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Experimental searches for pentaquark hadrons comprised of light flavors have a long and vivid
history. No undisputed candidates have been found in 50 years. The first wave of observations of
pentaquark candidates containing a strange antiquark occurred in the early seventies, see e.g. a
review in the 1976 edition of Particle Data Group listings for Zy(1780), Zy(1865) and Z;(1900) [1].
The last mention of these candidates can be found in the 1992 edition [2] with the perhaps prophetic
comment “the results permit no definite conclusion - the same story for 20 years. [...] The skepticism
about baryons not made of three quarks, and lack of any experimental activity in this area, make it
likely that another 20 years will pass before the issue is decided.” A decade later, a second wave of
observations occurred, possibly motivated by specific theoretical predictions for their existence [3-5].
The evidence for pentaquarks was based on observations of peaks in the invariant mass distributions
of their decay products. More data, or more sensitive experiments did not confirm these claims [6].
In the last mention of the best known candidate from that period, ©(1540)%, the 2006 Particle
Data Group listing [7] included a statement: “The conclusion that pentaquarks in general, and that
©7, in particular, do not exist, appears compelling.” which well reflected the prevailing mood in
the particle physics community until a study of A) — JppK~ (JAp — pTp~) decays by LHCD [8]
(charge conjugate modes are implied). From an analysis of 3 fb~! Run 1 data at 7 and 8 TeV at the
LHC, the LHCb collaboration reported a significant J/ip structure in AY — JppK~ decays [8].
The exotic character of this structure, with the minimal quark content of uudce, was demonstrated
in a nearly model-independent way in Ref. [9], where it was shown that the J/i)p mass (m j, p) peak
near 4450 MeV was too narrow to be accounted for by A* — pK~ reflections (A* denotes a generic
A excitation), reinforcing the results from the earlier model-dependent six-dimensional amplitude
analysis of invariant masses and decay angles describing the Ag decay in the same data [8]. Even
though not apparent from the m j;, distribution, the amplitude analysis also required a second
broad J/i p state to obtain a good description of the data, which peaked at 4380+ 8 +29 MeV with
a width of 205 £ 18 4+ 86 MeV and a fit fraction of (8.4 £0.7 £ 4.2)%.

The LHCb 6 fb~! Run 2 LHC data at 13 TeV, together with the improvements in the data
selection for both runs, resulted in a nine-fold increase in the number of reconstructed A(b) —
JppK~ decays [10]. When fit with the same six-dimensional amplitude model, the enlarged data
sample gives consistent results for the P.(4450)" and P.(4380)% parameters, corroborating the
compatibility of the data samples. However, the two-state interpretation of the data is contradicted
by the observation of new narrow J/ip structures which are too faint to have been significant in
the Run 1 data analysis. Second horizontal band is observed in the Dalitz plot (Fig. 85.1) near
4312MeV in the J/ipp mass. The 4450 MeV structure also appears to consist of two narrower
peaks at 4440 and 4457 MeV. Performing a rigorous six-dimensional amplitude analysis of these
faint J/p structures is challenging and has not been accomplished yet. Fortunately, the newly
observed peaks are so narrow that it is not necessary to construct an amplitude model to prove
that these states are not artifacts of interfering A* resonances, as was previously demonstrated in
Ref. [9]. Their masses and widths have been characterized by the LHCb (see Table 85.1) from
one-dimensional fits to J/ip mass distributions, with different levels of suppression of the A*
contributions, which peak at the lower p/K~ masses (Fig. 85.1). Such analysis is not sensitive to
any broad J/ip contributions like P.(4380)%. The histograms analyzed by the LHCb are available
in tabular form at https://www.hepdata.net/record/89271.

The fit chosen by the LHCb for the central mass and width values is displayed in Fig. 85.2.
The P.(4312)" state peaks right below the X+ D° threshold and has statistical significance over
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Figure 85.1: Dalitz plot distributions for /12 — J/ppK~ decays as observed by LHCb.

Table 85.1: Summary of the narrow P properties, interpreted as Breit-
Wigner resonances. The central values are based on the fit displayed in
Fig. 85.2.

State M [MeV | I' [MeV | (95% CL) R [%]
P.(4312)T [ 4311.9£0.7708 | 9.8+£2.7F 37 (< 27) | 0.30 £ 0.070 59
P.(4440)* | 4440.3 +1.3%57 | 20.6 £ 4.9 57 (< 49) | 1.11 +0.3375732
P.(4457)% | 44573 £0.6171 | 6.4 +2.0F I (< 20) | 0.53 +£0.167073

7.60. The P.(4457)" state peaks right below the X+ D*Y threshold, while the P.(4440)" state
peaks about 20 MeV below it. The significance of the two-peak versus one-peak hypothesis for
the 4450 MeV structure is over 5.40, rendering the single peak interpretation of this region obso-
lete. The six-dimensional amplitude analysis reported in Ref. [8], which provided evidence for the
P.(4380)" state, is obsolete since it used the single P.(4450)" state and it lacked the P.(4312)"
state. Therefore, the previously reported evidence for the P.(4380)" state is weakened, but not
contradicted, since the new one-dimensional analysis by LHCb is not sensitive to wide P, states.
Even if this state exists, any preferences for its quantum numbers [8], which were reported without
statistical or systematic significances, are even more uncertain now. An in-depth discussion of
the relevant issues is provided in Supplemental Material of Ref. [10]. The LHCb results from the
six-dimensional amplitude analysis of the Cabibbo suppressed channel /12 — Jppr— [11], which
contain a statistically marginal evidence for the sum of the P} and the Z.(4200)~ contributions,

c
took extensive input from Ref. [8], and should be treated with caution until the both amplitude
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analyses are completed on the enlarged data sets.
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Figure 85.2: Fit to the J/i)p mass distribution, in which events were weighted to suppress A* — pK~
backgrounds, of three Breit-Wigner functions and a sixth-order polynomial background. This fit
was used to determine the central values of the masses and widths of the P states reported by

LHCb. The mass thresholds for the X D% and X7 D*V final states are superimposed.

While X.D®) states had been predicted [12-15] before the first LHCb results [8], after these
results became known, many theoretical groups interpreted the P.(4450)" and P.(4380)" states
in terms of diquarks and triquarks as building blocks of a compact pentaquark [16-22], or even of
states below the lowest threshold for spontaneous dissociation [23]. In the first implementation of
this approach [16], the pentaquark mass splitting was generated mostly by the change of angular
momentum between the sub-components (L) from zero to one, which would also make the heavier
state narrower and of opposite parity. Explicit modeling of multiquark systems [24] questions
if centrifugal barrier factor provides enough width suppression via spatial separation of ¢ and ¢
quarks at these masses, as the phase space for J/¢¥p decay is very large (more than 400 MeV).
Also, the observed mass splitting was too small to be only due to the mechanism proposed in
Ref. [16] and required fine-tuning of such models. A variation of this model, in which the heavy
(cu) diquark couples with heavy ¢ to form colored triquark attracting the light diquark (ud), has
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been re-implemented for the narrow P states [25]. In this model, the P.(4440)" and P.(4457)%"
states are accommodated via spin-orbit interactions for the L = 1 states, while the P.(4312)" is
one of the L = 0 states. However, the mass prediction for the latter is off by (—72 4+ 29) MeV [25].
This work has recently been extended to SU(3)r [26]. The width dilemma becomes more severe
in view of the narrow widths of the newly observed states (Table 85.1), especially for the L = 0
P.(4312)* state, and requires a different origin of potential barrier between ¢ and ¢ than angular

momentum [25,27], which remains a subject of theoretical controversy.

More effective width suppression mechanism is offered by a loosely bound charmed baryon-
anticharmed meson molecular model, in which ¢ and ¢ can be separated by much larger distances,
resulting in a smaller probability of them getting close enough to each other in order to make
a J/1. Since molecular binding energy cannot be large, such molecules are in S-wave and their
masses must be near the sum of the baryon and meson masses [15]. The mass coincidence of the
P.(4312)* and of P.(4457)" states, with the two related thresholds, XF DY and X} D*0 provides
very strong experimental evidence in favor of this interpretation. Given how close P.(4312)% is to
the X7 DY threshold, it might be a virtual rather than a bound state [28]. It is worth stressing that

other baryon-meson combinations, Aﬁ*HD(*)O and x.,p are not expected to bind [12,29]. Since the
spins of ¥ and of D*” can be combined in two different ways, the third narrow P.(4440)" peak
also finds natural explanation in this model, and cannot be a virtual state since it is sufficiently
below the X7 D*¥ threshold. Additional states at, or below, the X** D and X** D* thresholds, are
expected [30-32]. Since X*T width is likely around 15MeV [33], more than the width of either
P.(4312)" or P.(4457)™", it is important to keep in mind that a molecule’s width cannot be smaller
than the sum of its constituents’ widths [34-36]. For a recent review on hadronic molecules, see [37].

It is useful to consider the P.(4312)", P.(4440)" and P.(4457)" narrow pentaquarks together
with several analogous exotic states with hidden charm and bottom in the meson sector. This
provides additional significant motivation for the molecular model. At least five exotic mesons are
close to thresholds of two heavy-light mesons: X (3872) [38-41], Z,(10610) and Z,(10650) in the
bottomonium sector [42-46] and Z.(3900) [47-51] and Z.(4020/4025) [52-54] in the charmonium
sector (see Table IT in Ref. [55]; for reviews of experimental information see Ref. [56,57], as well
as Spectroscopy of Mesons Containing Two Heavy Quarks and Non-qq Mesons in Ref. [33]). These
states share several important features: a) their masses are near thresholds and their spin and
parity correspond to S-wave combination of the two mesons; b) they are very narrow, despite very
large phase space for decay into quarkonium + pion(s); c¢) the branching fractions for “fall apart"
mode into two mesons are much larger than branching fractions for decay into quarkonium and
pion(s). So far, there is no experimental evidence for states at two pseudoscalar thresholds (DD
and BB), implying that pseudoscalar exchange is essential for binding in meson-meson systems.

The above provide a strong hint that these states are deuteron-like loosely bound states of two
heavy mesons [58—66]. It is then natural to conjecture that similar bound states might exist of
two heavy baryons [67,68], or a meson and a baryon or a baryon and an antibaryon, leading to
a rather accurate prediction of the P.(4457)% mass as 3/2~ ¥.D* molecule (the mass threshold
is 4462.4 MeV) [15, 55], following similar predictions obtained in a wider framework of doubly
heavy baryon-meson hadronic molecules, which might include mixtures of various two-hadron states
[12-14,29]. However, single pion exchange is not possible in X} D? system, thus the existence of
P.(4312)™ points to importance of vector or two-pion exchanges in baryon-meson molecules. Two-
pion exchange in DD system is highly suppressed, because the intermediate state is D*D*, which
is 282 MeV heavier than DD. On the other hand, there is little suppression in the X.D system,
because the dominant intermediate state is A.D* which is just 25 MeV lighter than X.D [69]. In a
generic hadronic molecule it is essential that the two hadrons are heavy, in order to minimize the
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repulsive kinetic energy [67,68,70].

Following the initial LHCb discovery [8], several groups carried out a detailed analysis of the
Pt states as hadronic molecules [71-80] followed by further analysis [32,81-105] after the updated
LHCb results [10]. Very recently partial widths of all the allowed decay channels for the P. states
have been estimated within the molecular picture [106]. The most striking result is that P.(4312)
decays are totally dominated by the D*A, channel. This channel is also expected to be very
prominent in decays of P.(4440) and P.(4457).

The P, states have also been-interpreted as so called hadro-charmonium [107], a bound state of
relatively compact charmonium states with light hadronic matter. It was proposed that P.(4440)"
and P,(4457)" are spin-split ¢(25)p bound states with J¥ = 3~ and 3~ while P,(4312)" is a xcop
bound state with JZ = %+ [108]. While very interesting from theoretical point of view, it is not at
all clear why the binding energies between charmonia and the nucleon should conspire to produce
states so close to the X¥.D and X.D* thresholds. Moreover, the predicted widths of P.(4440)% and
P.(4457)" are too big by a factor ~ 2-3. One should also keep in mind that the molecular and
hadro-charmonium pictures provide opposite predictions for the parity of P.(4312)". In principle
LHCDb can check the spin and parity through partial wave analysis, but at present it is not known
if systematic uncertainties can be sufficiently reduced to make such an analysis conclusive.

Shortly after the initial experimental discovery it was conjectured that the P.(4450)" could be
due to coincidence with the y.1p threshold, at which peaking can be induced via so called triangle
singularity [109-112]. These explanations are no longer popular, since the P.(4440)" mass is not
at any threshold and the P.(4312)" and P.(4457)% peak slightly below the XF D° and X D*0
thresholds. The P.(4457)T mass is exactly at AXT D thresholds, but the LHCb has demonstrated
that the observed peaking is narrower in the data than expected from the triangle-diagram when
a realistic width of the excited D state exchanged in the triangle is used (Supplemental Material
in Ref. [10]).

More extensive pre-2019 reviews of some of the theoretical issues can be found in Refs. [113,114].
Two recent relevant reviews are Refs. [115,116].

So far the P states have been observed by only one experiment in only one channel. Tt
is essential to explore other possible experimental channels, such as P, — A.D®), nep- These
channels are however much more experimentally challenging than P, — J/¢p. Proposals have also
been made to search for heavy pentaquarks in photo-production [117-124]. Ref. [125] discusses
photoproduction within the string-junction physical picture of the pentaquarks. Photoproduction
is also related to recent work on J/1(n.)N scattering on the lattice [126] and on computation of
J/Y(ne)N and Y'(np) N cross sections [127]). In addition, pentaquark production has been discussed
in the context of antiproton-deuterium collisions [128], of heavy ion collisions at LHC [129], in
pA collisions [130] and in pion-induced processes [131-133]. Recently, the GlueX Collaboration
reported negative search results for the Pl states in photo-production at JLAB [134]. Within
the large experimental errors and considerable theoretical model dependence these results do not
contradict the molecular interpretations of the narrow P states. It was recently suggested to
determine the pentaquark photo-couplings and branching ratios by measuring the polarization
transfer between the incident photon and the outgoing proton in the exclusive photo-production of
J /v near threshold [135].

References
[1] T. G. Trippe et al. (Particle Data Group), Rev. Mod. Phys. 48, S1 (1976), [Erratum: Rev.
Mod. Phys.48,497(1976)].

[2] K. Hikasa et al. (Particle Data Group), Phys. Rev. D45, S1 (1992), [Erratum: Phys.
Rev.D46,5210(1992)).

1st June, 2020 8:3lam



85. Pentaquarks

[3] M. Praszalowicz, Skyrmions and Anomalies, p.112, M. Jezabek Ed., World Scientific Publish-
ing (1987), ISBN 9971503506.

| D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A359, 305 (1997), [hep-ph/9703373].
| H. Weigel, Eur. Phys. J. A2, 391 (1998), [hep-ph/9804260].

| K. H. Hicks, Eur.Phys.J. H37, 1 (2012).

] W. M. Yao et al. (Particle Data Group), J. Phys. G33, 1 (2006).

| R. Aaij et al. (LHCD), Phys. Rev. Lett. 115, 072001 (2015), [arXiv:1507.03414).

| R. Aaij et al. (LHCb), Phys. Rev. Lett. 117, 8, 082002 (2016), [arXiv:1604.05708].

| R. Aaij et al. (LHCD), Phys. Rev. Lett. 122, 22, 222001 (2019), [arXiv:1904.03947].

]

R. Aaij et al. (LHCD), Phys. Rev. Lett. 117, 8, 082003 (2016), [Addendum: Phys. Rev.
Lett.118,119901(2017)], [arXiv:1606.06999].

| Z.-C. Yang et al., Chin. Phys. C36, 6 (2012), [arXiv:1105.2901].
] J-J. Wu et al., Phys. Rev. Lett. 105, 232001 (2010), [arXiv:1007.0573].
| J-J. Wu, T. S. H. Lee and B. S. Zou, Phys. Rev. C85, 044002 (2012), [arXiv:1202.1036].
] M. Karliner and J. L. Rosner, Phys. Rev. Lett. 115, 12, 122001 (2015), [arXiv:1506.06386].
| L. Maiani, A. D. Polosa and V. Riquer, Phys. Lett. B749, 289 (2015), [arXiv:1507.04980)].
] R. F. Lebed, Phys. Lett. B749, 454 (2015), [arXiv:1507.05867].
| V. V. Anisovich et al. (2015), [arXiv:1507.07652].
] G.-N. Li, X.-G. He and M. He, JHEP 12, 128 (2015), [arXiv:1507.08252].
0] R. Ghosh, A. Bhattacharya and B. Chakrabarti (2015), [arXiv:1508.00356].
| Z.-G. Wang, Eur. Phys. J. C76, 2, 70 (2016), [arXiv:1508.01468|.
| R. Zhu and C.-F. Qiao, Phys. Lett. B756, 259 (2016), [arXiv:1510.08693].
] J. M. Richard, A. Valcarce and J. Vijande, Phys. Lett. B774, 710 (2017), [arXiv:1710.08239].
| E. Hiyama et al., Phys. Rev. C98, 4, 045208 (2018), [arXiv:1803.11369].
] A. Ali and A. Y. Parkhomenko, Phys. Lett. B793, 365 (2019), [arXiv:1904.00446].
| A. Ali et al. (2019), [arXiv:1907.06507].
| L. Maiani, A. D. Polosa and V. Riquer, Phys. Lett. B778, 247 (2018), [arXiv:1712.05296].
]

C. Fernandez-Ramirez et al. (JPAC), Phys. Rev. Lett. 123, 9, 092001 (2019),
[arXiv:1904.10021].

29] W. L. Wang et al., Phys. Rev. C84, 015203 (2011), [arXiv:1101.0453].
30] C. W. Xiao, J. Nieves and E. Oset, Phys. Rev. D88, 056012 (2013), [arXiv:1304.5368|.
] C. W. Xiao, J. Nieves and E. Oset, Phys. Rev. D100, 1, 014021 (2019), [arXiv:1904.01296].
| M.-Z. Liu et al., Phys. Rev. Lett. 122, 24, 242001 (2019), [arXiv:1903.11560].
33] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D98, 3, 030001 (2018).
]

34] C. Hanhart, Yu. S. Kalashnikova and A. V. Nefediev, Phys. Rev. D81, 094028 (2010),
[arXiv:1002.4097].

[35] A. A. Filin et al., Phys. Rev. Lett. 105, 019101 (2010), [arXiv:1004.4789].

[36] F.-K. Guo and U.-G. Meissner, Phys. Rev. D84, 014013 (2011), [arXiv:1102.3536].
[37] F.-K. Guo et al., Rev. Mod. Phys. 90, 1, 015004 (2018), [arXiv:1705.00141].

[38] S. K. Choi et al. (Belle), Phys. Rev. Lett. 91, 262001 (2003), [hep-ex/0309032].

1st June, 2020 8:3lam


http://arxiv.org/abs/hep-ph/9703373
http://arxiv.org/abs/hep-ph/9804260
http://arxiv.org/abs/1507.03414
http://arxiv.org/abs/1604.05708
http://arxiv.org/abs/1904.03947
http://arxiv.org/abs/1606.06999
http://arxiv.org/abs/1105.2901
http://arxiv.org/abs/1007.0573
http://arxiv.org/abs/1202.1036
http://arxiv.org/abs/1506.06386
http://arxiv.org/abs/1507.04980
http://arxiv.org/abs/1507.05867
http://arxiv.org/abs/1507.07652
http://arxiv.org/abs/1507.08252
http://arxiv.org/abs/1508.00356
http://arxiv.org/abs/1508.01468
http://arxiv.org/abs/1510.08693
http://arxiv.org/abs/1710.08239
http://arxiv.org/abs/1803.11369
http://arxiv.org/abs/1904.00446
http://arxiv.org/abs/1907.06507
http://arxiv.org/abs/1712.05296
http://arxiv.org/abs/1904.10021
http://arxiv.org/abs/1101.0453
http://arxiv.org/abs/1304.5368
http://arxiv.org/abs/1904.01296
http://arxiv.org/abs/1903.11560
http://arxiv.org/abs/1002.4097
http://arxiv.org/abs/1004.4789
http://arxiv.org/abs/1102.3536
http://arxiv.org/abs/1705.00141
http://arxiv.org/abs/hep-ex/0309032

w

=
(@)

N
—_

=
[N}

.
w

I
W~

=
(@)

=
()

=
\]

.
Ne)

(SN
=]

()
—_

(@)
N

ot
w

ot ot
L e = e =2 A . B A A e R =)

Ao A T A o o R Em e e W
Ot

(@)

(@)
=)

D
—_

[=2)
N

o =)
B S L L =)

(=)

e =N =N =N T
=)

[70]
[71]

85. Pentaquarks

D. Acosta et al. (CDF), Phys. Rev. Lett. 93, 072001 (2004), [hep-ex/0312021].

B. Aubert et al. (BaBar), Phys. Rev. D71, 071103 (2005), [hep-ex,/0406022].

V. M. Abazov et al. (DO), Phys. Rev. Lett. 93, 162002 (2004), [hep-ex/0405004].

M. Karliner and H. J. Lipkin (2008), [arXiv:0802.0649].

K. F. Chen et al. (Belle), Phys. Rev. Lett. 100, 112001 (2008), [arXiv:0710.2577].

A. Bondar et al. (Belle), Phys. Rev. Lett. 108, 122001 (2012), [arXiv:1110.2251].

P. Krokovny et al. (Belle), Phys. Rev. D88, 5, 052016 (2013), [arXiv:1308.2646].

A. Garmash et al. (Belle), Phys. Rev. D91, 7, 072003 (2015), [arXiv:1403.0992].

M. Ablikim et al. (BESIII), Phys. Rev. Lett. 110, 252001 (2013), [arXiv:1303.5949].

Z. Q. Liu et al. (Belle), Phys. Rev. Lett. 110, 252002 (2013), [arXiv:1304.0121].

Xiao et al., Phys. Lett. B727, 366 (2013), [arXiv:1304.3036].

Ablikim et al. (BESIII), Phys. Rev. Lett. 112, 2, 022001 (2014), [arXiv:1310.1163].
Ablikim et al. (BESIII), Phys. Rev. Lett. 115, 11, 112003 (2015), [arXiv:1506.06018].
Ablikim et al. (BESIII), Phys. Rev. Lett. 111, 24, 242001 (2013), [arXiv:1309.1896].
Ablikim et al. (BESIII), Phys. Rev. Lett. 113, 21, 212002 (2014), [arXiv:1409.6577].
Ablikim et al. (BESIII), Phys. Rev. Lett. 112, 13, 132001 (2014), [arXiv:1308.2760].
. Karliner, Acta Phys. Polon. B47, 117 (2016).

. Karliner, J. L. Rosner and T. Skwarnicki, Ann. Rev. Nucl. Part. Sci. 68, 17 (2018),
[arXiv:1711.10626].

S. L. Olsen, T. Skwarnicki and D. Zieminska, Rev. Mod. Phys. 90, 1, 015003 (2018),
[arXiv:1708.04012].

M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976), [Pisma Zh. Eksp. Teor.
Fiz.23,369(1976)].

A. De Rujula, H. Georgi and S. Glashow, Phys. Rev. Lett. 38, 317 (1977).

N. A. Tornqvist, Phys. Rev. Lett. 67, 556 (1991).

N. A. Torngvist, Z. Phys. C61, 525 (1994), [hep-ph/9310247].

N. A. Tornqvist, Phys. Lett. B590, 209 (2004), [hep-ph/0402237].

C. E. Thomas and F. E. Close, Phys. Rev. D78, 034007 (2008), [arXiv:0805.3653].
M. Suzuki, Phys. Rev. D72, 114013 (2005), [hep-ph/0508258].

S. Fleming et al., Phys. Rev. D76, 034006 (2007), [hep-ph/0703168].

T. E. O. Ericson and G. Karl, Phys. Lett. B309, 426 (1993).

M. Karliner, H. J. Lipkin and N. A. Tornqvist, in “Proceedings, 14th International Con-
ference on Hadron spectroscopy (Hadron 2011),” (2011), [arXiv:1109.3472], URL http:
//inspirehep.net/record/927616/files/arXiv:1109.3472.pdf.

M. Karliner, H. J. Lipkin and N. A. Tornqvist, Nucl. Phys. Proc. Suppl. 225-227, 102 (2012).

M. Karliner, “Open Questions in Heavy Exotics,”invited talk at Bled 2019 Mini-Workshop,
Bled, Slovenia, July 15-19, 2019,
http://www-f1.ijs.si/Bled2019/Karliner_Bled2019.pdf ;

M. Karliner and J. L. Rosner, in preparation.

X.-Q. Li and X. Liu, Eur. Phys. J. C74, 12, 3198 (2014), [arXiv:1409.3332].

R. Chen et al., Phys. Rev. Lett. 115, 13, 132002 (2015), [arXiv:1507.03704].

1st June, 2020 8:31lam


http://arxiv.org/abs/hep-ex/0312021
http://arxiv.org/abs/hep-ex/0406022
http://arxiv.org/abs/hep-ex/0405004
http://arxiv.org/abs/0802.0649
http://arxiv.org/abs/0710.2577
http://arxiv.org/abs/1110.2251
http://arxiv.org/abs/1308.2646
http://arxiv.org/abs/1403.0992
http://arxiv.org/abs/1303.5949
http://arxiv.org/abs/1304.0121
http://arxiv.org/abs/1304.3036
http://arxiv.org/abs/1310.1163
http://arxiv.org/abs/1506.06018
http://arxiv.org/abs/1309.1896
http://arxiv.org/abs/1409.6577
http://arxiv.org/abs/1308.2760
http://arxiv.org/abs/1711.10626
http://arxiv.org/abs/1708.04012
http://arxiv.org/abs/hep-ph/9310247
http://arxiv.org/abs/hep-ph/0402237
http://arxiv.org/abs/0805.3653
http://arxiv.org/abs/hep-ph/0508258
http://arxiv.org/abs/hep-ph/0703168
http://arxiv.org/abs/1109.3472
http://inspirehep.net/record/927616/files/arXiv:1109.3472.pdf
http://inspirehep.net/record/927616/files/arXiv:1109.3472.pdf
http://arxiv.org/abs/1409.3332
http://arxiv.org/abs/1507.03704

8 85. Pentaquarks

[72] H.-X. Chen et al., Phys. Rev. Lett. 115, 17, 172001 (2015), [arXiv:1507.03717].

[73] L. Roca, J. Nieves and E. Oset, Phys. Rev. D92, 9, 094003 (2015), [arXiv:1507.04249].
[74] J. He, Phys. Lett. B753, 547 (2016), [arXiv:1507.05200].

[75] H. Huang et al., Eur. Phys. J. C76, 11, 624 (2016), [arXiv:1510.04648|.

[76] L. Roca and E. Oset, Eur. Phys. J. C76, 11, 591 (2016), [arXiv:1602.06791].

[77] Q.-F. Lii and Y.-B. Dong, Phys. Rev. D93, 7, 074020 (2016), [arXiv:1603.00559].

[78]

78] Y. Shimizu, D. Suenaga and M. Harada, Phys. Rev. D93, 11, 114003 (2016),
[arXiv:1603.02376].

[79] C.-W. Shen et al., Nucl. Phys. A954, 393 (2016), [arXiv:1603.04672].

[80] Y. Yamaguchi et al., Phys. Rev. D96, 11, 114031 (2017), [arXiv:1709.00819].

[81] J. F. Giron, R. F. Lebed and C. T. Peterson, JHEP 05, 061 (2019), [arXiv:1903.04551].
[82] R. Chen et al., Phys. Rev. D100, 1, 011502 (2019), [arXiv:1903.11013].

[83] F-K. Guo et al., Phys. Rev. D99, 9, 091501 (2019), [arXiv:1903.11503].

[84] J. He, Eur. Phys. J. C79, 5, 393 (2019), [arXiv:1903.11872].

[85] H. Huang, J. He and J. Ping (2019), [arXiv:1904.00221].

[86] Y. Shimizu, Y. Yamaguchi and M. Harada (2019), [arXiv:1904.00587].

[87] Z.-H. Guo and J. A. Oller, Phys. Lett. B793, 144 (2019), [arXiv:1904.00851].
[88] C.-J. Xiao et al., Phys. Rev. D100, 1, 014022 (2019), [arXiv:1904.00872].

[89] Z.-G. Wang (2019), [arXiv:1905.02892].

[90] L. Meng et al., Phys. Rev. D100, 1, 014031 (2019), [arXiv:1905.04113].

[91] F. Giannuzzi, Phys. Rev. D99, 9, 094006 (2019), [arXiv:1903.04430].

92] Q. Wu and D.-Y. Chen (2019), [arXiv:1906.02480].

(93] C.-W. Shen, J.-J. Wu and B.-S. Zou, Phys. Rev. D100, 5, 056006 (2019), [arXiv:1906.03896].
[94] F. Stancu (2019), [arXiv:1902.07101].

[95] C. W. Xiao, J. Nieves and E. Oset (2019), [arXiv:1906.09010].

[96] M. B. Voloshin, Phys. Rev. D100, 3, 034020 (2019), [arXiv:1907.01476].

[97] S. Sakai, H.-J. Jing and F.-K. Guo (2019), [arXiv:1907.03414].

[98] Z.-G. Wang and X. Wang (2019), [arXiv:1907.04582].

[99] Y. Yamaguchi et al. (2019), [arXiv:1907.04684].

100] Y.-J. Xu et al. (2019), [arXiv:1907.05097].

101] M. Pavon Valderrama (2019), [arXiv:1907.05294].

102] F.-Z. Peng et al. (2019), [arXiv:1907.05322].

103] M.-Z. Liu et al. (2019), [arXiv:1907.06093].

104] Y.-W. Pan et al. (2019), [arXiv:1907.11220).

105] T. J. Burns and E. S. Swanson (2019), [arXiv:1908.03528].

106] Y.-H. Lin and B.-S. Zou, Phys. Rev. D100, 5, 056005 (2019), [arXiv:1908.05309].
107] S. Dubynskiy and M. B. Voloshin, Phys. Lett. B666, 344 (2008), [arXiv:0803.2224].
108] M. I. Eides, V. Y. Petrov and M. V. Polyakov (2019), [arXiv:1904.11616].

109] F.-K. Guo et al., Phys. Rev. D92, 7, 071502 (2015), [arXiv:1507.04950].

1st June, 2020 8:3lam


http://arxiv.org/abs/1507.03717
http://arxiv.org/abs/1507.04249
http://arxiv.org/abs/1507.05200
http://arxiv.org/abs/1510.04648
http://arxiv.org/abs/1602.06791
http://arxiv.org/abs/1603.00559
http://arxiv.org/abs/1603.02376
http://arxiv.org/abs/1603.04672
http://arxiv.org/abs/1709.00819
http://arxiv.org/abs/1903.04551
http://arxiv.org/abs/1903.11013
http://arxiv.org/abs/1903.11503
http://arxiv.org/abs/1903.11872
http://arxiv.org/abs/1904.00221
http://arxiv.org/abs/1904.00587
http://arxiv.org/abs/1904.00851
http://arxiv.org/abs/1904.00872
http://arxiv.org/abs/1905.02892
http://arxiv.org/abs/1905.04113
http://arxiv.org/abs/1903.04430
http://arxiv.org/abs/1906.02480
http://arxiv.org/abs/1906.03896
http://arxiv.org/abs/1902.07101
http://arxiv.org/abs/1906.09010
http://arxiv.org/abs/1907.01476
http://arxiv.org/abs/1907.03414
http://arxiv.org/abs/1907.04582
http://arxiv.org/abs/1907.04684
http://arxiv.org/abs/1907.05097
http://arxiv.org/abs/1907.05294
http://arxiv.org/abs/1907.05322
http://arxiv.org/abs/1907.06093
http://arxiv.org/abs/1907.11220
http://arxiv.org/abs/1908.03528
http://arxiv.org/abs/1908.05309
http://arxiv.org/abs/0803.2224
http://arxiv.org/abs/1904.11616
http://arxiv.org/abs/1507.04950

9 85. Pentaquarks

[110] U.-G. Meissner and J. A. Oller, Phys. Lett. B751, 59 (2015), [arXiv:1507.07478].
[111] X.-H. Liu, Q. Wang and Q. Zhao, Phys. Lett. B757, 231 (2016), [arXiv:1507.05359].
[112] M. Mikhasenko (2015), [arXiv:1507.06552].

[113] T. J. Burns, Eur. Phys. J. A51, 11, 152 (2015), [arXiv:1509.02460].

[114] H.-X. Chen et al., Phys. Rept. 639, 1 (2016), [arXiv:1601.02092].

[115] Y.-R. Liu et al., Prog. Part. Nucl. Phys. 107, 237 (2019), [arXiv:1903.11976].
[116] N. Brambilla et al. (2019), [arXiv:1907.07583].

[117] Y. Huang et al., J. Phys. G41, 11, 115004 (2014), [arXiv:1305.4434].

[118] Q. Wang, X.-H. Liu and Q. Zhao, Phys. Rev. D92, 034022 (2015), [arXiv:1508.00339].

[119] V. Kubarovsky and M. B. Voloshin, Phys. Rev. D92, 3, 031502 (2015), [arXiv:1508.00888].
[120] M. Karliner and J. L. Rosner, Phys. Lett. B752, 329 (2016), [arXiv:1508.01496].

[121] A. N. Hiller Blin et al., Phys. Rev. D94, 3, 034002 (2016), [arXiv:1606.08912).

[122] X. Cao and J.-p. Dai, Phys. Rev. D100, 5, 054033 (2019), [arXiv:1904.06015].

[123] X.-Y. Wang, X.-R. Chen and J. He, Phys. Rev. D99, 11, 114007 (2019), [arXiv:1904.11706].
[124] J.-J. Wu, T. S. H. Lee and B.-S. Zou, Phys. Rev. C100, 3, 035206 (2019), [arXiv:1906.05375].
[125] G. C. Rossi and G. Veneziano (2019), [arXiv:1909.01753].

[126] U. Skerbis and S. Prelovsek, Phys. Rev. D99, 9, 094505 (2019), [arXiv:1811.02285].

[127] C. W. Xiao and U. G. Meissner, Phys. Rev. D92, 11, 114002 (2015), [arXiv:1508.00924].
[128] M. B. Voloshin, Phys. Rev. D99, 9, 093003 (2019), [arXiv:1903.04422].

[129] R.-Q. Wang et al., Phys. Rev. C94, 4, 044913 (2016), [arXiv:1601.02835].

[130] I. Schmidt and M. Siddikov, Phys. Rev. D93, 9, 094005 (2016), [arXiv:1601.05621].

[131] Q.-F. Li et al., Phys. Rev. D93, 3, 034009 (2016), [arXiv:1510.06271].

[132] X.-H. Liu and M. Oka, Nucl. Phys. A954, 352 (2016), [arXiv:1602.07069].

[133] X.-Y. Wang et al., Phys. Lett. B797, 134862 (2019), [arXiv:1906.04044].

[134] A. Ali et al. (GlueX), Phys. Rev. Lett. 123, 7, 072001 (2019), [arXiv:1905.10811].

[135] D. Winney et al. (JPAC), Phys. Rev. D100, 3, 034019 (2019), [arXiv:1907.09393].

1st June, 2020 8:3lam


http://arxiv.org/abs/1507.07478
http://arxiv.org/abs/1507.05359
http://arxiv.org/abs/1507.06552
http://arxiv.org/abs/1509.02460
http://arxiv.org/abs/1601.02092
http://arxiv.org/abs/1903.11976
http://arxiv.org/abs/1907.07583
http://arxiv.org/abs/1305.4434
http://arxiv.org/abs/1508.00339
http://arxiv.org/abs/1508.00888
http://arxiv.org/abs/1508.01496
http://arxiv.org/abs/1606.08912
http://arxiv.org/abs/1904.06015
http://arxiv.org/abs/1904.11706
http://arxiv.org/abs/1906.05375
http://arxiv.org/abs/1909.01753
http://arxiv.org/abs/1811.02285
http://arxiv.org/abs/1508.00924
http://arxiv.org/abs/1903.04422
http://arxiv.org/abs/1601.02835
http://arxiv.org/abs/1601.05621
http://arxiv.org/abs/1510.06271
http://arxiv.org/abs/1602.07069
http://arxiv.org/abs/1906.04044
http://arxiv.org/abs/1905.10811
http://arxiv.org/abs/1907.09393

	Pentaquarks

