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In 1964, Murray Gell-Mann [1], the Nobel Prize winner in Phy-
sics, and George Zweig [2] separately proposed the quark model.
The model revealed for the first time that a class of particles, bar-
yons including protons and neutrons, were not elementary, instead
were formed by three quarks (qqq), and another class, mesons,

were made of quark-antiquark pairs (qq). The quark model can suc-
cessfully describe all the baryons and mesons (collectively referred
to as hadrons) observed in the last century, thereby helps to
explain how the strong force binds the quarks to form a particle.
The possible existence of exotic hadrons, such as baryon with a
pair of quark-antiquark added to form a five-quark particle, called
pentaquark, was also suggested in their quark-model papers.

In the light quark sector (q =u, d, or s), unusual properties of
some baryons, such as N(1535) and A1(1405), were suggested to

be due to presence of qqqqq components. However, such pen-
taquark components could not be clearly distinguished from the
normal three-quark baryons, since the antiquark and one of the
other quarks were of the same type, i.e. have the same “flavour”,
thus canceling each other out. For that reason, early pentaquark
searches looked for particles where the antiquark flavour did not
cancel. In early 2000s, several experiments reported observations
of ®", coincided with a pentaquark state predicted with a mass

of 1.53 GeV by Diakonov et al. [3], consisting of uudds quarks.
However an order of magnitude larger data showed that the peak
was just a fluctuation. A detailed historical review can be found in
Ref. [4].

The search for pentaquark states has been performed by many
experiments in the last 50 years with an example mentioned
above. Only the LHCb experiment has given a conclusive result.
In 2015, the LHCb experiment reported an observation of J/i p res-
onant structures [5,6], consistent with pentaquark with minimal

quark content of uudcc, produced in decays of Ag — J/YpK~ (inclu-
sion of charge-conjugate processes is implied throughout). Even
though the “charm” flavour cancels in such combination, the pres-
ence of the cc inside the resonating particle is disclosed by the J/ys
(a cc state) among the decay products, as the heavy cc pair cannot
be easily created in the decay process. The data showed a promi-
nent J/\yp peak structure at about 4,450 MeV, dubbed P.(4450)",
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with the mass of 4449.8+1.7+2.5MeV, and the width of
39+5+19 MeV, measured by a full six-dimensional amplitude
analysis. Even though not apparent from the J/iyp mass spectrum,
a second broad Jiyp state P(4380)", with the mass of
4380 + 8 £ 29 MeV and the width of 205 + 18 + 86 MeV was needed
by the amplitude fit to obtain a good description of the data.
Whenever two uncertainties are quoted, the first one is statistical
and the second one is systematic.

Recently, a refined picture was presented by the LHCb collabo-

ration [7] with nine times larger A) sample than that used in the
initial pentaquark discovery. Compared to the 2015 analysis, the
new sample includes the additional data collected by LHCb during

2015-2018 time period. The selected AJ yield is 246,000. Other
than the additional collection time, and increased proton-proton
collision energy in the second LHC run, the large yield is achieved
thanks to improvements in the data selection, which returns a fac-
tor of two increase while maintaining the same background
fraction.

With such large statistics, the peak structure at about
4,450 MeV is confirmed, but revealed to be a composition of two
separate pentaquark states, P(4440)" and P/ (4457)" with nearly
identical masses. A new narrow peak P(4312)" is also uncovered
at the lower mass [7], which intensity is too small to have been
detected in the smaller data set.

The new data are analysed with a simplified approach sensitive
only to narrow J/yp structures. When applying the same six-
dimensional amplitude model to the new sample as in the 2015
publication, the broad P (4380)" state is also needed. However this
study should be regarded only as a data consistency cross-check,
since the 2015 amplitude model did not include the narrow J/yp
structures. Work on the improved six-dimensional amplitude
model is in progress.

Since the newly observed structures are all narrow, simulation
studies of pseudo-experiments prove that their masses and widths
can be robustly determined by the simplified analysis, in which
one-dimensional J/\yp mass (my,) distribution is fit with three
resonant shapes and a high-order polynomial to describe any other
contributions (the A~ — pK~ reflections, possible broad P, compo-
nents and the non-Aj backgrounds). Several myy, distributions
with different treatment of the Ag candidates are used. To suppress

the A" reflections, a novel method is used, in which the A)
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candidates are weighted according to the ratio of approximate
pentaquark selection efficiency and the expected statistical errors.
Fig. 1 shows the fit with such event weighting procedure, which
returns the best statistical sensitivity to the narrow J/i/p structures.
The fit to unweighted sample, or the A” reflections suppressed by a
simple pK~ mass cut, are included among the systematical uncer-
tainties. The resulting masses, widths and relative production rates
(R) are given in Table 1. The widths of these states are quite nar-
row, and are comparable to the experimental mass resolution.
The significance of the P(4312)" state is more than 7.3¢. The sig-
nificance of the two-peak versus one-peak hypothesis for the
4,450 MeV structure is over 5.4c0. Therefore, the P(4450)" state
should be considered obsolete and replaced by the P(4440)" and
P/4457)" states. This, and the observation of the P(4312)" state,
undermine the 2015 amplitude model, thus indirectly weaken
the evidence for the P(4380)" state, but do not contradict its exis-
tence, since the present one-dimensional analysis is not sensitive
to wide P/ states.

The observed P(4312)" state is just 5 MeV below the Zjbo mass

threshold, while the P{4457)" is just 2 MeV below the XD
threshold. This coincidence with the two related thresholds, as
well as the very narrow widths of the states favour the loosely-
bound (“molecular”) pentaquark model, in which the meson and
baryon are bounded by a residual strong force similar to the one
binding proton and neutron to form a deuteron. The third narrow

P,(4440)" peak, about 20 MeV below the Zc*b*o threshold, can also
be explained naturally by this model with a different spin of the

z:b*o combination. Several papers have predicted these states
before the initial observation of the LHCb experiment (e.g. see Refs.
[8-10]). If the model is true, four more partner states near the

D0 thresholds are also expected [11]. If the mass peak is very
close to threshold, the state might be a virtual rather than a bound
state of baryon-meson [12].

However the other explanations are not firmly ruled out. For
example, Ref. [13] interpreted these new narrow J/iyp peaks as
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Fig. 1. (Color online) Distribution of my,, for the weighted A‘; — J/ypK™ candidates
from Ref. [7] with one-dimension fit of three narrow resonances and polynomial
function superimposed. A narrow peak is observed near 4,312 MeV. The structure at
4,450 MeV is now resolved into two narrow peaks at 4,440 and 4,457 MeV. The
relevant charmed meson-baryon thresholds are indicated.

Table 1

Summary of P; properties.
State M (MeV) I (MeV) (95% CL) R (%)
P(4312)"  4311.9+0.7758 9.8 £2.7737 (<27) 0.30 £ 0.07*03¢
P(4440) 44403 £ 13757 20.6 +4.9°87, (<49) 1.11+0.3370%
P(4457)" 44573 +06'%) 6.4 +2.0'3] (<20) 0.53 £0.167313

tightly bound pentaqaurks with diquark model. This model now
faces new challenges: why these states coincide with the molecu-
lar mass thresholds and why they are so narrow. The spin-parity
measurement from the amplitude analysis will be very important
to distinguish these models, since the tightly bound model predicts
the states P(4312)", P(4440)" and P/(4457)" to be J'=3/2, 3/2*
and 5/2" respectively [13], while the molecular model predicts
themtobe 1/27,1/27 and 3/27,0r 1/27,3/2™ and 1/27, respectively
[11]. The new LHCb paper [7] also demonstrated that the triangle
diagram processes [14-16] cannot account for P.(4312)" and
P(4440)".

If the P(4312)" is a molecular state, its existence points to the
importance of vector meson (p, w) exchanges in binding the
charmed baryon and meson, since a pion cannot be exchanged in

the Zjbo system. This may also imply that DD or BB can form
bound states [17], calling for improved experimental searches.
In summary, with the nine-fold increases in the number of anal-

ysed A) — J/ypK~ decays, the LHCb experiment surprised us again.
The P(4450)" peak structure in J/\yp mass spectrum is confirmed,
but is resolved into two narrower states, P(4440)" and P(4457)".
In addition, a new narrow state P{4312)" is also observed with a
significance of 7.3¢. The experimental information shed more light
onto the nature of these observed narrow pentaquark states. The

fact that they are very close to the /D mass thresholds, sug-
gests that these thresholds play an important role in the dynamics
of these states. To further decipher their nature, the spin-parity
measurement will be essential.
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