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Experimental progress on pentaquark states

Events / (15MeV)

800

700

600

300

400

300

4 4.2 44

A > J/PppK-

4320 4380 4450

L
my,, [GeV]
Phys.Rev.Lett. 115 (2015) 072001

| oF 2015

— total fit
— background

) D'z,

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

2015

P; = 4380 + 8 + 29

+§205 + 18 + 86

P, = 4449.8 + 1.7 + 2.5
i
+539£5+19

2019
P.; = 4311.9 +0.775%8
[
+5984 27131
P, _44403+13+2%

+2206+49+101

P; = 4457.3 £ 0.6117

l
+564 1 2.0127




Experimental progress on pentaquark states
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Experimental progress on pentaquark states
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Interpretations for the pentaquark states
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Lippmann-Schwinger Equation

Lippmann-Schwinger Equation <E'|T|E>=<E'|T|E>+f(;i§3 <E'|V|c7>0(s) (E,|T|E>
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The relativistic effect is important for loop function of n.p as its mass threshold 600 MeV apart



Contact-range potential

Heavy quark spin symmetry(HQSS)
QCD interaction cannot flip the spin of heavy quark mg — ©

| " /Heavy quark
J=1i— 7 l ‘-} rown muck made of light quark and glouns
1 D(0™) D*(17)] —» 142 MeV [2.(1/2%) =.7(3/21)] —» 64 MeV

J=Ji+5 'J [B(0™) B*(17)] > 46 MeV  [3,(1/2%) 5,°(3/2%)] - 21 MeV
The mass of hadron within spin multiplet would be degenerate
Heavy Anti-quark Di-quark symmetry(HADS)
Heavy diquark behaves as a heavy anti-quark from color freedom

3

3 ® 3 — 6@§ mECC3/Z_mEcc1/2_ Z(mD* — mD) ~ 106.5 MeV
3

MQAcese ™ MOecry ™ Z (Mmpss —Mmpg) = 107.9 MeV

3 Phys.Lett. B248 (1990) 177-180



D®x{" molecules
Experimental data

Potentials
- i
V(1/27,2.D) = Cq Pey = 4311.9 £ 0.755¢ +59.8 + 2.7153
V(3/27,2:D) = C, :
. 4 — 34 1. +4.1 . 6+ 4. +8.7
_ 2 i
V(3/27,5:D%) = Co + = G, P., = 4457.3 + 0.67%1 + 6.4+ 2.0%37

3

_ 5 : :
V(1/2—,27;"D*) =C,—= Cp Three experimental data and two unknown coupling constants

3
2 I
V(3/27,2:D*) = C, — = G

3
Ca and Cb can be determined !

V(5/27,2:D%) = C, + Cp

| A D*%,(3/27) Pc(4457) D*%, (1/27) Pc(4440)
nput { B D*%,(1/27) Pc(4457)  D*Z,(3/2) Pc(4440)



; ¥ rro 1l : ; Scenario Molecule J” B (MeV) M (MeV)
. - A DX, %_ 7.8 -9.0 |4311.8 —4313.0 |
oo s A DE; %_ 8.3—-90.2 4376.1 —4377.0
A DY, 3  Input 4440.3
BT | ——— ] A D* Ec % - Iﬂput 44 5 7 ) 3
P o . p e b 257-265 45002 - 45010
A D*E:. %_ 159 - 16.1 4510.6 —4510.8
- ﬁ | . A D*z; g_ 32 —-35 45233 —4523.6
| B D%, %_ 13.1 - 14.5 |43U6,3 —4307.7 |
| s B 10)y %_ 13.6 — 14.8 4370.5 —4371.7
_DE — B B DI L Inpu 4457.3
- * | B DY, 2 Input 4440.3
® Explain three states as D3, bound states B l_)*E: é_ 3.1=3.5 4523.2 45236
e A complete multiplet hadronic molecules D®z ) B [_)*E: 2_ 10.1-10.2 45165 = 4516.6
¢ B D™’ g 25.7 —26.5 4500.2 —4501.0

Fine structure of hadronic molecules ,
Liu, et al. Phys.Rev.Lett. 122 (2019) 24, 242001 12



DMy B0 Hg'®)
Total 10 states c =c
[ states
State J? A(GeV) B. E(A) Mass(A)
10343 b ae ah PE. 1/ 105)  857749378])  4437(4436)
_ - DEx  3/20  1(0.5) 9.04477(9.517%) 4504(4504)
——D* &,/ s/ _ _
e g DE. 1/27 105 234770(225742)  4563(4564)
4513.1 I X, D*E.  3/2° 1(0.5) 6“4 3(5.2554) 4581(4581)
WL | ——y, D'E;  1/27  1005)  28.0'34(2631133)  4627(4628)
44453 Dz’ _
D=} 3/27 1(0.5) 17. 2*%33(16 4+11 6 4637(4638)
)+ - +12.5 —|—5 1
4336.6 DE, DE;  5/2 1(0.5) 4.0{'%3(33155)  4651(4651)
Liu, et al. Phys.Rev.D 103 (2021) 3, 034003
D) g ()
e A complete multiplet hadronic molecules DV X,

JP=1/2" JP=3/2" " =5/2 ()5 ()
® SU(3)-flavor partners of D®Z;

No experimental sign .
1



DME

4654.5 D'z D's, b s T x
2 ' D™E, Potential §
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44780 | ——D's, ————D'5, Pcs(4459) i
4445.3 ﬁgc' """"'“““““““'. """"
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4336.6 Dz, Pcs(4338) exchange
J=1/2 B FipaL DaFch theory
D*=.—D*=! — S 5
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IF =12 JP=3/2" JP =5/2" ,
J=3/2 B FijaL DﬁFl/ﬂ
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3 states! DyFl)y LFijo + 2Fy)
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Fitting parameters of D™E, e
--------- ! - As cutoff=1.12 GeV
Jr=1/2— JP=1/2" JP=3/2— | ! 3 w0 _ ’
Ve, = D=, = Vpe=, / ziFlfﬂ- i = we obtain a very
i 2l shallow bound state
1.2 . 1.4 A (Ge;ll.;i . 1.8 . 2.0
PC (4440) We only constrain the
5;:’3@32 P.(4457) range of parameters

V=32



Degenerate states

Degenerate states breaking

_ _ D'E, D'z,
4478.0 D'E, D°E, 4478.0 P,,(4459)
Couple channel cs
_ DE, P, (4338)
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3 @
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-------------------------------------------------------- P_,(4458) T [T
4.45 . . : ! : ! : 4.45 : ' ' !
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4
D, D,
e P.,(4338) isa D =, hadronic molecule
16

® Two possible structures around P.(4459) are D*E. molecules
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Triply charmed di-baryons molecules £z

= () g ()
Mass spectrum of Z.7%
o 2 .. A0 Q P cc ¢
‘ c i ; e a ’ W State J? Threshold A(GeV)  Scenario(A) Scenario(B)
E.Z. 0° 60749  0.5(1) 10.079 (17.9'29%) 30.4*133 (43.2433)
S reaauar E. I 1F 60749  05(1) 184113 (28.3203) 2074121 (3] 2277
— k * . = w14 +85.4 +25.4 +15.1 +32.7
aEC)ZE ) contact-range potentials :z 1+ 6139.5  0.5(1) ”'3;]?,-“; (20.0_:2??_22) 29.6;:?_2 (42.832_3
=X 25 61395  0.5(1) 20.011%(30.7:272) 20.0*!1% (30.8+273
state  JP V state JP v 23 17 61809  0.5(1) 28.2¢147 (41.07329) 12.2:3% (21.0+224
b5 12 - . 0" G+ 2C, 2%, 2 61809  0.5(1) 10.2*%9 (18.5210) 30.77133 (44.1+333
¢ a e ; — T () +16.8 +35.6 +6.7 +19.2
I+ C, - 2C, ELX 00 62455 0.5(1) 35.0118%(50.27358) 7.6:%7 (15.8+192
- .y +§ C, Er X 1Y 62455 0.5(1) 29.9%152(43.77329) 11.5%85 (20.7+229
* —_ — * a .
Dz 3/2 Ca Eece " 1 c, Er X025 62455 0.5(1) 20.3*108(31.61279) 203118 (31.61273
a 3 Y 6.7 2 i 35.6
- TR o D ioe =X 3% 62455 0.5(1)  7.6'%7 (15.81192) 35,0168 (50,2136
D'z, a3 =y, @ omh
C3/2 G+ i, | 2t C,+ 2¢y Ya-Wen Pan, et al. Phys.Rev.D 102 (2020) 1, 011504
- 5 + 5 — . .
/27 Ca= 3G 0" Cq 131Ch o D®: molecules are expected to exist the triply
— + — — . L |
D' 30~ ¢, -2c, |Eni b Cam95Ch charmed di-baryon molecules (732
3 > C. — le cc “c
a 3 X X
512~ C,+C, 3 C,+C, e A complete HQSS multiplet hadronic molecules EEC)ZE )

18



Triply charmed di-baryons molecules =

=(*) 5 (%)
The Lattice QCD has simulated the =;/ X
Scenario A {rlattir_‘:e QCD I
M(A =1GeV)
! 3 3 r3 3
2 2 2 o 2 2 2 0" 1 "2 1" 20 o 1" 2" 3
I 6229, 8B
6213.9
I I 6201. 8
6195. 3
I 6162, 4
I 6140. 0
6119. 5
I i 6108, 7
6057. 0
[ 6046, 0 ”
]
I I4523‘4
4510, 8
4500. 4
Pe {4457 s Input
Pe (4440) Input B
Pc (4380) .
4377.3
Pe(4312) .
4313.0
Dr, DI, D'z, D! E.Z, E. 2. = =22

Ya-Wen Pan, et al. Phys.Rev.D 102 (2020) 1, 011504

£ (g

Interactions
400F
300F l/.2
g 200F 12
100F " V-z
0____— 3212 %____4!_____
% E — Dy o
—100
Parikshit Junnarkar and Nilmani Mathur.
Phys.Rev.Lett. 123 (2019) 16, 162003

e The existence of 272 molecules
could verify the molecular nature of Pc.

® [he mass splitting of u( )2( ) molecules
could help us determine the spin of
Pc(4440) and Pc(4457) in the molecular

picture



Doubly charmed tetraquark states

&> 170¢ T T =
= 0
3 LHCh %3
§ . 9fh! 525
= 3 2
—-; C -~ 10- b3
< 40f 1 Masses of T
C 4 Data d 3874 3876
30F- = monpare [GeV/e?]
ob M T 5 et : Tetraquark  [55]  [61] [62]  [63] AV
. e - D*'D* threshold B
TY, 3999.8 4132 4032 39692 4033.3
T2 41240 4151 4117 40532 41113
T2 41949 4185 4179 41238 4170.7

55. ].-B. Cheng, et al. Chin. Phys. C 45, 043102 (2021)
61.Y. Kim, et al. Phys. Rev. D 105, 074021 (2022)

62. W.-X. Zhang, et al. Phys. Rev. D 104, 114011 (2021)
63. X.-Z. Weng, et al. Chin. Phys. C 46, 013102 (2022) 20

Nature Phys. 18 (2022) 7, 751-754



Mass spectrum of DT

(*)

ccC
Molecule  J" Threshold B.E.(Scenario A) B.E.(Scenario B)
Do 0" 5900.3 2417391665715 1) 3217530 (23.31 104
DTL 1= 59783 2479 7T(16.87162) 3288530367104
DT 27 6037.7  25.27200017.07182) 334700 (23.87104
D1 1= 6042.3 20.5T320(18.6 715 7)  38.20300(25.61127)
DT 0 61203 43. 715012071210y 261 06(15.61 {52
DT, 1 61203 36.81000240 0108 3240308 (20.61 18
prrlo 2 61203 242882014000 460t (31610
DT2 1 61797 SLTTR0(35.87200) 909t 1) o128
D12 2 61797 3741108243104 32909 g T
D*TZ 3~ 61797 19.01353(0.87 20 54.31002(37.81 218

Pan, et al. arXiv:2208.05385

® A new type of hadronic molecules

@

® (a)Molecules made of three charmed mesons

e (c)Molecules bind together by Coulomb force

Te

(®) ©

-83.59 -



| Decay mechanism of molecules

e The masses of D®I! are under the mass
threshold 4-20 MeV

® The masses of EnZE*) are almost in the mass
threshold of D!

No phase space! 22




v

J/¢(ne)
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Tree-modes decay

Scenario A A B B
Mode DW-Argt  DEOA+R0 DE-Atgt  DEOAFZO
P 0.034 0.141 0.004 0.037
Py 2.085 2.166 1.468 1.479
Py 0.002 0.033 0517 1.793
Py 0.170 0.591 0.001 0.011
Prs 2.508 2.219 6.906 6.280
P 3.087 2.758 3.866 3.529
Peq 2.807 2.578 1.033 0.915

Jia-Ming Xie, et al. arXiv:2204.12356

® P, P.(4457), P.s, P, P.; decaying into
D™ A m are up to several MeV.

® P.(4312) and P.(4440) decaying into D®MA_ .«
are less than 1 MeV.

@ Search for the pentaquark states in the DA m
iInvariant mass distribution.

® Search for P.; in the D*A,m invariant mass
distribution

24



Triangle diagram modes

5 T T T T
4l P —J/ynz
— = PioJyprd
S
2
= 4
,-=‘f
=]
z
- 1
o9
] -
] -
0 . . . .
2,00 2.04 2.08 2.12 2.16 2.20
A (GeV)
(a) I’.3-Scenario A
5 T T T T
4k P = Jiynr
— Pl pad
7
- 3 B
w
=|
=
=
1k ]

0 ' I i
2.00 2.04 2.08 2.12 2.16 220
A (GeV)

(¢) P.4-Scenario A

20 T T T T
s
£
3
z
i
4F .
0 = — =" 1 n
2,00 2.04 2,08 2,12 2.16 220
A'(GeV)
(b) F°.4-Scenario B
2.0 T T T T
w6l T Pu—diynd i
— — Py pd
% el WP
=12
£
z
§‘U.B
0.4
0.0
2.00 2.04 2,08 2,12 2,16 2.20

A (GeV)

(d) P.4-Scenario B

e [hese partial decay widths are up to be the

order of keV.
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Summary and outlook

® \We assigned the Pc(4312), Pc(4440), and Pc(4457) as DX, molecules as well as obtained

a complete HQSS multiplet hadronic molecules D@ . With similar approach, we
explained Pcs(4338), Pcs1(4459) and Pcs2(4459) as D™E, molecules.

e Based on the existence of DVZ{” molecules, we predict a series of molecules composed of
258 and DOT.LY. If they are discovered by experiment or confirmed by Lattice QCD, it will
help us understand the molecular nature of pentaquark states.

e \Within the molecular picture, we have predicted the three-body partial decay widths of

5(*)22*) molecules, which are useful to check the molecular nature of pentaquark states

e The production rates of DX, molecules are important for us to
understand the natue of pentaquark states.

Dy

K ‘/\b
Sy

P

) F(4312) T.J. Burns and E. S. Swanson, arXiv:2207.00511
Qi Wu and Dian-Yong Chen. Phys.Rev.D 100 (2019) 11, 114002



Thanks for your attention!



s — X

Ab D

Y, — P.(4312)

Qi Wu and Dian-Yong Chen. Phys.Rev.D 100 (2019) 11, 114002

Ay

p |

Br(A, » AfD;) = 2.46%
Br(A, — A:D:™) = 3.65%

Dv

Br(A, - 2FD;) =~ 0.11%

—— P (4440)

Zhen-Xing Zhao. Chin.Phys.C 42 (2018) 9, 093101

(4306.0 + 7.0) MeV neN J/UNT DA} DS, U D'ACT DS, D
lgi| 0.59 041 1 0.01 i 1.99 i 0.0 1 0.02 0.03
T; 9.7 39 1 00 ool N -
Br 69.0%  20.6% 1 00% ! 1 09% i - -
(4433.0 + i11.0) MeV N J/UNT DA.{ DS, | DA} DS D%
lg:] 0.16 049 ! 0.03 : 0.07 i 003 | 242 006
T; 0.7 6.4 i o1 ! 02 1 00 i - -
Br 34%  290% 1 03%; 11% | 02% 1 - -
(4500.0 + i5.5) MeV neN J/UN| DA.1 Dx. i DA} D=, D%
lg:] 0.37 0.26 i 0.05 1 003 1 002 i 0.02 229
I; 4.5 L9 102 P01 ) 00 Io00 -
Br A12%  177% ) L% 1 05% L_03%_! 0.0% -

Chun-Wen Xiao, et al, Phys.Rev.D 102 (2020) 5, 056018

Br(A, » AtD;) =1.10%  Experimental data
- ,
Resonance lg1] |g2| I s ! X, i Xo
(GeV)  (GeV)  (MeV)  (MeV) | I
P.(4312) i i
— +2.0 +1.3 +5.4 +10.6 1 +0.16 1 +0.09
X =10 40%5% 10555 68155 075" 1009500 1 091750
_ +2.0 +1.2 +5.5 +8.1 1 +0.16 +0.10
X =08 42754 92050 75272 23523 H 0.10Z4 19 i 0.70Z5 16
2.0 0.9 5.7 4.3 0.17 0.09
X =05 45732 68705 85737 13t loantgid 10397000
T T
P.(4440) ' !
1 1
— +0.7 +1.0 +6.8 9.1 +0.01 0.02
X=10 3800 148t0 164757 4217 i 0.03%5702 1 0.977¢ 07
X=o08 3907 13107 173fLT 33713 1 0.03700; i 0.77+0:92
X=05 4079 1027508 186737 20133 i 0.0370:07 1 04700
P.(4457) i i
_ 0.9 2.3 +3.7 9.5 1 0.007 1 0.005
X=10 1798 94fFd 3537 291907 :0.005J_f0_005 ] 0.99510-002
0.8 2.0 4.6 7.9 0.008 0.006
X=08 1995 843y 42t} 23%70 io.oosto.m i 0.79410-096
— +0.9 1.6 +5.1 4.9 +0.008 +0.008
X=05 20790 6.67;5 s0t2) 14t !0.008_0_008 | 0-49270 005
I 1
Zhi-Hui Guo, et al. Phys.Lett.B 793 (2019) 144-149
The D®A ibution is mi
e ¢ contripution IS minor
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The D™A, contribution is important

K

Jhy

p
T.J. Burns and E. S. Swanson, arXiv:2207.00511

There exist two states near the X.D* threshold in our
model, which can be related to the experimental P.(4440)
and P.(4457). The channel above the X,.D* channel, here
Z’C’D* channel, does not provide the width, that is, the
the pole near the X.D* threshold from the two-channel
calculation with £*D* channel is still on the real axis. It
reflects that a state XD* can not decay to X*D* which

"""""""" SEEmmmEmEmmEmm———mm—— e |
| listed. For both Z.D* states, the AD* channel is dominant}

1
1
branching ratios smaller than 20%. The dominance of the
A.D* is also found in the £*D(3/27) and X,.D(1/2") states,
1in the current work. The branching ratio of the X>D(3 /2')i
istate to the A.D channel is 100% while the A.D channel!

 provides about 90% contribution to the X.D(1/27) state. _ |

Jun He, et al. Eur.Phys.J.C 79 (2019) 11, 887

FJ/".DP

P%P

+0.0197(+0.0309) +0.0392(+0.0615)
0‘0448—0.0161(—0.0287) 0'0892—0‘0321(—0.0571)

+3.68(+5.77)
‘36—3.01(—5.35) 0

[ I YU I ———

Yubing Dong, et al. Eur.Phys.].C 80 (2020) 4, 341

Mode

Widths (MeV) with (fa2, f3)

D3, 3 3%

P.(4312) P.(4440) P.(4457)

D*A.

10.7 125 6.8 10.8 6.9 i

L.77' P UTTTTU6TTIRTTUZ 0T
DA, 03 27 12 20 12
TN 1.7 0.2 19 007 0.6
Xcop - 0.1 0.009 0.05 0.003
Nep 0.4  0.07 0.008 0.02 0.003
pN | 0.0008 0.4 0.3 0.1 0.1
wp 0003 15 12 05 04
DN - 34 0.6 28 09
5D . Do 7.3 93 w2
Total | 13.2 224 21.0 18.8 17.9

Yong-Hui Lin, et al. Eur.Phys.]J.C 80 (2020) 4, 341

9+3.74(+5.86) 9.8i2.7131:g




Coupled channel potentials Vi = Ca+ Ci
0 0 3g 0 0 59 0 0 39
I":;i;l—fjfwf—ﬁs,_. =10 0 2__:.,%9. I'J;i;l—{zr;ww—ﬁwzc - U *:;5' V’}::rl—%ﬁ” o= | 0 0 ¥y
lg a9 Co w39 89 Ca— 100 o G 36
([] () () \ 0 0 0 0 0 ()
E;if_ﬁnw_ﬁz; =10 0 g Vo pen o = [0 0 g Vo o o= |00 g
; 0 —1g C,+2C 0Ly 0,20
\0 F9 Cu) 3 e ‘*g*b
. . Pc(4440) | Pe(4457)
Reproducing widths Pc(4312) ( )i cadsn)]
' PC(4457) | Pc(4440)|
Inelastic potential
Scenario A (GeV) Ca Chy qi g3 g4
ey -
g = (DVE"|1g ® 1/2.) A 1.5 52750 5.625  7.650 6760 12350
= (DOED )05 @ 1/2,)
B 1.5 -56.447  -5.480 7350 4.610  18.000
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Single channels

Scenario Molecule J* B (MeV): M (MeV)

A Dy, 1 78-904311.8-43130
A Dx: 2" 83-9.214376.1-4377.0 |
A DS, 1 Imput | 44403 |
A DX, 2 Input | 44573 |
A DI 4 257-265 4500.2 - 45010 |
A DL, 5 159-16.1:4510.6 - 4510.8 |
A DE 3 32-3514523.3-4523.6

® The real part of these Pc for couple channel case change little

® Within the HQSS, we can not well describe the widths of three Pc states

The HQSS breaking
® Reasons {

Other channels contribute to their widths

Coupled channels

State Mass (MeV) i Ippws) 9PN 9PN
P 4309.3+4.9: 2.16 0.31 0.53
P 4372.2+4 .81 2.19 0.62
P 4440.3+10.3: 2.60 0.83 0.29
Py 4457.3+3.2: 1.70 0.49

5 4502.7+14.0¢ 2.68 0.48 0.83
Py 4510.547.24¢ 2.31 0.71
P 1.49
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One boson exchange model Effective field theory

: P
Molecule I J*  ay(fm) B, (MeV) M (MeV) Scenario Mo}eoule J_ B (MeV) M (MeV)
= 1 - 110 A DX. % 7.8-9.0 4311.8-4313.0
ch 5 3 1.9_[}'4 ll'lpl.lt [l']pl.lt —— 3=
- e 70 7 A DY 5 83-92 4376.1 —4377.0
DY 5 35 1.9, 9.37¢ 4376.0 - 1=
-t % ?_ - +5-§ A DX, 3 Input 4440.3
? E[_- ? E_ 25_32 42_3;]46 44580 A D*Ec %_ Input 44573
DL, 55 1453 183557 44439 A D's: 17 257-26.5 4500.2 - 4501.0
D'z 53 26%% 2932 | 4523.8 A D'E: 27 159-16.1 4510.6 —4510.8
D'z 35 199 9.2*7% | 4517.5 A D'Y; 37 32-3.5 4523.3-4523.6
Do 32 1.3 22401311 45043 B DI, 1" 13.1-14.5/4306.3 — 4307.7
Phys.Rev.D 103 (2021) 5, 054004 B Dr; 3 13.6-14.8[4370.5 43717
B Dz, 1 Input 4457.3
® Results of OBE confirmed the conclusion of EFT B D'z, %- Input 4440.3
® Results of OBE are consistent with Scenario B B Dy %‘ 31-=35 45232 — 45236
P.(4440) - 3/2 B D*%; g_ 10.1 — 10.2|4516.5 — 4516.6
P.(4457) - 1/2 B D*x; 2 25.7-26.5(4500.2 — 4501.0




Contact X
Leading order ?

One pion exchange :
Next to leading order

OPE is perturbative in charm hadronic interactions
Jun-Xu Lu, et al. Phys.Rev. D99 (2019) 074026

-

Contact Lagrangian L= CaTr[HIHC]SC S, +Cp Y34 Tr[HIaiHc]SC -(J:S¢ )

H,=-—(D + D*9) . _
Superfields{ \/17 < - Spin multiplet hadrons
Sc=—=E o +Z"
C \/5( C0.+ C)

Effective potential Single channel

S-wave




Ay, vertex:

P. vertex:

Large
Large

Small

Small

LR

Small

Large
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