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PHYSICAL REVIEW LETTERS 122, 222001 (2019)

PF(4312) : M = 4311.9 + 0.775 5 MeV,

Observation of a Narrow Pentaquark State, P.(4312)%, I'= 98+2 TH'T MeV ,
and of the Two-Peak Structure of the P (4450)* PF(4440) : M = 4440.3 £ 13741 MeV,
=5 — .. * —4.1
F—I+EL R. Aaij et al. I'= 20.6+4.957 MeV,
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Five-flavor molecular pentaquarks in the =" ”D® and E{"”B* systems

Fu-Lai Wang!>**" and Xiang Liu!?34"*
LSchool of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China
2Lanzhou Center for Theoretical Physics, Key Laboratory of Theoretical Physics of Gansu Province,
Key Laboratory of Quantum Theory and Applications of MoE,
Gansu Provincial Research Center for Basic Disciplines of Quantum Physics, Lanzhou University, Lanzhou 730000, China
SMoE Frontiers Science Center for Rare Isotopes, Lanzhou University, Lanzhou 730000, China
4Research Center for Hadron and CSR Physics, Lanzhou University and Institute of Modern Physics of CAS, Lanzhou 730000, China

The discovery of hidden-charm pentaquarks and open-flavor tetraquarks motivates the search for even more
exotic hadron configurations. In this work, we investigate genuinely exotic molecular pentaquark candidates
comprising five different flavors, focusing on the = -( D and E Y B™ systems. Employing the one-boson-
exchange model with the §-D wave mixing and couplcd channcl dynamics, we identify the most promising
molecular pentaquark candidates comprising five different flavors. These include the Z,D, E, D, £ B, and Z'B
states with I(J") = 0(1/27), the E,D°, £, D*, Z.B*, and E’ B" states with I(J") = 0(1/2", 3/27), the Z;D and
E! B states with I(J") = 0(3/27), as well as the E,D" and Z7B" states with 1(J%) =0(1/27,3/27,5/27). Im-
portantly, these loosely bound states exhibit pronounced spin splittings across different total angular momentum
configurations after incorporating the spin-dependent interactions or the channel couplings. In addition, we
identify several possible isovector molecular pentaquark candidates within the E};‘*}D(*) and Z "' B® systems.
Our predictions provide clear targets for experimental searches at facilities such as LHCb and Belle II, where
the unique five-flavor quark configuration offers a distinctive experimental signature.

arXiv:2603.23287v1 [hep-ph] 24 Mar 2026

F. L. Wang and X. Liu, arXiv:2603.23287
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Jing-Juan Qi'*, Zhen-Yang \\'ung:"'. Zhu-Feng 'l.h:mg:“. Xin-Heng Guo

! Junior College. Zhejiang Wanli University, Ningbo 315101, Zhejiang, China
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CPC(HEP & NP), 2012, 36(1): 6-13 Chinese Physics C Vol. 36, No. 1, Jan., 2012

2011

Possible hidden-charm molecular baryons composed

. *
of an anti-charmed meson and a charmed baryon

YANG Zhong-Cheng(#/83%)! SUN Zhi-Feng(#h:&l§)>*  HE Jun(fi%)H3D
LIU Xiang(XI##)%%?  ZHU Shi-Lin(Z4tHHk)1®
1 Department of Physics and State Key Laboratory of Nuclear Physics and Technology,
. Peking University, Beijing 100871, China
Abstract: Using the one-boson-exchange model, we studied the possible existence of very loosely bound

hidden .charm molecular baryons composed of an anti-charmed meson and a charmed baryon. Our numerical
results indicate that the £.D* and £.D states exist, but that the A.D and A.D* molecular states do not.
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20 13 ed-channel analysis of the possible D™ D™, B®) B® and D® B™ molecular states
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- | + .
- - +
10 Jr + HLHJ{ HJ[ H JFH J(—_ T:-.(3875)
=Tt — *
: '} 1 1 I ] I L 1 1 L : DD ﬁ%ﬁ
3.87 3 88 3.39 - 39
i [Gu\' / .::-}]

[LHCb] Nature Phys. 18 (2022) 7, 751-754
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a3 & F R HERR I BT S T ARG EN SR

ARNIKETE R RIEM HEEHTH
- -
DN HMEZENERE ARZENERE

KEMOEEESNIE

REZSHE: () RERE, (i) AHRFZ, (i) FEHTE

E. M. Lifshitz, Quantum electrodynamics, 1982

iM’:"hj_’h-*hi‘(q) = Z fl—’:;ff‘mpf‘,fﬂir?ﬁ”m F. L. Wang, R. Chen, Z. W. Liu, and X. Liu,
L= PRC 101, 025201 (2020)

el el Models A(MeV) E(MeV) rruvs (fm)
—
hilehsh oy MR (q) OPE(IN) / / /
E - -
‘Jni 2mi Hf 2mf OPE(Y) 1064 2.23 3.74
OBE(IN) 1174 -2.25 3.67
3
ity o d’q Ok (22 2 OBE(Y) | \_864 J ~2.26 375
E (2m)3 g o A~1.0 GeV

2.0 )
FORETF : F(g* m%) = Az m;& N. A. Torngvist, Z. Phys. C 61, 525 (1994)
A= =g~ N. A. Tornqvist, Nuovo Cim. A 107, 2471 (1994)
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JIAK D, /KO D RGHE{ERNBEYRAAE—FBRHIKE L

® RIFXIFRMEK, #AK®D/KOD; RGHEEIERNENHANENEN:

Lyogos = —28-K.Kjo +28.K, K o Lrte = =285Dvg, D0 +2¢,D;, Do o
. T /. + K+
2lg S * 51‘ oy =4 — - 2 + \6 d
+Tv”6,w,,,; KK 0P - _{—_E‘""' VD, D16:0,Pia pP=| =+% K
n ~ R
J — i 2
28 st 1 U 21‘\ v -~ b = K KO K
+ﬁ (K” Ky + Kﬂ‘KP )a-"‘]Pf""J + f("ﬂ”“ \'v[)l::p’):‘Im.'(')l‘:l"’ v L\;f + % 0p+ K
T * *uT = — _P, w ()
+\/§/3’gvK(,Kbv-Vab - ﬁﬁg"[{msz# v Va f kK (=t st & e I[() ‘%i’ ¢ Iib
. *UT Lk — ) ):“' + ) ) );ﬂl] ‘) : 1
-2 \/El/lgVKu'u K.')v (a#VV - avv-“)ab " 3 lr. (l |Uﬂ, 2b [ ”“I ~a )‘ A% be
~2V22gyv e (K;MKI) + K:K;“) 6avﬁb + V28" gy (v- Vo) Dy, D,
SVUA'By fry mat  ;rtpt \ i
VB (et )5, 6. J. Ding, PRD 79, 014001 (2009)
N3¢y (v Vi) D3 DY,
+2V2id"gy (D3 DY, - D3 DY) 3,V ben
i gy . =4 = - = te
+ &s.l.mr‘,‘. (v- '/'I“ ) (D]‘“,D‘b iy D][,‘, D\“ ‘,)
ﬁ bty -l AT
24" gy

+ |3*-J ) (D';',j D3y + DY, [):’4..“' )(.)“"/ bav

+2&:“""'r,. (I-);wl-):f,:" + l_)”,.,l-)i,f:")
X (84 Var = 3 Vhay)|
o HMAHEERINSMEEBEBRIIE LI AIRSKAERIER RS
> g=112: $EK* - KnTEEHSLIE#IE J. Z Wang, Z. Y. Lin, B. Wang, L. Meng, and S. L. Zhu, PRD 110, 114003(2024)
> g, =0.76, 1 =0.56GeV~': &5t&EAE! D. O.Riska and 6. E. Brown, Nucl. Phys. A 679, 577 (2001)
> B =0.835: RENTHRBEIIRMYE R Moling, T. Branz, and E. Oset, PRD 82, 014010 (2010)
> ETHESENTFHIWBEEEH: £=1REE D. 0. Riskaand 6. E. Brown, Nucl. Phys. A 679, 577 (2001)
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K*Elgﬁﬂgﬁﬁ?@'ﬁws

Single channel case
A(GeV) E(MeV)  rgys (fm)
0.97 —0.41 4.90
1.04 —6.51 1.67

ooy — At 70H 1 ® BN, JFWSHESIEER, 17D
5 -D wave mixing case — O(O_)f\uo(l—)K*Elgéﬁﬁj- u}f?ﬁﬁﬂ"z}jﬁ*ﬁﬁﬁéﬁﬁo

A(GeV) EMeV) rpys (fm) P('Sy/°Dy)

0.95 —0.51 4.69 99.59/0.41
1.03 —1.63 1.59 99.29/0.71
1.10 —21.62 1.03 99.28/0.72

Single channel case

A(GeV) EMeV)  rass (fm) ® I(]P) = 0(0_)$ﬂ0(1_)K*51,§9‘E%ﬁﬁﬁlﬁﬂ'\]Tﬁﬁ
1.29 040 4.95 FAEEE,

1.39 —6.88 1.63
1.48 —-19.63 1.03

§ -D wave mixing casc

A(GeV) EMeV) rems(fm) PGS /Dy /D))

0(17) 1.22 —0.33 5.21 99.41/0.59/0(0)
1.33 —6.81 1.68 98.70/1.30/0(0)
1.43 —20.39 1.05 98.52/1.48/0(0)
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K*D; RGRIR G R

Single channel case

A(GeV) E(MeV) rgys (fm)
1.02 —(.66 4.34
1.09 —7.08 1.61
01) 1.16 -20.74 1.02
§-D wave mixing case
A(GeV) EMeV) reus (fm)  PCS, /"Dy /D, /"Dy)
0.98 —0.47 4.79 99.41/0.06/0.41/0.12
1.06 —6.93 1.66 98.92/0.11/0.76/0.22
1.14 —21.87 1.02 98.87/0.12/0.80/0.22
Single channel case
A (GeV) EMeV) rrus (fm)
1.56 —0.40 4.98
1.70 —6.65 1.65
02-) 1.84 -20.77 1.00
§-D wave mixing case
A(GeV) E(MeV) rems (fm)  PCS:2/'D2/°Ds/"Ds)
1.40 —0.50 4.79 99.03/0.37/0.44/0.16
1.54 —6.62 1.72 97.92/0.80/0.94/0.34
1.68 —20.29 1.06 97.44/0.99/1.16/0.40

F1E¥R

Ik

o TEEENHT, LEMSHEAIRER, I1(7) =
0(17)FA0(27)K*D; B L vl LA B AR B RS -

® I(JP)=0(1")F0(27)K* D, RG R~ TS
FEEE
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IJ?) = 0(1")BKD,/K*'D,/K*D; B & R4 HRE R

® EEENH, IJP) =0(17)BIKD, BGHEELE
XA E AR RETRS.

X. K. Dong and B. S. Zou, EPJA 57, 139 (2021)
J.He and D. Y. Chen, CPC 45, 063102 (2021)

V (MeV)

r (fm)

2916:— - w .
_ 912f ® LEMWISHI 1.02 GeV MIARET, | ]P) =0(17) B9
¢ : n n n > NI B
S 2008} KD,/K*D; /K*D; 8 & Z % vl LA BRI BRI R EEB7S .
R e KD, 385, KD EtERERM.
P —
90.- KD, y B B B
S’ 1 ®I(JF)=001")MIKD/K'D,/K D;BERGRTIHE
R o T3 FRSIRIEE.
' KD, ]
ot iee it

M KEE 24



IJP) = 0(27)BIKD;/K*D,/K*D;iB8& RS HIR A R

o TEEEN T, 1(JP) = 02 KD RGR TR
BRAES.

o LEEFSE AT 1.86GeVES, I(JP) =02)HY
KD;/K*D, /K*D; 8 & RAFEMERESHE . bR
TS/ KD, ES, K*DIEEREZSIFZARFH
HEEZAE,

________________ ff’ifil.--_] ® /(J7) = 0(27)MIKD3/K*D, /K D33BA RGR T HE

1.86 1.88 190 192 194 19 MWT9FHEEE.

A (GeV)
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e IE BN RER

o FEEENHF, IJP) =01 )KIKD, REMI(JP) = 027) W KD; RGN SF M EIREAT.
® EEFESEMRAT, IJP) =01 )MKD, RZGHMI(JT) = 0(27)BIK D3 B G 7] LU B AR BIURAERS

® 7£1(JF) = 0(1")BIKD,/K*D; /K*D;38E& R G I(J) = 0(27)BIKD;/K*D, /K*D 38 E& R G RE
MR F, BEENNEAETEZER.

® SHFI(JP) = 0(1)HIKD,/K*D, /K* DB RGRIMEEIER |\
RESHER P LETEENER. gm;
Zl.z X
® X KD, - K*D,3BEmEK 80% BF, I1J°) =0(17)AY 1o}
KD,/K*D,/K*D;3a & RGHIRESHIER . BEEKD, 0.8}

- KDy SBABENIEM, MAMMRESOBISEM N, 0 00 0 12 1S

Ik
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s

FI(JP) = 0(17)KD/K*D,/K*' D35y FSHIE SR TEM X, (2900) BYSR 14 |

T @ RIBEESHT, BAMIERF X, (2900) R

AIJT) = 0(A7)KD 7 F7s.

S ] X. K. Dong and B. S. Zou, EPJA 57, 139 (2021)
S 2008F KT ; : J. He and D. Y. Chen, CPC 45, 063102 (2021)
S

o o NI e ZEIBABMMNE, A~ 1.07GeVE, ()
' = 0(17)KD,/K*D,/K*D;383& &%k

e
\O
-’
=
I LJ L
rvs (fm)

- ) 2: -

2900 F A (GeV)
: ————— v JRE 2904 MeV;
10— v IR J9 1.38 fm;
N0 KD ) vV SRR EEMRTHI ST
< 80] ] KD,&#e5 83.41%, K*D,i&ZT#k 16.50%, K*Dji#l
< 20f { REKLIA 0.09%.
Eoc T kD1 e i 2000 INERT H FAEBTFRRE,
1.02 1.04 1.06 1.08 BRE240 KD, 7S, KD ENEBRYEEETM.
A (GeV) v HX1(2900)i2 1 T AT HERRRRR

v RIIEX1(2900)38F 5 FASHIMRTERM T AI4T B B
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PHYSICAL REVIEW LETTERS 122, 222001 (2019)

RS EHNEBFEENEFER

Observation of a Narrow Pentaquark State, P,(4312)",

and of the Two-Peak Structure of the P (4450)*

F—+E R
A) — J /oK~

R. Aaij et al.”
(LHCb Collaboration)

M (Received 6 April 2019; published 5 June 2019)

—0
>tD >tD*°

1200
—— data

- — total fit

Weighted candidates/(2 MeV)
[e)]
[=]
T

200k

FHIERETE

F1E¥R

[ — backgrounc %%ii .
¢ E j.\l“:
I

400 }l_ﬂ i

P (4312)"

[ |
4300 4250 43

LHCb

P.(4440)" [ P (4457)"

00 4350 4400 4450 4500 4550 4600
m,,. MeV]

=M KE

i

P (445

PF(4312) : M = 4311.9 £ 0.7703 MeV ,

= 98+2773T MeV,

P7(4440) : M = 4440.3 £ 1.3771 MeV,

I'= 20.6+4.9757 MeV,

7): M = 4457.3 £ 0.6"11 MeV ,

['= 6.4£20775 MeV.

| ' 1 e |
P.(4312) P.(4457)
| 1|
| (|
| 1)
| I |
| (|
| _ I |
SHE D RG FIFFERETE
| I |
1l L
DI B, P.(4440) ©.D*
1 | 1
432 440 448 4.56

RS TR o F SISk ENEaEENESIER
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SEKNTFETNESR RN FRBRNT 50 FRSRFFEREE

ko, ® H SSHKNFETHNESRENFERRIE-FHFD

h FRLAME R SFEEHENMFFEREE, XTLUE
"""""""""""" HEX DA EEENE-FEUERSHENEFIE.

® FEINRELE F X RV FIEREIE
v BFTFIEREX,(2900) BIRERLER;
KD v EER SEKNTETHNESREN TEBRNE- TSI T
] SN S T EKIE,
KDy __ ___ e
0(07) 0(17) 0(27)
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SHEKNTFETHNESENFHEAT 59 F7S

DK FS DK 7375 D*K" ¥
DI’ AL REIE DKALREE D K*AEREIH
[BaBar] PRL 90, 242001 (2003) [BaBar] PRL 97, 222001(2006) [LHCb] PRL 125, 242001 (2020)
D:,(2317) D;(2860) X0(2900)
2003 2006 2020
D.1(2460) X1(2900)

[CLEO] PRD 68, 032002 (2003) [LHCb] PRL 125, 242001 (2020)

D TR R DK TR
D*KDF7s D K5 F7s
Tc§ﬁ%ljl:§

F. K. Guo, C. Hanhart, U. G. MeiBner, Q. Wang, Q. Zhao, and B. S. Zou, Rev. Mod. Phys. 90, 015004(2018)

® GFHRMMIA K®D,/K®WD; ZGHM KD, /KD RGHHEEIER BB T MM X R
E. Klempt, F. Bradamante, A. Martin, and J. M. Richard, Phys. Rept. 368, 119-316 (2002)

Y o0 M p RHIREER R RGP RIFER . g©p,/k©D; L GERMHM  KOD,/KOD;

v tHoXRNRRERLRZZDHSER.  REHEEER ARG HEER
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PHYSICAL REVIEW D 84, 014013 (2011)
More kaonic bound states and a comprehensive interpretation of the D, states

Feng-Kun Guo™* and Ulf-G. MeiBner'*"

'Helmholtz-Institut fiir Strahlen- und Kernphysik and Bethe Center for Theoretical Physics, Universitit Bonn,
D-53115 Bonn, Germany
*Institut fiir Kernphysik, Jiilich Center for Hadron Physics and Institute for Advanced Simulation, Forschungszentrum Jiilich,

D-52425 Jiilich, Germany
(Received 21 February 2011; published 8 July 2011)

The leading order interaction between a Goldstone boson and a matter field 1s universally dominated by
the Weinberg-Tomozawa term. Based on this observation, we predict a rich spectrum of bound states of
a kaon and a heavy meson. We argue that, if the lifetime of an excited heavy meson is significantly longer
than the range of forces, then the finite width of that state can be neglected in a first approximation. Then,
the D3,(2317), Dy (2460), D,;(2860) and D,;(3040) are generated as DK, D*K, D(2420)K and
D*(2600)K bound states, respectively. In addition to the remarkable agreement with the measured masses,

the decav natterns of the D.,(2860) and D.,(3040) can also be understood. Two more D., states. and
TABLE I. Predicted masses of charmed-meson kaon bound states. The experimental values are listed in the fourth row for a

comparison. The expected dominant decay modes are also given.

Main constituents DK DK (D,24200K  D,(2460)K\ D(2550)K D*(2600)K

Jr 0" 1t 1~ 2 0f 1t

Predicted masses 2317.8 (input) 2458 + 3 2870 =9 2910 = 9 2984 + 10 3052 = 11
Experimental data ~ 2317.8 = 0.6 2459.5 + 0.6 | 2862 +2*] 3044 + 8+30
Dominant decays D, D 0"K, D"y D'K,D'v) DK, Dmn D'K,D'n D,w, DK*, D¢

D:,(2317) Dy (2460)
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rrvs (fm)

rrms (fm)

K*D,fK*D; RGRIR G R

IJ%) =0(00)
* A =157GeV
e - +0.02 GeVjslep

BA=175GeV

I(J") =0(17)
* A =1.53 GeV
@ - +0.02 GeVslep

A =177GeV

1% =0(27)
* A =1.09 GeV

@ - +002GeVsiep

mA=131GeV

-----------------------

107 = 0(1)
* A =152GeV
o - +0.02 GeVisiep

mA=1T72GeV

.......................

-----------------------

I(J" =02
* A =142 GeV
e - 002 GeVisep

mA = 1.66GeV

.......................

E (MeV)

-----------------------

10J7) = 0(3°)
* A= 1.05GeV
® o 4002 GeVisicp
mA=127GeV

.......................

I(JP) =0(17, 27,37 )K" D; RERMEMNT - H FHIZRIEE

=M KE
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® TEIENTH, JEESHA 0.8~2.0GeVEWRE], () =017)BIKD, ZGFIJY) =0(27)

HIK D; RGN R AR BUERES

® SE[BHEIEV AT,
v I(J?) = 0(17)BIKD,/K* D, /K* D338 E RGBT EAN1.01 GeVET L I BIR ¢

7
RO
— > A1 4 AY H 77
v I(J") = 0(27)RIKD;/K*D, /K™ D; 388 RS A BB {E91.41 Ge VAT H IR HUREZS R
TABLE III: The obtained looscly bound state solutions for the cou- TABLE IV: The obtained loosely bound state solutions for the cou-
pled KD, /K" D, /K" D; system with I(J”) = 0(1"). The P are proba- pled KD} /K* D, /K*D; system with I(J”) = 0(2"). The P are proba-
bilities of various components (in units of %). bilities of various components (in units of %).

A (GeV) E (MeV) rems (fm) P(KD\/K*D,/K"D5)

A (GeV) EMeV) rems (fm) P(KD;/K*Dy /K" D3)
1.01 -0.83 4.64 96.60/3.32/0.08 1.41 -1.03 437 97.51/0.02/2.47
1.04 -9.52 1.66 89.37/10.39/0.24 1.45 —8.77 1.72 92.24/0.03/7.73
1.06 -20.34 1.16 84.94/14.73/0.33 1.48 —20.10 1.15 8§7.78/0.03/12.19

IJ") = 0(1)MKD,/K*D, /K" D;iB8ERGFMIJT) = 0(27)BKD3/K*D1/K* D3 i8S R Gt
7= A BERIT s 7 FRSIRIE S

F1E¥R

Ik

M KEE

34



T
< r

I
)

1%

35

=M KE

F1E¥R



T

Bie S RBE S HRHEZNR- TR FSRENSRSHINER
o LT HHIXK, (2900)FR-FRAFALBNEHAGAEOTRIR, BAIRGHH T e
SEKNFSTRES(RREN FRANR- TR FARBNSHAFLE.

® SHEKNFETWUESKRENFERT57FRS FTHFHIRIE = T8(c5du):
v AR EIxRE —0(07,17) BIK*D, R&EF10(17,27)K*D; R %
v AIRERVIRIEE —0(17) MIKD,/K*D,/K*D;iB8E A% 0(27)MIKD,/K*D, /K*D; 388 &A%

o LEEBABEMNGE, X{(2900)AILAEI(JP) = 0(17)KD,/K*D, /K*D; " FAMEGTEIN,

® SEKNFETNESENFEBRNT,.7F75:
v EeRiEiEE—0(07,17,27)BIK D, R%F0(17,27, 378 K* D, &%
v AIRERVIRIZE ——0(17) WIKD,/K*D,/K*D;iBE ZR G M0(27)MIKD,/K*D, /K*D3iBE &%k

® AFHHESKKN FETNESR)RN FREANR-FRIFSERUNSSREEREN, #
W LHCb, Belle I f1EESLRAERT — RFMlEIEMBN FIIRTVEIET K, XaEBA/L
MR FRIMAFR TSNS FSHRRMEN, AFER-FRITFERENSRERIE.
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