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Exotic hadrons
The story started in 2003 with discovery of X(3872)
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Mx = 3872.04+ 0.6 £0.5 MeV

Exotic (non-standard) quarkonium states



Exotic hadrons
(anything that goes beyond qq and qqq)

Mesons Baryons
compact Glueball compact
tetraquark pentaquark

meson-meson hybrid

molecule

baryon-meson
molecule

Since the beginning of 2000s, an increasing amount of data in the
(hidden/open) charm sector (collected at Belle, BaBar, LHCb and BESIII...),
has provided evidences for many new exotic states,
which appear to be inconsistent with the conventional quark model
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Exotic baryons
P. or Pqiv S$=0 (céqqq), q=ud

Ay — J/\If p K™
LHCb Coll., Phys.Rev.Lett. 115 (2015) 072001

Resonance Mg [MeV] ['r [MeV]

P.(4380) 4380 &= 8 + 29 205 £ 18 = 86

P.(4450) | 4449.8+£1.74+25 | 39+5+19




More detailed reanalysis of the pentaquark states
in Ap, — J/v K~ p decays

LHCb Coll., Phys.Rev.Lett. 122 (2019) 222001

State M [MeV ] [ [MeV]  (95% CL)

P.(4312)* | 4311.9 £ 0.7255 | 9.8+£2.7% 3L (< 27)

P.(4440)* | 44403 £1.3%)7 | 206 £4.97 5] (< 49)
P.(4457)" | 4457.3 £ 06777 | 6.4£2.0% 75 (< 20) 5 i
: ;
= 1200 i
% [ ——data | i LHCh
@ - — total fit |
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200 ! | Vi

Iy | .
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More detailed reanalysis of the pentaquark states
in Ap, — J/v K~ p decays

LHCb Coll., Phys.Rev.Lett. 122 (2019) 222001
State M [MeV ] [' [MeV ] (95% CL)
P.(4312)* | 4311.9 £ 0.7255 | 9.8+£2.7% 3L (< 27)
P.(4440)* | 44403 £1.3%)7 | 206 £4.97 5] (< 49)
P.(4457)" | 4457.3 £ 06777 | 6.4£2.0% 75 (< 20)

The flavor content of the P_(4310), P.(4440), P_(4457) states is not exotic (uud),
but the high mass and the observation from J/y p pairs
makes them to be unambiguous pentaquark candidates (ccuud)



More detailed reanalysis of the pentaquark states
in Ap, — J/v K~ p decays

LHCb Coll., Phys.Rev.Lett. 122 (2019) 222001
State M [MeV | [ [MeV]  (95% CL)
P.(4312)* | 4311.9 £ 0.7255 | 9.8+£2.7% 3L (< 27)
P.(4440)* | 44403 £1.3%)7 | 206 £4.97 5] (< 49)

P.(4457)% | 44573 +£06771 | 6420830 55 550
z i
= 1200 | ' ;
. . 2 s LHC
These states find a natural explanation Emﬂi _Ici'ff fit | i
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Exotic baryons
P. or Pé,v S=0 (ccqqq), q=u,d

Molecular models
Wu, Molina, Oset, Zou, “
PRL 105, 232001 (2010); PRC 84, 015202 (2011)
Yang, Sun, He, Liu, Zhu, Chin. Phys. C 36, 6 (2012) :
Xiao, Nieves, Oset, PRD 88, 056012 (2013) Molecular Nature
Karliner, Rosner, PRL 115, 122001 (2015)




Exotic baryons
P. or Pé,v S=0 (ccqqq), q=u,d

Molecular models

- Wu, Molina, Oset, Zou, “
PRL 105, 232001 (2010); PRC 84, 015202 (2011) :

This work also predicted S=-1 states at Molecular Nature
4209 MeV (DE,), 4394 MeV (DE.
4368 MeV (D*E,), 4544 MeV (D*E.)
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Exotic baryons

P.; or PA, S=-1 (céqqs), q=u,d
B~ = J/yhAp = — J/YAK-

LHCD, arXuv 2210 10346 (OCT 2022) LHCb, Sci. Bull. 66 (2021) 1278

I> 180F LHCb + Data E _
- 1 — Nominal fit E ]

2 160 2 — Baseline fit i LHCb i
140 - + NR(J/y p) - = S 9 fy-! i y
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40F 3 W Bl T e Wi,
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P..(4338)
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P... or

Exotic baryons

PZ.,

c=-2 pen‘\'ﬂquc
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S=-2 (ccqss), q=u,d



P... or

Pvfss

Exotic baryons

S=-2 (ccqgss),
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q=u,d



Unitarized t-channel vector-meson exchange interaction

Lyyy = ig([V*, 0,

V,vY)

Lypp = —ig{[¢, 9, /

Bi | "B\
1
. =

Effective Chiral Lagrangian

0,3,k 1=1
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Unitarized t-channel vector-meson exchange interaction

Lypp = —ig{[¢, aﬂqs]‘w)/ Lyyy = ig([V*.9,V,]V*)| Effective Chiral Lagrangian
MJ

V*
B, B,
S-wave £ 5 Z Bijiy" (V,f,lB”l . QV;’lBllk)
ik, 0=1
t < mpe
M; ¥ M Interaction kernel
= g 1 E+M [E,+M
. e . _I_ . . _I_ .
—ls - Vi = —Cyi— (25 — M; — M), | =A%, [=2 1 7
B-;,' & Bj .‘.’f(\/g) J4f2( \/E 3‘)\/ QM,g ZMj :

The only model parameter is pion decay constant, f = af;
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Unitarization via coupled channels

Interaction kernel V;;

Scattering
amplitud

S i ks
% ..rf w .-'f LY II,."' , ﬂ,"r
'-.\ " — '-.\ . + M\ r— # 4 Hx - - . 4. ..

l Bethe-Salpeter equation
\\\\ Hf‘, B \\\\ ,", . -.‘\\H‘ .’__._.__“\ ’F”_..

ﬁ shell factorization

Ty =Vy+VyGT,; wep [F=@SVE) V.

System of the algebraic equations



Unitarization via coupled channels

T;j = Vij + VaGil;
\%/ . \:, . n\i % -

o / dtg 2M, 1
)
l (2m)% (P — )2 — M? 4+ ie g2 — m? + ie




Unitarization via coupled channels

Ti; = Vi; + VuGidy;
\%/ . \:, . n\i % -

G _,/ d*q 2Ml 1
Z (2m)4 (P — q — M? +ie g2 — m? + ic

Ag?dg (wi+ Ey) 1
1 M? —MZ+s.  m} GC“t—QMf e
o« it ] =00 1 [ e e
q
+ \} [111 (3-|- (m2 — Mz) +2qn/_) A = 600 — 1000 MeV

+ln(s— (mi — M?) +2q“/_)
ln( s — (ml M;2)+2qnf)
(=s+ (mf — MP) +2ql\/_)]}

1
. 162

a(p) = 9 Mz

a;(p) ~ —2 > "natural size" (u=630 MeV)
[Oller and Meissner, PL B500 (2001) 263] s

(G (8) — GP™(u, 01 = 0))



Unitarization via coupled channels

T;j = Vij + VaGil;
\%/ . \:, . n\i % -

G _,/ d*q 2Ml 1
Z (2m)4 (P — q — M? +ie g2 — m? + ic

2 2 cut __ Ag?dg (w + E) 1
GPR — 1617r2{.;.w(,u)+lnﬂ‘;‘2I 2]\;1 TS 3’312 G 2le 2 B s— (oi+ E)?+ie
+ e (s + (m? — D) + 20,V5) A = 600 — 1000 MeV
+ln(s— (mf — M7) +QQM/_)
ln( s — (m; M;2)+2q£\[) ’0%% y
—In (—s+ (mj — M?) + 2q1/s e 2
( —s q )]} we QX‘\V\ \I&\\(\,\,?;OO N\
WA
e
a;(p) ~ —2 > "natural size" (u=630 MeV) m?fm

[Oller and Meissner, PL B500 (2001) 263] 6



Interaction kernel

S=-2 sector

E;+M; [E;+ M;
Vii(v5) = /s — M; — M; d I =
V8 = ~Cugga vty [Pt [Pt
72 KA KY 32 9Z|nE DsE. D=, DQ.
TE(1456) | 2 32 L 0 0| 0 0 0 3 ke
KA(1611) 0 0 -3 0|0 -lk, ¥k O
2 3 3 _ V3
K%(1689) 2 2 0] o0 3 ke Bke 0
n=(1866) 0 0| 0 Ke ke %K,c
)= 1 _ 1, L
n'=(2276) 0 0 Jghe Jehe  3hc
7c=(4302) 0 3k ke e
D,E.(4437) ~14+Kee O 0
D,E!(4545) —1 + Kee —V2
DQ.(4565) Kec
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S=-2 sector

Interaction kernel

E,+M, |E;+ M,;
Vi (v3) = —Cy 4)@ (25 — M; — ﬂ..fj)\/ — \/ L
1 J

2 KA KY 32 9Z|nE DsE. D=, DQ.
m2(1456) | 2 2 L 0 0] 0 0 0 3 ke
S | KA(i611) 0 0 -3 0|0 -lk, ¥k O
8 - Kx(1689) 2 3 0|0 3k % O o
€ - 1 1 ¢
=y n=(1866) 0 0 0 1K,C ‘/E{KIC \{EK'C
= —_ —_—— —
- 7'=(2276) 01 0 gke Vve'e 3t Koo =
5 | neE4302) 0 3k ke e
o | D,=.(4437) ~14+Ke O 0
= | DsE(4545) —1 + Kee —V2
2 |LDN.(4565) Kee

Light and heavy sectors are practically "decoupled”
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Al Tt ?[Mevi]

Results: heavy PB sector

[PE,_‘,S(4493)] My = 449335 MeV I’y = 73.67 MeV JP — %
Threshold
Energy (MeV) i 19i] Xi
Ne2 4298 -1.60 +i0.34 1.63 0.220
D.E, 4437 -0.17 + i0.27 0.32 0.019
D =! 4545 -2.41 +i0.58 2.48 0.398
DQ. 4564 3.59 -i0.77 3.67 0.711
14 16 | . = . SEh
P e =Nc = — N :
12 _,:;c,:x ; o /N §
DQ—ne= - - ! Y
10 - / \ 1
: ! \
. . /
8 - ! ‘\ ]
! L
6 _' K : |
4{ ,,’ \x ; i
| T T Ty ] Me= spectrum:
-t B RN ‘ T. _ ‘2
olafas e e Ty e e ! — e e an 71— nc )
4300 4350 4400 445 4500 4550

Energy [MeV] 222



Do we expect a meson-baryon molecule in this sector S =-2,]=1

)

2
E;+M; |E;+ M;
l Ve = 2v/s — M; — J
Interaction kernel Vi;j(vs) =—Cj i fg( Vs \/ 3, \/ I
S=-11-=
S - O) I - 1/2_ _ TICA DSAC DEG DEZ
neN DA, Dy,
nA 0 Ke - gmc
WcN 0 - gch 3"“'c _ v2
DA 1\/g \[(2) Dale free V2 0
c —1 + Kee _
_ ~ D=, 1+ Kee 0
Dy, repulsion 1+ Kep ]
\ =, 1+ Kee
attraction
1 state < - 2 states
S=-21=1/2
oy 1 w2 D= b=, Do, —>nostate
T m2, 4
D WE 0 N 1, . expected
o = g~ g D,z 14 0 0 2?7
cec m?f/w 9 sTe Kee
DSEC —1 + Kee _\/§
D9,

-23-
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Do we expect a meson-baryon molecule in this sector S =-2,1= 1) ?

E;+M; [E;+ M;
l ¥ = 2vs — M; — .
Interaction kernel Vi(vs)=—Ci fg( Vs \/ 3, \/ T
S=-11~=
§=01=1/2 DA DE, D=!
1N DA, D3, 2
nA Ke —%nc — %K,c
N 0 —v/3ke Sk _
71 \/;.;, ‘ﬁﬁ’ DA, Kee V2 0
DA, —1 + Ko 0 _
- ~7 TR D=, L4k O
Dy, repulsion 1+ Kee ~
~ D=/, 1+ Kee
1 state & attraction > 2 states
S=-2,1=1/2
o — m, 1 e D,E, D,El D, - Nno state
T m2. 4
D WE 0 N e . expected
mp 1 _ b t
Kee = 2 ~a D=, —1+ Kee 0 ut...
M7/ 9
D,E, 14K  —V2 \ strong coupled
DR, Kee channel effect!
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Q| Tig [ [Mev-1]

Coupled-channel effect

0 L= ' S yed
ra
4300 4350 4400 4450 4500 4550 .« not 9ené

e \S . \S
reror e The reso g coet -
if the reduced by 30/
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Coupled-channel effect

Q| Tig [ [Mev-1]

o L= i TR
4300 4350 4400 4450 4500 4550 : y gen
e is N0t 2. \S
Energy [MeV] The T‘QSO“O“C\-mg co e{f\f\ef\'\'
f .\-ha COUP d bY 30 /o
\ reduce
This state is generated in a very specific and unigue mechanism:

—~/

=> via an attraction induced by a strong coupling between the D;=_. and
.26 DQ. channels



Im(sl/2)[Mev]

Parameter dependence: cut-off A, SU(4) breaking

A=T50—950 MeV ko= 2" ~ = £30%  fee= —LL ~ = £ 30%
m 4 m 9
P P
NeZ D,ZE, D= DQ
120 T T T T Ne= 0 %ﬂ %EC —Ke
Ke=(1£0.3); K=(120.3 )k, A = _
A=750MeV W DsEe 1+x 0 0
100 F A=B00MeV ® D,E!, —1 + Kee -2
A=850 MeV A _
A=000 MeV ¥ DQ Kee
B A=950 MeV 4

80

60

40

20

D | 1 1 | |
4300 4350 4400 4450 4500 4550 4600

Re(st/2)[MeV]

Even changing the parameters of the model,
the prediction of this resonance is robust
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Comparison with other works based on similar models

J. Hofmann and M. F. M. Lutz,
Nucl. Phys. A 763 (2005) 90

N S T

101

10.01

(1/2,-2) —n'z
I b' Ec
:D' Ec.
--=-D0,
1 ,1,1 2 1 1 1
1.8 32 34 36
s"? [GeV]

=) a state around 3800 MeV is found

Very different reqularization approach
for the loop function

(for us it would effectively correspond
to Aqye ~ 2800 MeV)

-28-

(S=-2,1=1/2)



Comparison with other works based on similar models

J. Hofmann and M. F. M. Lutz,
Nucl. Phys. A 763 (2005) 90

| 4

(1/2,-2) = d 5
= 3.1
—D,z, o
—D, =& 10.01
--=-DQ 5

1 ,.llz 2 1 F 1 & 1 &

1.8 3.2 34 3.6
s"? [GeV]

=) a state around 3800 MeV is found

Very different reqularization approach
for the loop function

(for us it would effectively correspond
to Aqye ~ 2800 MeV)
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(S=-2,1=1/2)

J. J. Wu, R. Molina, E. Oset and B. S. Zou,
Phys. Rev. C 84 (2011) 015202

N2 D=, D,=!, D),
o) 3 1
Tle= 0 skec EK’C —Ke
D.E, -1 47/ 0 0
DSE’C —1 -l%c _'\/§
D, sl

Very similar m>3 1
y K;oc:izw'\'— %O
model m; 9

m) no states were found

Dimensional regularization scheme

—> generates a fake pole at a lower
energy, “hiding” the real signature



Results: heavy VB sector

[P5,,(4633)] My = 463338 MeV  T'x = 79.58 MeV
Threshold
Energy (MeV) g 19i Xi
e 4415 —1.62 + i0.38 1.66 0.252
D= 4581 =0.143 4 i0.32 0.34 0.022
D= 4689 -2.49 + i0.67 2.58 0.406
D' Q. 4706 3.67 + i0.89 3.78 0.740
16714 | | | E:-'sls.: | | b= .D.-Q‘
P S\ -
14y = oo 2 |
D Q—-lpI - - g ’ \
12+ ;! \ .
i i !
= ok ;! §
5 10¢ - |
> | , \
i 81 /L \ 1
= | a \
M S \ ]
| ’ - \
4 -7 | \ R
| - I
S N
e e =t Tl e
4450 4500 4550 4600 4650 4700
Energy [MeV] -30-

JP =

I~ & 1/2" VB interaction

1= 3
2 7 2

J/WE spectrum:
qJj/w ’ Ti—>J/\IfE \2



Results: heavy VB sector

= P_1— 3
s (4633) JU =35, 3

It could be seen in the invariant mass spectrum of J/y £ pairs
produced in the decays:

Ep=>J/YpEPory—>J/PEK
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Results: heavy VB sector

555 (4633)

Ep 2> J/Y P E

][OV

4400

4350

4300

miwap(MeV)

4250

4200

4150

4100 '
4400 4450
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Results: heavy VB sector
= ,(4633) JP =2,

s
Ep = J/Y =

J /1

][OV

—
—
e

—}

S

Marsé-Valera, Magas, Ramos under preparation

We simulate this decay similarly to the process Ay, = J/P ¢p A
Magas, Ramos, Somasundaram, PRD 102 (2020) 0540270
(inspired by Wang, Xie, Geng, Oset, PRD 97 (2018) 014017)
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Sensitivity to mass and to coupling g(P;s — ]/ E)

one broad X(4140)

1.8x1010
1.6x1070
1.4x1010

1.2x10710

Y[arb. units)

1x10710

M=4580 MeV

8x1011

6x1011

d M, (3

4xd0t
2x1011

0

1.8x10710
1.6x10710
1.4x1010

1.2x1010

J[arb. units)

1x10710

M=4633 MeV

8x101L

6x1011

dr M, (I

4x107!
2x1071L

0

1.8x1010
1.6x1070
1.4x1010

1.2x10710

larb. units)

1x10710

M=4680 MeV

8x1011

6x1011

dr fdh, (34

4xd0t
21011

0

tree

T T
M. = 4580 MeV

4500

4550 4600 4650

Min(J/W=)[MeV]

4700

4750

Myes = 4633.38 MeV

4450 4500 4550 4600 4650 4700 4750
Miny(3/W=)[MeV]
T T T T T T
tree M,,. = 4680 MeV
Losg—

4450

4500

4550 4600
Min(J/W=)[MeV]

4650

4700

4750

Jarb. units)

dr/dMy, (/W

Jarb. units)

dr /My, (/W)

Jarb. units)

dr /M, (/W)

Marsé-Valera, Magas, Ramos under preparation
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%10
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110?
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1x10°

X(4140) + X(1460)

tree
08g—

M., = 4580 MeV

4450

4500

4550 4600
Miny(J/W=)[MeV]

4650

4700

tree

T T T
M,y = 4633.38 MeV

res

1 1 1 1 1 1 Il
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T T T T T T
tree M,,, = 4680 MeV
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Conclusions

- Chital Perturbation theory with unitarization in the coupled
channels predicts pentaquarks with strangeness 5=0,-1,-2



Chital Perturbation theory with unitarization in the coupled channels
predicts pentaquarks with strangeness S$=0,-1,-2

S=0
Py

n.N DA. DX.
'ncN \/7'{@ \/7’{'6
DAC _1 + HCC
DEC ]- + F';CC

nA 0 Ke —%mc —\/grs:c
DA Kee V2
Ze 1+ Kee
D=, 1+ Kee
nE D,E. D,E. DQ.

nZ 0 2 ke \%Hc —Ke
D,E. —1+ Kee 0 0
D=, —14 Kee —V/2
DQ. Kee
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Conclusions

Chital Perturbation theory with unitarization in the coupled
channels predicts pentaquarks with strangeness 5=0,-1,-2

Employing realistic regularization parameters, we predict
S=-2 pentaquarks of molecular nature around 4500 and 4600 MeV

These Py, states are generated in a very specific and unique way,
via a strong nondiagonal attraction between the two heaviest channels

In S=-2 sector the long range one-pion-exchange mechanism is absent!



! The t-channel vector-exchange formalism

LV predicts molecular type pentaquarks with
' S=-2
Long range open-pion-exchange (alternative molecular picture)
Is forbidden!
R g
r X
B; B] B; Bj
Channels: Channels:
2 DyE. DB, DR, JIYE DE. DE. D

These transitions cannot
proceed via one-pion-exchange,
because they involve either an
Isoscalar meson or baryon
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Conclusions

Chital Perturbation theory with unitarization in the coupled
channels predicts pentaquarks with strangeness $=0,-1,-2

Employing realistic regularization parameters, we predict
S=-2 pentaquarks of molecular nature around 4500 and 4600 MeV

These Py, states are generated in a very specific and unique way,
via a strong nondiagonal attraction between the two heaviest channels

In S=-2 sector the long range one-pion-exchange mechanism is absent!
Thus, if Py states are discovered

Their interpretation as molecules would require a change of paradigm,
=) .
since they could be only bound through heavier-meson exchange
mechanisms

=) More strength to reliability of unitary t-channel vector-exchange models

- Theoretical study of £, - J/y ¢ £ decay is in progress how...
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