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In 2015 LHCb discovered two states in the decays of A,— J/W,p,K: @. C

P.,; M =4380 MeV, [ =205MeV;, J=3/2,

P, M=4450 MeV, [ = 39 MeV, J=5/2; .
Opposite parity P. quark content

Statistical significance is 90 and 120 respectively for lower and higher mass states.
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Decay kinematics

N* decay chain P. decay chain

A, rest frame
J/y rest frame

Ay (Bo) rest frame

A*(K*) rest frame

()
P. decay kinematics is totally different
from that of known A* decays;

Events/(15 MeV)

P. contributes to higher masses of
proton-kaon system;
Plot shows signal in different M(p,K)
regions:

a) Mpy < 1.55GeV

b) 1.70 GeV < M, < 1.55 GeV

c) 2.00 GeV < M, < 1.70 GeV

d) M, > 2.00 GeV

Events/(15 MeV)
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Full amplitude analysis has been performed to describe A,— J/p,p,K in P, and N* decay
chains. Argand diagram for P/(4450) is well consistent with it's resonant nature.
Amplitude behavior of P(4380) is less clear...
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Pentaquark states in suppressed channel A, =J/y,p,

Pentaquark states has also been studied in the Cabibbo-
suppressed channel A, =J/y,p,m.
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Statistics of these decays doesn’t allow amplitude analysis. Moreover, tetraquark state
Z(4200) seems to contribute significantly to the process.
Still, pentaquark model is in favor with at least 3.10.
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Structure of pentaquark states

Differences in mass, width and amplitude behavior imply different structures for P.(4380)
and P.(4450) states;

Some of the proposed pentaquark structure and producton mechainsm hypotheses have
been already excluded...
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Pentaquark signal from rescattering effects

P.(4450) is located exactly at the threshold of x.;+p production:

Rescattering mechanism can explain narrow peak of P.(4450) and
can produce ‘resonant-like’ Argand plot:

It was shown that triangular
diagram produces further
enhancement of the signal being
mediated by A*(1890) state.
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Signals produced by loop (a) and triangle (b) diagrams.
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Observation of A, —x_;pK decays at LHCb

Decays A,—xpK are seen by LHCb in LHC Run I data.

Branching fractions are measured (~25% of A,—J/WpK);
Signal yield is 453 + 25 candidate events;

Search for P, in these decays and its amplitude analysis can be performed with LHC

Run II data;

If P. signal is seen in this
mode, it means  that
rescattering  hypothesis s
false...

Still,  P.(4380) cannot be
explained via rescattering
mechanism...
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Pentaquarks as D2, ‘'molecular’ bound states

Mass (MeV)

Many exotic states are close to the thresholds of 2 heavy
hadrons;

P.(4380) and P(4450) are close to the thresholds of the
DX*(2520) and D*X (2455) combinations respectively.
P(4450) was predicted within such model before it's actual
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discovery. Model also suggests ground state P_ near 4320MeV.
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The common ‘molecular’ model involves
light meson exchange potential plus heavy
quark-antiquark binding...

In ‘molecular’ model the multiquark state
Is below (or very close above) molecular
threshold, so it cannot decay quickly into
two heavy hadrons;

On the other hand, the ‘molecular’
structure is sparse enough, so that decays
into quarkonia + light state are also
supressed;

That's how the model explains narrow
enough multiquark states...
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Pentaquarks as D2, ‘'molecular’ bound states

« Simple S-wave meson-baryon interaction gives negative @.

parity of the pentaquark state... while experimental data are C
strongly in favor of opposite parity for the two P, states; . T D

* In more sophisticated models, higher-wave interactions can
be included,;

* P4450) in the model is a 5/2*
state from P-wave D*X (2455)
Interaction;

Imi z) (MeV)

N (P and F waves) -
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states from

DX*(2520) and D*X (2455)
interactions; and, thus, it has
more complicated structure;
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Pentaquarks as D2, ‘'molecular’ bound states

Predictions from the simple S-wave potential model:

Channel Mmimum Minimal quark Threshold S-wave Example of

1SOSpIn content®” (MeV)© JP decay mode o
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Hidden charm, open strangeness pentaquarks?

Existence of P/(4380) and P.(4450) firmly suggests also the existence of charmonium

open strangeness pentaquarks...

One of the perspective channels to look for it is =, baryon decays, W|th strange P,

decaying into J/WA%with roughly same decay rate as P,
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=, baryon production is ~200 times suppressed
compared to A, baryon.

LHCb has reconstructed 99112 + 209117 =,
candidates in J/WA%K* channel with Run I data;

Amplitude analysis of these decays is possible with
LHC Run I statistics and (depending on the existence
of P_.) can definitely shed more light on P_ structure;
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Phys. Lett. B 772, 265 (2017)
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Pentaquarks as compact structures

Y Molecular models

PO (4404) 1 o cannot accurately

. o(4404) describe some of the

uddee uudce observed states
(P.(4380)), on the other

P~ (4609) o pIﬂ@ﬁDg)leugj I3 hand, they predict

many states, that have

+ 1@ _
P Y(4545)udsce uwusce
(4543) not been observed...

To address the problem, the models of
compact structure of exotic states are
suggested.

P?7(4719) | p20(4710)
L

dS glif US8CC

Such models usually suggest existence of the multiplets of exotic states... e.g., one can
expect existence of open-strangeness pentaquarks at ~4.55—4.60GeV as well as doubly-
strange pentaquarks at ~4.7GeV,

Observation of such states is in principle possible in decays of =, and Q, baryons;
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New Q. states discovery

Phys. Rev. Lett. 118 (2017) 182001

> 200k o | 1 + Discovery of the 5 new Q. states made
= ‘ by LHCb in the final state of = K
g 30{}2 « 0.(3000), 2.3050), Q(3066), 2.3090),
5000 0(3119)
= » Evidence for additional broad state at
S 200 3188;

; « Evidence of Q/(3066), Q2.3090), 2.(3119)

100F decaying into Z'K;
 Amplitude analysis has not been
053000 3100 3200 3300 performed yet;
m(Z.K") [MeV]

Resonance Mass ( MeV) I (MeV) Yield N, e  Some theoretical
_f!._,.(ﬁi]{]{]]” 3[}[.}[}.-1 + (0.2 &+ [}lfgf L5 0603 13?(1 + 100+ 80 20.4 WOFkS suggest these
2.(3050)°  3050.2 + 0.1 +£0.1703 , Tficlrlz : 'illf-L 970+ 60+ 20 204 states are open-
12.(3066)°  3065.6 &= 0.1 + 0.3+03 ) :%-..:“'}-:I:{ﬂ. 1i}r;.:_r 1740 £ 100+ 50 23.9 charm pentaquarks
2.(3090)°  3090.2+0.3+0570%  87+1.0+08 2000+ 140+ 130 21.1 having diquark-
2.(3119)° 31191 +0.3+097%%  1.14+08+04 480+ 70+ 30 104 diquark-antiquark

< 2.6 MeV,95% CL

structure...;
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Perspectives of experimental studies of P(4380) and P.(4450) states

Precise measurements in the discovery mode;
Amplitude analysis of the A, =J/W,p,m;
Search for different decay modes:

Ap=XaPK;  Ap= A DK

/\b _’-//L/J/p/K*/.

Search for different production modes:

{KBg} _>-//L,U/p/p; —:b_d/‘-,U/p/K/K; etc

py—P.—J/W.p;
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Direct photoproduction of P, states:

(JLab)
(BELLE-II).

Multipurpose experiments
(e.g., ATLAS, CMS) suffer
from absence of hadron
ID. They can only benefit
from high luminosity and
try special decays, e.qg.,
B—J/,p.p; Np=d/ YN %
== Nyt =J/Y,p, K TT;

% E b

= R
e o

= o O

8 S

3 oy

g 1O

E E Lo |

S =¥

0= :m4+7+++71Tf? i %

5 [l | [l i 1 i 1 | 1 1ﬂ

5200 5300 5400 =

M{JAypp) [MeV/e?]

1000——Photoproduction _

i

100} Wang, 1508.00339|<

=

£ 10} ~
=¥ o
= I total Sr;
T ?g! E\ _____ Pomeron O\
£ 0.100} /i 3- N
5 i old SLAC " e(2) 2
Q0104 14 Icornell data ——FL (3 {2

A v

0.001} : : 3 3
(%]
W(GeV) =

o

16



Perspectives of experimental searches for new states

e Search for P, partners, e.g., DX ground state around 4320MeV...

* Very promising is search for charmonium open-strangeness pentaquarks:
== JJWNOKE A =)/ WA%p; and further — charmonium doubly-strange
states...

« Search for hidden-bottom pentaquarks, dibaryon states, etc., suggested by
molecular models...

» Search for exotic states in rare decays;

« Search for open-heavy-flavor states;
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P_ states are discovered with 9o and 120 respectively, confirmed by different
analysis strategies and firmly consistent with data in the suppressed
channel; this opened the whole new spectroscopy of new states....

Model of sparse meson-baryon state (‘molecule’) works very good for the
P(4450) state; it is also well consistent with a rescattering model, which is
straightforward to be tested in experiment...

‘Molecular’ models suggest many new exotic states, e.g., hidden-bottom
pentaquaks, dibaryon states, etc.

P(4380) is more mysterious... experimental data do not show it's resonant
nature. It can be a mixture of states or have some compact

Numerous ideas for new measurements and new searches!!!



Thank you for your attention...



