Pentaquarks with strangeness:
the role of coupled channels and
a new unitarization strategy

Angels Ramos
University of Barcelona and ICCUB

E.E. Garcia-Gonzales, V.K. Magas, A. Ramos, e-Print: 2605.21205 [hep-ph]

........

E#& [UNIVERSITAT e

) BARCELONA NSTAR 2026, September 7-11, 2026, Sevilla & ICCUB



Exotic hadrons
(anything that goes beyond gq and qqq)

Sine the early 2000’s an increasing amount of data in the charm (hidden charm) sector (collected
at Belle, BaBar, LHCb and BESIII...) has provided clean evidence for many new exotic states which
appear to be inconsistent with the predictions of the conventional quark model.
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S=0 Pentaquarks
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Pee (cqqq) q=ud

P.-(4380)" LHCb, PRL 115, 072001 (2015)
P.-(4312)*,P.-(4440)*, P.-(4457)" LHCb, PRL 122, 222001 (2019)

P.-(4337)* LHCb, PRL 128, 062001 (2022)

These states find a natural explanation as baryon-meson molecules:

DO 7 threshold: 4318 MeV = P.:(4312)
D*%% 7 threshold: : 4460 MeV (J=1/2, 3/2) > P.;(4440) ,P,-(4457)

and were already predicted as meson-baryon molecules in 2010!

J.J .Wu, R. Molina, E. Oset and B. S. Zou, Phys. Rev. Lett. 105, 232001 (2010);
Phys. Rev. C 84, 015202 (2011).

This work also predicted S=-1 states




S=-1 Pentaquarks
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PCES (ccqqs) q =u,d

P.-.(4338)° LHCb, PRL. 131, 031901 (2023)

(4459)° LHCb, Sci. Bull. 66, 1278 (2021)
Belle, Belle II, PRL 135, 041901 (2025)

CCS

Since the pioneering work of Wu, Molina, Oset, Zou in 2010,
many works (using a similar theoretical model) have predicted
S=0 and S=-1 hidden charm pentaquarks.

Recent reviews:

A. Esposito, A. Pilloni, A. D. Polosa, Phys. Rep. 668, 1 (2017).

H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, S.-L. Zhu, Rep. Prog. Phys. 80, 076201 (2017).

L. Meng, B. Wang, G.-J. Wang, and S.-L. Zhu, Phys. Rep. 1019, 1 (2023).

H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, and S.-L. Zhu, Rep. Prog. Phys. 86, 026201 (2023).
H. Huang, C. Deng, X. Liu, Y. Tan, and J. Ping, Symmetry 15, 1298 (2023).

H. Garcilazo and A. Valcarce, Symmetry 17, 1324 (2025).
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Unitarized t-channel vector-meson exchange (TVME) interaction

Interaction kernel:

Lypp = —lg([¢

Lyyy = ig({[V*,0,V V")

Local hidden gauge approach

Local hidden gauge approach

based on SU(4) flavour symmetry A% employing the wave-function method
LHGA-SU(4) — . LHGA-WF
BJF =1/2" 7 \ BJF =1/ BYF=3/2"
Lvpp = g Z Biin1" (V,f,gBijl - 2Vj’lBi”“) 9{#ix;l (qQ) |p:x:)| c-quark: spectator
.5,k 1=1 —— 7 ——
\’ 2 ar g
M, M; L < 1y~
N 1 E;+M; [E;+ M,
'\1 \\"',L 4 —_ L&j (\/E) — _Cij 4_}"2 (2\/_ M M )\/ QM 2M .
B; B; s-wave
my
g = W =93 MeV
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Unitarization: Bethe-Salpeter equation with on-shell factorization

B B L s s 2w .k kK
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4 A r e 5 N .~ - N " N\, e’ " g "
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T;; = Vi + VGl 5 TI'=0-ve™v
Poles: det(1 —VG) =0
Gl:i/ dq 2M, 1
(

2m)4 (P — q)2 — M2 +ie g2 — m? + ic

dirjl/\{[_off

A g*dg (w + E)) 1
Ml M? m2—M2+s m? cht:2M/ q-aq l 1
DR __ l l l l :
G = 16n2{“‘(“) LT P Vo l '] am? wE s— (it E)?ie
q
+ ﬁ In (s + (mi — M) +2q1/5) A = 600 — 1000 MeV

+In (s — (mf — M}) + 2qn/§)
1672

—In (—S — (i'?'bl2 — ME) —+ qu\/g) al(u) — ﬁ (G?Ht(A) . GPR(AU': a; = 0))

A
—In (—s + (m? — M?) + 2ql\/§)] }
a(p)~ -2 (p=1GeV)
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S=-2 Pentaquarks ? P.sss (ccgss) q=u,d

Ap = J/PETK?
Experimentally not observed (yet...) CMS, Eur. Phys. J. C 84, 1062 (2024) p =S/

LHCb, Eur. Phys. J. C 85, 812 (2025) By > J/YE T
Theoretically, within the TVME model:
v" The early work of Wu et al (2010) didn’t find S=-2 pentaquarks

v TVME model was revisited in Marsé-Valera, Magas, Ramos, PRL 130, 091903 (2023)
> Peéss found!

v' Confirmed in Roca, Song, Oset, PRD 109, 094005 (2024)
Why was the state missed?

1) The state emerges fom a delicate coupled-channel mechanism
2) The employed unitarization scheme may have obscured its identification
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1
1) Coupled-channel mechanism inthe S = -2, = - sector

B+ M; [E;+ M,
H‘?(\/E) - 3.?4f2 (2\/__*;1"{ )\/ 211{{3' \/ . J:

oM,
N D,E. D=, DR,
m2 1 _
Ke = szp* ~ 1 NeZ 0 %nc %nc —Ke
D,E, —1 + Kee 0 0 — —
”cc:mn;f) N% S \ DS.:Q and D).
" ]'? e Nt Tl e V2 4 strongly coupled!
D, repulsion Kee - induces attraction
Loy Vil Vo n Viin. Vi (G1 O Ty Tho
To1 Tao Vo1 Voo Vo1 Voo 0 Gao) \15 Too
Vi1 + Vi2Ga(1 — Voo Go) ~1Va Veft
L w - VI 2 e VGl — G
1 — (VH —+ V12G2(1 — VQQGQ)_1V21)G1 1 — VlelﬁGl 11 = i 12%72 22072 21

- A molecular pentaquark with S=-2, . ~<., appears around 4500 MeV
Marsé-Valera, Magas, Ramos, PRL 130, 091903 (2023)

This state is generated in a very specific and unique mechanism: Roca, Song, Oset, PRD 109, 094005 (2024)
via an attraction induced by a strong coupling between the D.Z_ and D{), channels
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2) The unitarization scheme may have obscured its identification in earlier works
T=01-V6)"1v

Poles: det(1 —VG) =0

80
A= — G¥ Uncoupled approach: Re(G;) ~ V;t
60 =c — GCo "
- GHY
40 - / — Fake (unphysical) poles might be
y-1 generated in both DR and CO schemes!

Re(G) (MeV)

201 Repulsive
01 % We propose a Hybrid Loop (HY) scheme:
—20- -1 V Re(GHY) = Re(GE"™) if /s < My +my,
Attractive Re(GPR) if s =M +my

—40 , , , , . HY) _ DR
2500 3000 3500 4000 4500 5000 5500 Im(Gk )_ Im(Gk )
Vs (MeV)

=244 UNIVERSITAT e

BARCELONA




S=0 2.00 : , :

1 1.75 GPR GO | | GHY
J] = — _ 150 o | | o LHGA-SU(4)
2 T> 1.251 —— neN(3918)
amplitude S 100 i —— DA(4152) | | | b A=600 MeV
= 0.75. —— D3.(4319)
N'“ ' : |
|7}j| 0.50- | :
7 0.25

500 5000 5500

0.0 : : — ‘ ‘ ‘ ‘ ‘ : : : :
00 Aooo 3590 4000/ 4500 5000 2500 3000 3500 4000 |4900 5000 2500 3000 3500 4000
Vs (MéV) VS (MeV VS (MeV)

80 T 80 T .
[ 1
PO _ G,DR \ BA —— Re(G)
1 Y DA 100 c
S —--- LV 07 4 - WV 0
S 40
% h ° I S' 40 1
¢ unphysica g
= 204 —
i_ ______ I & 209
- N\ poles =
G o 2
O 01
20
—20
—40 ; w w w —40 ‘ . . : .
2500 3000 3500 4000 4500 00 5500 2500 3000 3500 4000 4500 5000 5500 —40 : ; T ; .
2500 3000 3500\ 4000 4500 5000 5500
Vs (MeV) Vs (MgV) = (MAN
80 80 80
_ — o
| DX, 60
0 e 1Y

40 4

genuine

Gi, 1/Vii (MeV)

04
p -7 co —204
201 - —— Re(G"*Y) 20
-
.
v -——= 1V
-40 . . T . . —-40 - . T . . —40 T T T i i
2500 3000 3500 4000 4500 5000 5500 2500 3000 3500 4000 4500 5000 5500 2500 3000 3500 4000 4500 5000 5500 10

Vs (MeV) Vs (MeV) Vs (MeV)



Comparison with other theoretical studies LHGA-SU(4) model

Pseudoscalar-Baryon (PB) states: JF=1/2"
Vector-Baryon (VB) states: /P=1/2"and 3/2~

Our model Other works
M r J¥ M r Jr References
(S, I)
MeV]  [MeV] MeV]  [MeV]
4283 21 1/2~ 4265 23 1/2~ , : ‘
(0, 1/2) 1499 30 1/9-.3/2 | 4415 19 1/2"3/2 Wu, Molina, Oset & Zou, PRC (2011)
4189 0.3 1/2- 4210 6 1/2-
4328 0.3 1/27,3/2 | 4368 6  1/27,3/2" e
(-1, 0) 1405 21 1/2- 4308 16 /2~ Wu, Molina, Oset & Zou, PRC (2011)
4544 31 1/2-.3/2- | 4547 13 1/27,3/2
(—1,1) | 4386 27 1/2- 5
4527 28 1/27,3/2 :
4515 33 1/2- 4493 74 1/2- . ! )
(-2, 1/2) 1654 30 172 372~ | 4633 20 1/ 3/2- Marsé-Valera, Magas & Ramos, PRL (2023)

— Consistent results with the reported states in the literature.

| - New predictionsinthe S = —1,1 = 1 sector.
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Consistency also with the wave-function approach: LHGA-WF

PB states: J°=1/2~ VB states: JF=1/2",3/2" PB* states: JF=3/2~  VB*states: JF=1/27,3/27,5/2"
LHGA-SU(4) LHGA-WF Other works
S,I1) |mMm T JP M T Je M T F Ref.
4283 21  1/27 |4286 9 /3~ 4265 23 1/2- 136 LHGA'SU(‘? LHGA'WE i “"}’fks
4422 30 1/27,3/27 4425 10 1/27,3/2~ 4415 19 1/27,3/2~ &5 5.1) | M T J M T J M T J Ref.
4386 27 1/2- (4302 8 1/2"
4353 0 3/27 4306 15 1/27 E 4527 28 1/27,3/27 (4533 9 1/27,3/2
©,1/2) 4492 0 1/2-,3/2-,5/2|4453 23 1/2" (-1, 1) P
’ 4452 3 3/2- - 4461 0 3/2- .
4374 14 3/2” [50] 4602 0 1/27,3/27,5/2"
4520 22 1/2~ 4515 33 1/2~ |4521 9 1/2- 4493 74 1/2- "
jg}g 104 gg_ 1654 30 1/2-.3/2- 4661 10 1/2-.3/2— |4633 80 1/2-.3/2— 12
4189 0.3 1/2-  |4189 0 1/2- 4210 6 1/2- (=2,1/2) 4607 0 3/2- 4535 9 1/2-
4328 0.3 1/27,3/27 (4328 0 1/27,3/27 |4368 6 1/27,3/2° g 4747 0 1/27,3/27,5/27|4675 10 1/27,3/27 g
4405 31 1/2-  |4409 10 1/2- 4398 16 1/2" ’ 4602 0 3/2-
4544 31 1/2-,3/2-|4548 10 1/2-,3/2— |4547 13 1/2-,3/2- 4743 0 1/2-,3/2°,5/2~
(-1,0) 4480 0 3/9- 4277 15 1/2-
4619 0 1/2‘,3?2—,5/2— 4430 16 1?2— [36] Wu et al, PRCC 84, 015202 (2011)
T i [50] Xiao,Nieves,Oset, PRD 100, 014021 (2019)
il ggi [51] [51] Xiao,Nieves,Oset, PLB 799, 135051 (2019)
45 2 :zg: [52] Feijoo et al, PLB 839, 137760 (2023)
4651 3 3/2- [39] Marsé-Valera, Magas, Ramos, PRL 130, 091903 (2023)
e 8 B [40] Roca, Song, Oset, PRD 109, 094005 (2024)
4199 0.2 1/2"
4338 02 1/2-,3/2"
4423 15 1/2" :
1566 31 1/2-.3/2~ LA
4489 0 3/2~ ' 7-11, 2026, Sevilla 12
4627 0 1/27,3/27,5/2"




S=-1,1 =1 amplitude
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In the DR scheme, the unphysical
artifacts obscure the identification of

the genuine states.

The HY scheme proposed here
simplifies the shape of the scattering
amplitude by only preserving the

physical poles.




Comparison with experimental data

LHGA-SU(4) LHGA-WF EXP
(5, I) | M T JF M T Jr State M T JP Ref.
AR APRG i P..(4380)* 4380 + 30 210 =+ 90 - RN
P B ey i e . P..(4312)* 431217 1045 - IBu]
(0, 1/2) P.-(4440)* 4440.3717 20.6 49757, - |30]
4353 0 3/2- P.-(4457)* 4457311 5 6-4i2f§‘g - 30| % LHCb
4492 0 1/2-,3/2,5/2 | (P.-(4337)* 4337+7+2 29 N 7
4189 0.3 1/2~ 4189 0 1/2- P.-.(4338)° 4338.2 + 0.8 70+1.8 1/27 [32]
. 2 5 V8 30 0 A . & 7. ) A 0 - Y b A P.-s(4459)° 4458.815 | 173+ 6515, - 31|
4405 31  1/2  |4409 10 1/2- P.-(4459)° 44717+48+06 22+13+3 - [33]|Belle, Belle Il
(—1,0) |4544 31 1/27,3/27|4548 10  1/27,3/2
4480 0 3/2”
AGLO D 1039 59

v" 6 out of 7 of the observed exotic pentaquarks can be associated to a molecular state.
v' The P,z(4380)" cannot be associated to any of our predicted states due to its large width.

v Fine tuning of the parameters is necessary.
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Conclusions

v We introduce a hybrid loop function, G®Y, which avoids the generation of unphysical artifacts in
the scattering amplide, hence enabling a cleaner extraction of the genuine molecular states.

v’ The states are in agreement with those predicted with the G?® and G¢© schemes and are also
consistent with the states reported in other theoretical works.

v" The new hybrid scheme reveals new pentaquark candidates with S =-1, I =1, which were likely
obscured by unphysical artifacts in the traditional schemes

v’ It is found that 6 out of the 7 experimentally observed pentaquarks could correspond to a
meson-baryon molecule reported here, but further parameter tuning is necessary .

E.E. Garcia-Gonzales, V.K. Magas, A. Ramos, e-Print: 2605.21205 [hep-ph]

Thank you!
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