done in B, ], were it was shown that the exper-
imental peak observed in [6] was a consequence of the
analysis method in ﬂa], where only the K and K~ were
observed and the K*n invariant mass was constructed
with a prescription for the unmeasured n momentum,
that was incorrect and artificially produced a peak in the
“OTF” region.

With this precedent, the claim of two pentaquark
states in the LHCb experiment ﬂE, H] should have been
taken with caution, but given the thoroughness of the ex-
perimental analysis, the result was difficult to challenge.
Yet, issues concerning the implementation of unitarity in
the experimental analysis, and the lack of a tree level con-
tribution, which is unavoidable from a theoretical point
of view, were raised [12]. One of the aims of the present
paper is to discuss in detail these issues and show how
some accidental circumstances make the present exper-

imental analysis overcome this problem, thus providing
extra support to the experimental claims.

The precedent of the former “©*” pentaquark unjusti-
fied claims has not prevented a wave of excitement among
theoreticians, who have proposed a variety of possible ex-
planations for these two states. One of the reasons for it is
that predictions of hidden charm baryon states had been
made before. Indeed, in ﬂE, @] baryon states of hid-
den charm were found in the study of the interaction of
the DX.-DA., D*S.-D* A, coupled channels as the main
building blocks, together with the n.N and J/¢¥N states,
plus decay channels in the light sector. Related studies
were done in ﬂﬁ], where bound states of DY, and D*¥,.
were also found. In [16], using an admixture of SU(6)
and Heavy Quark Spin symmetry, HQSS, states of hid-
den charm similar to those predicted in , ] were also
found. Further studies were done and in ﬂﬂ] similar re-
sults to those of , ] were found, using HQSS and the
local hidden gauge approach as tools to evaluate the ma-
trix elements of the interaction. A quark model was used
in HE], where some hidden charm baryons states were
also obtained. All these works share similar qualitative
results, but differ in the predictions of the masses of the
particles by as much as 200 MeV up in HE] to 200 MeV
down in [16] with respect to those found in [13, [14, [17].
Further work on this line is done in HE], using an admix-
ture of Vector-Baryon and Pseudoscalar-Baryon states in
coupled channels which allow one to have a better hold
on the decay width of the states.

After the experimental papers, theoretical papers on
the issue have proliferated, proposing many options.
Meson-baryon molecules have been suggested in
]. Pentaquark states of diquark-diquark-antiquark na-
ture have been suggested in |, compact diquark-
triquark pentaquarks in [34, [35], D-soliton states in [36],
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FIG. 1: Mechanisms for the A, — J/¢ K~ p reaction imple-
menting the final state interaction

genuine multiquark states in ﬂﬁ, @], and some papers
have suggested that the peaks could be related to kine-
matic effects of a triangle singularity @] Summaries
of the theoretical and experimental work done can be seen
in Refs. |, and in particular in the thorough review
on the subject [47).

FORMALISM

The core of the present analysis is the identification of
the most relevant mechanisms contributing to the ampli-
tude to describe the A, — J/¥ K~ p experimental data.
We do not intend to obtain a better fit than the one car-
ried out in the experimental analysis m], which included
many different A resonances in addition to the pen-
taquarks, considering possible different quantum number
assignments for them and all angular dependences rel-
ative to the decay products of the J/¢. Our intention
is to implement a good enough amplitude, but as sim-
ple as possible in order to discuss the relevant theoretical
issues regarding the role played by the different contri-
butions to the A, — J/ K~ p, specially the pentaquarks
and the dominant A resonances. Nevertheless, regard-
ing the K~ p and J/v p invariant mass distributions our
approach is quite accurate since the angular information
mentioned above, considered by the experimental anal-
ysis, is integrated in these observables. The procedure
followed in the present work is also rather different from
the one followed in m] Instead of using the helicity for-
malism, we construct explicit amplitudes suited to the
excitation of the different resonances and their quantum
numbers. In addition, we explicitly consider the K~ p for-
mation at the tree level and its interaction with coupled
channels in s-wave.

In ref. ] only the dynamically generated resonances,
A(1405) and P.(4450), were included, and it was shown in

| that the relevant mechanisms in the Ay — J/¢ K p

decay are those depicted in Figs. and The K—p

is produced at the quark level as depicted in Fig. It
is also interesting to recall that in @] it was also found
that the J/¢7¥ states were not produced at this tree
level. First the weak interaction produces the cc¢ state
(J/1) and an s quark and then the u, d and s remaining
quarks hadronize into a meson-baryon pair. Note that
the u and d quarks are spectators during the entire pro-
cess, as justified in ref. ] Within the framework of the
chiral unitary approach, the A(1405) resonance, of crucial
role in the present decay, is produced dynamically from
the final K~ p state interaction implementing unitarity
in the different meson baryon channels with the A(1405)
quantum numbers. In this way, and without the need to
include the A(1405) resonances as explicit degrees of free-
dom, two poles were obtained for the A(1405) resonance
@] Recently the positions of the poles were more finely
obtained at /s = 1352 — 48; MeV and 1419 — 29i MeV
@], with the lowest mass pole coupling mostly to 7%
and the highest mass one to K N. Therefore its imple-
mentation into the Ay, — J/¢ K~ p decay is depicted in

Fig. and it is given by

TAMS) (M Y = 0y Gy (M- ) tien v (Mi—p)

(1)

where Mg, (Mj/yp,) stands for the K~p (J/¢p) in-
variant mass, Gg-, is the K~p loop function and
tﬁ—é& wn(Mg—p) the s-wave, isospin 0, K-nucleon unita-
rized scattering amplitude from ref. @], (thick circle in
Fig. . The parameter «; is a free parameter, to be
fitted later on, accounting for the elementary production
process, Fig. Note that in addition to the previ-
ous amplitude we have to add to the total amplitude the
J/v¥ K~ p tree level contact term contribution, Fig.
which is shown in ref. ] to have the same weight, o,
as the term in Eq. (). This is a non-trivial result. Thus

the contribution of the mechanisms in Fig. and

18
ai (1 + Gr-p(Mg-p) t%:J\?,RN(MKfp)) (2)

Note that this tree level contribution, accounted for by
the 1 addend in Eq. (@), interferes with the amplitude
of Eq. (I). Although constant nonresonant terms were
used in the fit of [10], the output of the fit did not return
a significant contribution of these terms. We shall try
to understand this feature, and this issue will be widely
discussed in the results section.

As mentioned in the Introduction, in refs. , , ],
several poles were obtained (see table II of ref. ﬂﬁ] and ta-
ble 8 of ref. HE]) when implementing unitarity in coupled
channels in s-wave considering the channels J/¢N, n.N,
DB and D*B, with B baryon charmed states belong-
ing to the 20 representations of SU(4) with JF = 1/2~
and 3/27. Exploring the possibility that some of these
poles (or a mixture of several ones) could correspond to



the experimentally found P. pentaquarks is one of the
aims of the present work. In such a case, the production
of the pentaquark in our model would proceed through
the mechanism depicted in Fig. The J/v p pair ini-
tially produced undergoes final state interaction, which
is accounted for by the J/¢)p — J/v p unitarized scat-
tering amplitude represented by the thick circular dot in
Fig. In this particular case, the J/vp — J/¢p
unitarized scattering amplitude resembles very much a
Breit-Wigner ﬂﬂ], therefore, and for the numerical eval-
uation carried out in the present work, the mechanism
of Fig. can be effectively accounted for by a term
proportional to

2
gJ/"/JP (3)

Tr,

O[Z'GJw
/ pMJ/wp_mPc"'i 2

with G j/y, the J/vp loop function and mp, (I'p.) the
mass (width) of either of the pentaquarks. The term in
Eq. @) has to be multiplied by a momentum structure
which depends on the different possible quantum num-
ber assignment of the pentaquarks. (See Appendix, for
explicit details). The pole positions of the amplitudes
obtained in refs. ﬂE, 17, @] provide directly mp, and
I'p., but with uncertainties in the mass of the order of
200 MeV HE] Therefore we fine tune these values to
the experimental results of ref. [10], mp, = 4380 MeV
and I'p, = 205 MeV for the lowest pentaquark and
mp, = 4449.8 MeV and I'p, = 40 MeV for the high-
est one, which lie indeed in between the different values
obtained in refs. ﬂﬂ, ﬂ, @] The coupling of the dynam-
ically generated resonance to J/v¥ p, g5/4, in Eq. @), was
determined to be of the order of 0.5 in refs. [13, [17, [21].
However, we have included in the amplitude of Eq. (@)
a free parameter «;, (i = 2 for P.(4450) and i = 3
for P.(4380)), to better fit the experimental data, which
should have a natural value of the order of 1. The pres-
ence of the J/vyp loop function, G j/yp, in Eq. ({3 has to
be included when assuming the resonances to be dynami-
cally generated, since in such a case it is always produced
by the scattering of an initial J/¢p pair. Nevertheless,
the G j/y, factor has little impact in the global fit.

We can also consider the scenario where one or both
pentaquarks have J different to 1/2~ or 3/2~ which
are the quantum numbers of the states generated by the
chiral unitary approach ﬂﬂ, ﬂ, @] In this scenario, and
if the J/vp pair was in p-wave, the corresponding pen-
taquark would carry J¥ = 1/2%, 3/2% or 5/2% and its
contribution should be added to the previous terms lead-
ing to the A(1405) (see Appendix). Nonetheless, and as
we will explain below, since the qualitative output of our
fits are similar irrespective of the quantum number as-
signments for the pentaquarks, we will only work out the
5/2% case (in addition to the previous 1/2~ and 3/27)
for simplicity since only one possible partial wave for the
kaon is possible, (L’ = 2), in that case, (see Appendix .,

FIG. 2: Mechanisms for the Ay — J/¢¥ K~ p reaction consider-
ing explicit, non dynamical, pentaquarks (a) and A resonances

(b).

table [ for details). In this case the mechanism for the
pentaquark production would be simply that depicted in
Fig. Bh and, in order to establish its amplitude, we must
remove G'j/y, in Eq. ([B) and multiply it by a momentum
dependence according to its quantum numbers as shown
in Egs. (12)), (I7) and (26)).

On the other hand, in the analysis of ref. ﬂ2_1|] no fur-
ther A resonances, (in addition to the A(1405)), were con-
sidered since that study was based only on the A(1405)
and the pentaquark filtered signal. However, since in the
present work we aim at reproducing the total K ~p and
J /1 p invariant mass, we must add the relevant A contri-
butions to the process, Fig.2b. In ref. m], 13 different A
resonances were included in the fit. In our analysis it is
enough to consider only those which gave a sizable contri-
bution to the final cross section in ﬂﬁ] which, in addition
to the A(1405) discussed above, turn out to be A(1520)
(3/27), A(1600) (1/271), A(1690) (3/27), A(1800) (1/27)
and A(1810) (1/27).

The A resonances (except the A(1405) which is ex-
plained above, see Eq. ({l)) are parametrized by a Breit-
Wigner shape with Flatté parametrization of the width
by

1

ta, =

(4)
Ta, (M, —
Mg —ma, + ZW

up to a factor containing the spin and momentum struc-
ture as explained in the Appendix. The widths of the
A resonances have been taken energy dependent in the
following way:

i 2L]‘+1
FAi = FOz’ MK: ;fj (_J> B(Lj’qjvqoj)z (5)

with I',, the on shell width, and f; the branching ratio
of the A; into the dominant decay channels, j, obtained
from the PDG [51]. In Eq. () B(L,q,q,) is the Blatt-
Weisskopf penetration factor for L-wave ﬁ], where ¢ (g,)
is the K or p momentum at the K~ p center of mass frame
at M-, (m;).

Furthermore contact terms with the different spin and
angular momentum of the .J/¢ and kaon are also consid-
ered as explained in the Appendix. These contact terms
were found to be negligible in the experimental fit HE]



but we will explain in the results section that some of
them could play indeed an important role.

Altogether, the A, — J/¢¥ K ~p differential decay rate
is given by

d2FAb—>J/wK*p(MK*p7MJ/1/J;D): 1 my
dMK*deJ/dJ;D 1673 m%b

2
XMK*;DMJ/#J;D ’T(MK*puMJ/TZ’P)’ . (6)

The interferences between the different A mechanisms
and the pentaquarks and contact terms depend on the
different quantum numbers of the particular A resonances
and the pentaquarks. The total amplitude squared
| T (Mg My/pp)? (of course averaged over initial spins
and added over final ones) is given in the Appendix for
the different cases. The a; and C; in Eqgs. @2)), 23)),
@4), @3) and (26) and are free parameters to be fitted
in our analysis of the following section.

RESULTS AND DISCUSSION

We have carried out different fits to the experimental
data HE] considering the following possibilities for the
spin-parity of the pentaquarks (J4,JE) where J§ and
JE stand for the spin-parity of the P.(4380) and P.(4450)
respectively: (1/27,1/27), (1/27,3/27), (3/27,1/27),
(3/27,3/27), (3/27,5/27), (5/2%,3/27), (1/27,5/27),
(5/27,1/27) and (5/2%,5/2%). Nevertheless, and ad-
vancing some results, neither of them provides a re-
markably better fit than the rest, and all of them pro-
duce qualitatively similar results. However, experimen-
tally m] a best fit was obtained for J¥ assignments of
(3/27,5/27), and also acceptable fits were obtained for
(3/2%,5/27) and (5/2%,3/27) and “other combinations
are less likely”, but there was a clear preference for two
states with opposite parity m] The experimental anal-
ysis m] is more complete than the one carried out in
the present work since it takes into consideration more
A resonances and, specially, all angular dependences rel-
ative to the decay products of the J/v¢, which we do
not consider. However the angular dependence is not
relevant for the invariant mass distributions, which are
the observables we fit, therefore the extra conclusions
drawn by the experimental analysis HE] about the J¥
of the pentaquarks must certainly come from that ex-
tra information used in the experimental analysis, (note
that there are more than 150 parameters fitted in m]
while there are just 19 in our analysis). Yet, it is worth
stressing again that it is not the intent of the present
work to improve or even be on a par with the already
good experimental analysis. Our focus is on specific the-
oretical issues for which the approach followed here is
good enough. Therefore, since the qualitative discus-
sion is similar irrespectively of the J¥ pentaquark as-

signments in our model, we will discuss upon results for
(3/27,3/27) assignment, one of the chiral unitary op-
tions, unless other case is explicitly stated.

First we show in the (a) and (b) panels of Fig.
the result of the fit to the experimental data HE]
and the individual contributions of the different reso-
nances. (The 1 + GT label stands for the term 1 +
Gr-p(Mg-,) t%:]\?)KN(MKfp) in Egs. ) and (22) which
essentially produces the A(1405), as explained in the pre-
vious section). We can see that the global fit is quite fair,
given the simplified version of the model compared to
the analysis done in the experimental work m] Note
specially the important strength of both pentaquarks,
P.(4380) and P.(4450) in the J/¢¥p mass distribution.
We have only fitted the K~ p mass distributions up to
Mg-, < 2GeV and the J/¢p up to 4.8 GeV since
our chiral unitary model for the A(1405) cannot be ex-
trapolated to further higher energies and the reduced
range is preferable and sufficient for our discussion. Pan-
els (¢) and (d) in Fig. Bl reflect data and results for
J/vp mass distribution implementing the kinematic cuts
1.70 GeV < Mg, < 2 GeV and Mg, > 2.0 GeV re-
spectively. (See figure 8 of ref. [10]). The data in panels
(c) and (d) are not fitted, thus the curves therein are
output of the calculation. It is worth noting that the ex-
perimental data for the K ~p and J/v p invariant mass
distributions are not corrected for experimental setup ac-
ceptance in ref. m] However, in the experimental pa-
per, phase-space curves for Fig. Bh and Fig. Bb are pro-
vided, which of course are affected by the acceptance.
Therefore, comparing those curves to the correspond-
ing theoretical phase-space three body distribution, we
have renormalized each experimental datum such that
the phase-space agrees with the actual one and such that
the areas below both invariant mass distributions are the
same (i.e. same total A, width). This acceptance cor-
rection cannot be performed in the theoretical results in
panels (c¢) and (d) since the acceptance modified phase-
space is not provided for such kinematic cuts in m] This
is one of the reasons of the rough agreement between our
theoretical calculation and experiment in panels (¢) and
(d). However, the main reason is that those cuts filter
events in the higher part of the K~ p spectrum which are
little relevant in the global fit, or actually are not fitted
at all. Nevertheless, it is worth noting that our results of
Fig.Bk and d will be used just qualitatively in the coming
discussions below.

In ref. [21] it was pointed out that the experimental
support for the existence of the P.(4380) state was not
as clear as for the P.(4450) one. The reason was that
the Argand plot for the P.(4380) is not as clean as that
of the narrow P.(4450) [10]. On the other hand there
is not a clear bump for the P.(4380) in the total J/¢p
experimental invariant mass distribution. To shed some
light into this issue we next carry out a fit removing the
P.(4380) term. The result is shown in Fig. Bh and b.
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FIG. 3: (Color online). Panels (a) and (b): experimental data used to fit the model and results from the fit with the full model
for the K~ p and J/4 p invariant mass distributions respectively and for the (3/27,3/27) case . Panels (c) and (d): Predictions
for the J/v p distribution implementing the kinematic cuts shown in the figures. (The data from panels (c) and (d) are not

fitted).

This fit without P.(4380) is just slightly worse compared
to that in Figs. Bh and b, (about a 20% bigger x?/dof),
but it is specially very similar or even better in the lowest
region of the J/i¢p mass distribution. We have traced
the reason for the good agreement in the low J/ip mass
region when removing the P.(4380) to the JF = 5/27F
contact term (the 1 addend in Eq. [28)). (The shape
of this contact term by itself corresponds to the label
“only C5/,” in the figures.) We see that with a slight
increase of this contact term when the P.(4380) contact
term is removed (compare curves ”only Cs/,” between
figures Figs. Bb and Fig. @b), a similar effect than the

one of the P.(4380) can be mostly accommodated. Very
similar results and conclusions are obtained for the other
(J%, JE) possibilities studied in the present work.

Therefore we must conclude that the fit to only the
invariant mass distributions is not enough to draw firm
conclusions about the existence of the P.(4380) state or
the spin-parity of the pentaquark states, since many dif-
ferent (JE,JE) possibilities yield similar results. The
reason why the experimental analysis get (3/27,5/27)
as the best option and (3/27,5/27) and (5/2%,3/27)
also acceptable and “other combinations are less likely”
ﬂﬁ] must then be traced to some other observable be-
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FIG. 4: (Color online). Same as Fig. [8 but removing the P.(4380) from the fit.

yond just the K ~p and J/v¢¥p mass distribution, like the
angular dependence of the .J/v¢ decay products, etc.

On the other hand, if we next direct the attention to
the phase space distribution in Fig. Bk, we see that the
kinematic cut implemented in that plot causes by itself a
sharp kink around My, ~ 4.2 GeV which is responsi-
ble for some of the accumulation of strength seen in the
experimental data around that region. Therefore this ap-
parent accumulation of strength at low My, is not an
indication by itself of the existence of a nearby resonance,
like the P,.(4380).

In order to illustrate the similarity of the fits among
different J¥ pentaquark assignments mentioned at the
beginning of this section, we show in Fig. [l the result
of the fit for the (3/27,5/27) case which is the case for

the best fit in the experimental work HE] In our case,
however, we get a fit with a very similar x2/dof to that
in Fig. Bh and b.

Let us next discuss one of the most important issues
to be addressed in the present work, that is the effect of
the contact term contribution of Fig. represented
by the 1 addend in Eqgs. () and [22]). Although a non-
resonant term of this type was considered in the fit of
ﬂﬁ], the output returned a negligible contribution from
this source, and, in principle, it could play an impor-
tant role in the results. In the experimental fit HE], a
Breit-Wigner shape is considered for the different reso-
nances but for the A(1405) the width has two compo-
nents to account for the Flatté effect. However, as ex-
plained above in the formalism section, in the chiral uni-
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FIG. 5: (Color online). Same as Fig. Bk and b but with the (3/27,5/2%) configuration for the spin-parity of the pentaquarks

tary approach this resonance is generated (actually two
of them) from the K~ p interaction and accounted for
by the 1+ G -, (Mg-,) t%zj\?’kN(MKfp) in Egs. @) and
22), (we will just call it 1 + GT term in the following).
Note that we include the 1 addend for the contact term
which seems to be negligible in the final fit of m] In-
deed, we see in Fig. Bh and b that the contribution of the
1 addend by itself (curves labeled “only 17) is very large
and it is crucial to produce the final A(1405) strength
and shape in the invariant mass distributions from its in-
terference with the GT term (curves labeled “only GT”),
which is also very large by itself and with a shape very
different from a A(1405) resonance. However, we are go-
ing to show that a fortuitous combination of facts renders
the approach of HE] very similar to the fully unitary ap-
proach that we follow here.

Elaborating on this latter issue, let us recall that the
two A(1405) are basically obtained from the interaction of
the coupled channels 7% and K N. We shall call T;; the
transition matrices from channels 1 (7X) and 2 (KN).
Actually what one would expect to be approximately a
Breit-Wigner is 711 itself, not (1 + GT')11. Therefore, in
order to mimic the experimental approach to the A(1405)
we have performed a different fit implementing the sub-
stitution

I+ GK*p(MK*p) tﬁ’(:z\(;,i(N(MK*p)

1
— M Tr (7)
K-p ~ MR+ 15
with
- m
FRZFo<pE> i +apK®(MK*p_mK_mp)
Prx), MK*;D

(8)

where mp, I', and «a are adjusted to approximately re-
produce the ¢/=0 - amplitude in the A(1405) resonance
region and © is the step function. The term propor-
tional to « in Eq. () is included in order to account for
the Flatté effect, which is also incorporated in the anal-
ysis of ref. [10]. The result of the fit is shown in Fig.
We can see that the result is very similar to Fig. Bh,b, in
spite of the fact that one is neglecting the contact term
in the latter analysis.

This certainly requires a detailed explanation: If we
plot (14 GT)1; and —T1; we see in Fig. [ that they are
very approximately proportional, (in that figure —T7; has
been multiplied by a constant factor such that the abso-
lute values are the same at the A(1405) mass). Actually
the curves for the absolute value of (1+ GT)1; and —T14
are almost the same (up to a global constant). This is
not true in a general case for a unitarized scattering am-
plitude since, in the chiral unitary approach and for two
coupled channels, we have

1+GT =V~'T,

_ T11Vaa — T12V12
1+GT11=V1T11:— 9
( ) ( ) ‘/11‘/22 _ V122 ( )
However, it turns out that Vi5 is about a factor 3 smaller
than V11 and Va5 and therefore, taking into account that
V11 is negative and smooth in the energy region consid-
ered, we have
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(1 + GT)ll >~ — X _Tll-

~ (10)

An example where the approximation in Eq. ({I0) does
not hold is the J/¢p scattering that produces the pen-
taquarks in the chiral unitary approach. In this case the
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potential V;,yp 7/4p 18 much smaller than those for the
other channels ﬂﬁb] (mostly D*¥. and D*¥¥). Let us
call channel 1 the J/¢¥p and assume for simplicity that
there was only another channel, D*Y., (channel 2). In
this case the potential matrix element Vi5 is of the same
order of magnitude than V5o and Tis is larger than T34
[17]. Therefore (1 4+ GT)y; is not proportional to Ty; in
the J/up scattering case.

Coming back to the meson-baryon interaction in I = 0,
L = 0, that produces the A(1405), one could naively
think, in a first impression, that even if V5 was not small,

Eq. () should also hold next to a pole since T and
Ti5 contain both the singularity of the pole which would
factorize out. However this is true if only one pole is
present, but as already mentioned above, there are two
poles associated to the A(1405) resonance. If we call
these two poles A and B, respectively, we would have
that

Ty ~ 91 91 gr gt
Vs — / \/— /
A_A B
T~ %2 __ 4 9 9 (11)

which are indeed not proportional since the couplings
of the different poles, gl, to the different channels are
different, (gi* = 2. 71 gP =296, g5 = 3.06 and g¥ =
1.96 @ In Fig. B we can see that T1; and Tio are
actually very d1fferent

In Fig. @ we show the comparison between (1 + GT')11
and the Breit-Wigner parameterization of the A(1405) of
Eq. [@. In this figure we can see the similarity between
both amplitudes, which makes the fit almost equivalent
using any of them.

In conclusion, when fitting the A(1405) with a Breit-
Wigner with a Flatté width, as the experimental analysis
does m], and neglecting the contact term, the result is
equivalent to having considered 1 4+ GT as in the chiral
unitary approach. But this is true in this particular case
by chance. Note that it is a combination of the K p
tree level plus rescattering (1 + GT') that makes the two
approaches equivalent. As mentioned, this is not trivial.
Things could have also been different if, instead of having
the K ~p at tree level and not 7%, one had the opposite
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in the region of the A(1405).

situation, with 7% at tree level and not K ~p. We would
then have something similar to the “only GT” contribu-
tion of Fig. Bl(a), instead of the (14 GT), and the spectra
of K~p would be different.

SUMMARY AND CONCLUSIONS

We have addressed some interesting issues from a the-
oretical point of view regarding the possible pentaquark
states that show up in the A, — J/¥ K~ p decay from the
LHCb experimental data HE] In order to model theoret-
ically the process, we have improved over a previous work
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ﬂﬂ], implementing the K~ p and J/v¢p final state inter-
action and including explicitly the relevant A resonances
not generated in the former rescattering. The K~ p in-
teraction generates dynamically the double A(1405) pole
structure implementing unitarity with KN and 7% cou-
pled channels in s-wave. In the J/¢p final state the pos-
sibility of the pentaquark to be dynamically generated is
also allowed. With this simplified model, as the number
of A resonances included with respect to the experimen-
tal analysis is concerned, but accurate enough to repro-
duce the experimental data, we perform several fits to the
LHCb invariant mass distributions ﬂﬁ] for the different
spin-parity possibilities for the pentaquarks.

One of the conclusions obtained is that, with the only
fit to the K~ p and J/¢p mass distributions, the existence
of the P,(4380) state cannot be undoubtedly claimed (un-
like the P.(4450) state), since we get not much worse
results removing this pentaquark from the fit. We have
traced the origin of this similarity in the results with
or without P.(4380) to the effect of a nonresonant term
which provides some of the strength in the absence of the
P.(4380) resonance. Furthermore, we also obtain similar
results for the different possibilities of the spin-parity of
the pentaquarks. Therefore the claims regarding the ex-
istence of the P.(4380) pentaquark and the spin-parity
assignments of both pentaquarks made in the experimen-
tal analysis m] cannot be inferred just from a fit to the
K~p and J/¢¥p mass distributions. Thus, it would be
most welcomed if the experimental group could singled
out the observables that show unambiguously the exis-
tence of the P.(4380) pentaquark and the spin-parity of
both of them.

On the other hand, we have widely discussed the im-
portant role played by the tree level contact elemen-
tary Ay — J/¥K~p production and the K~ p rescat-
tering. The interference of these two terms gives rise
to the A(1405) resonance in our case, and we showed
that this procedure, implementing unitarity in coupled
channels, produced results in remarkable agreement with
those of the analysis of [10], where a A(1405) resonance
Breit-Wigner term (accounting for Flatté effect) was in-
troduced. We have shown that this agreement is not
trivial or general, but occurs in the present case.
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FIG. 10: Spin and angular momentum nomenclature for the
general Ay — J/YK ™ p process

APPENDIX: Amplitudes and partial wave
interferences

In this Appendix we explicitly evaluate the contribu-
tion of the different mechanisms to the total scattering
amplitude in Eq. [6l which depend on the different partial
waves and spin possibilities of the different resonances
considered.

For the different spin and angular momentum we will
follow the nomenclature of fig. [Tl i.e., s, L and J¥ are
the spin, orbital angular momentum and total spin-parity
respectively of the J/¢p pair and L’ and J'P" stand for
the K~ orbital angular momentum and total spin-parity
of the pK ~ system.

If we assume that the dominant contribution to a given
partial wave is given by the smallest allowed orbital an-
gular momentum, we can write the relevant terms of the
Ay — J/Y K~ p amplitude of interest in the present work
as

T:(I/S%—+bP%—+CP%—+€D%—+fD%+, (12)

where the nomenclature of the different terms stands for
L',p and correspond to the quantum numbers shown in
table[ll (The amplitude of Eq. (I2)) contains only the rel-
evant terms for the quantum numbers of the pentaquarks
and A resonances considered in the present work). In the
last line of the table the different A resonances contribut-
ing to a given partial wave are shown. (Note that in the

P%— and Pl* columns, the J'P" can also be —+ but we

do not, need it since we do not consider any A resonances
with that J'F").

The term Sl* term is given by Sl* = G - € where €

stands for the J/¢ polarization vector This operator
projects over J/i¢p and K~ s-waves @ The structures
Pl* and P%— are obtained in ref. | by imposing

orthonormahty to S 1- and are given by @
)
Py = (my | kj e + 5 eijiovkiej [ ma, ),
P%— = <mp | kjej—ieijlcrl kiEj |mAb>, (13)
where k is the K~ momentum. Note that the A(1600)
and A(1810) contribute both to P;- and P, -. Since the
2 2

first Ay J/1WA vertex is s-wave and the ApK ~ vertex is p-
wave, the actual structure for the A(1600) and A(1810)
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TABLE I: Quantum numbers of the different contributions to
the Ay — J/9 K~ p amplitude with the lowest possible value
of orbital angular momentum for a given value of J* and the

J'P" used in the present work.
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cases is (my|d - k& -
P, - reads
2

€lma,) which in terms of Py and

Lo 4 1
(mylG kG- @ma,) = 2Py- = 2Py (14)

Although not needed in the present work, the J'¥ = %
combination is given by

2 4

(my|S - kST - ema,) =
with ST the spin 1/2 to 3/2 transition operator.
On the other hand, Ds- is given by
2

1

Dy~ = (my | (kik; = <k?0i5)aic; [ ma,)  (16)

since it accounts for the K~ in d-wave and J/¢p in s-
wave. Finally, the expression for the D5+ is
2

Dys = {my (0 % ips ik — 57265) [ ma). - (17)
where p is the J/¢¥ momentum. Note that, while the
(kik; — k26;;/3) term in Bq. (D) is purely d-wave, the
(0 x €);p; term gives contribution to both %Jr and ng for
the J/ip pair. However the %Jr is also attainable with
L' = 1, which is reasonably the dominant contribution
for %Jr, while for ng L' = 2 is the lowest possible L’.
This is the reason why we consider Eq.(I7) to account
for the JP = %Jr case.

The sum over initial and final spins of the total ampli-
tude in Eq. [I2)) gives

3. . 2
> ITP = 3Jal* + |b|2§k2 + |e|?3k2 + |e|2§k4
22 7.2 S 7N2 1H2 —2
+ |l gk (p- k) +§/€p

- %/;’25- E[Re(bf*) — 2Re(cf™)],  (18)



where |k = Al/Q(Mf(,p,mZ,m%()/@MKfp) is the kaon
momentum in the K ~p rest frame and

1 o7
k= (ME/M + 2P0 — M3, — m%() (19)

where P°, kO, are the energies of the Ay, K, in the K ™p
rest frame:

PO = /MR, + 7
-y Mio, +mi—mp (20)
2Mp—p ’
with
)\1/2(M2 ,M2, ,M2 )
p= Ay K-p J /b ' (21)

oMk,

To the coefficients a, b, ¢, e and f contribute the differ-
ent mechanisms explained in formalism section according
to their respective quantum numbers:

a = (1 + GKfp(MKfp) t}(:]\?f(N(MKfp))

2
9i/vp

+5J§)%7a2 G(]/qpp

T
My p = mp,(aas0) +i—E522
I/w
F0sp 1-a3Gyryp e T
4 M p — mp,(a380) + i3
1
tas -T'Aqi800) ’ (22)
My, —maqig00) +i—5
,_ 1
- §Q5M B T A (1600)
K-p — MA(1600) T 1—5 —
n 4 1
Z g —
3 My — maqsio) + 2522
+ 03/2 1+
2
93/ p

+ 6*]57%7042 GJ/wp _ + -I'p.(4450)
J/p — NP, (4450) T 1 2

2
934 p
+0sp3-a3Gyyp T
2

T
J/pp — Mp,(4380) T
(23)
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1 1
C=— —Q5
-I'A(1600)
My, —maie00) T i—5—
1 1
— Zag

'FA 1810
M-, —mpasio) + i =52

2
9i/vp

+6J§)%—QQGJ/¢Z)

T
Myppp = mp,(a50) + =572
2
46,03 G 9/
JP 1= P Tr.
e Mjjpp = mp,(a3s0) +i—5>
(24)
1
¢ =ar T
Mg -, — mp@as0) + 1522
1
+048M -I'A(1690) (25)
K-p — MA(1690) T 1—5 —
J=Cs/2|1+
1
+ 5J§,%+a9 .I'p, (4450)
Mjypp = mp,(ass0) +1—5—
+6 !
Jp_’§+a10 T .
a /% p — M, (4380) T 1257
(26)

In the previous equations J 5 and J g stand for the
spin-parity of the P.(4380) and P.(4450) respectively.
The Kronecker deltas are introduced to account for the
different possibilities of quantum numbers of the two pen-
taquarks which, according to their J, contribute to the
corresponding partial wave amplitude. For instance, if
one wanted to consider the (J{, JE) = (1/27,5/2%) case
then the P.(4380) propagator would contribute to the a
and ¢ coefficient, while the P.(4380) propagator would
contribute only to the f coefficient.

Note the extra inclusion of contact terms (the 1 ad-
dends) in b, ¢ and f coefficients to account for possible
contact terms with those quantum numbers.

The «a; and C; coefficients are complex in general.
Therefore, taking into account that there are some un-
observable arbitrary global phases, there are 19 free pa-
rameters to be fitted in the general case.
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