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Hidden-charm states

4700) Charmonium spectrum
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Hidden-charm and double-charm states

Hidden-charm P. LHCb (2015, 2019) Double-charm T, LHCb (2021)
; LI B LB L LN I LA BN RN B R &s 70: T ,(\40 ) ; ]
L 1000 T =k LHCh £} i E
N ' s f 9fb™ & J[ § E
3 = sof ‘ I
— — - 10F T
5 = wf VS IRE
S - 4 dat MY BT 1( N
C 30 [ 14— DDORt MDOport [GeV/c?] T
20f- | T D o ]l | * E
P (4440)'p of TRt it ! E
P.(4312)" Fo il +ﬁ++HH i +ﬂj i +H+#-§
" . , \ I . | , . .
o 3.87 3.88 389 39
MpOp0+ [GeV/c?]

A) - J/YpK™

 Internal structure not understood
« Many structures are near threshold; candidates of hadronic molecules
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® B-factories
b

-
>

O From ISR processes

» Cross sections and selection efficiency are relatively low

O From B decays with b — scc
» Energy region limited: < mg —my = 4.8 GeV

» Final states with 3 or more hadrons: B = K¢, Ky w, Ky, ...
Often difficult due to multi-hadron final states to get unambiguous properties of
broad resonances

® Hadron colliders 8 :r
O From A, decays with b = scc - / o
» Energy region limited: <m,, —m, = 4.8 GeV T?A i CD
» Final states with 3 or more hadrons TN
O Prompt productions: high background e W
M(BC)

® BESII|
O Energy so far < 4.96 GeV, to be upgraded to 5.6 GeV
0 Low production rates (radiative transition) for C = + states
O Luminosity: less than 1x1033 cm™2 s~ ! above 4 GeV
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More hadronic molecules are expected

» Survey of hadronic molecular spectrum with a simple vector-exchange model

» Hidden-charm hadronic molecules X.-K. Dong, FKG, B.-S. Zou, Progr.Phys.41 (2021) 65
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w——_'~
More hadronic molecules are expected
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Hidden-charm hadronic

molecules

X.-K. Dong, FKG, B.-S. Zou,
Progr.Phys.41 (2021) 65

oo, » High-luminosity experiments

covering the energy range

above 5 GeV are needed
6



More hadronic molecules are expected

bound i oal poun " ... 1 » Double-charm hadronic
2472
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Photoproduction: charm

Figure from D. P. Anderle et al., Front.Phys. 16 (2021) 64701 Rt

c3l IR O
10°F  |ceBar A
1 |24 GeV @ f
102- -
_ : 2
5 ]
g ]
s 10°5
S 5 I CIF (1979)
. ¢ Fermilab (1980)
1004 ¥ EMC (1982)
] & SLAC (1986)
] Elec ® CERN/WAS5S (1987)
1 IC @ Japp data before 2002
10-1—5 ¥ GlueX (2019)
TS e,

Wyp (GeV)

® Leptoproduction: cross sections are roughly two orders of magnitude (a) smaller
® Many more open-charm hadrons D and A,
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Near-threshold J /Y production at GlueX

No evidence of P. in the J /Y photoproduction at GlueX

2 ;
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= :
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|
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= :
s
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L i : . | —— JPAC P(4440)
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GlueX, PRL 122 (2019) 222001
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Hidden-charm exotics at COMPASS

® Observation of X(3872) iny*N - X°n:N’ with 4.1¢0 COMPASS, PLB783(2018)334
S,y € [8,18] GeV My = (3860.4 + 10.0) MeV
> 8E
o 7E
3o
S E
% 3F
Lot %H% |
38 (')'E— ‘% T Iy T
N N 34 36 38 4 42 44 46 28
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® The mmr invariant mass suggests C(X) = —1
10 2 5
% o Ow(2s) 8 . s }
o I & 6 B COMPASS
3 o WX(3872) 5_
g f i
§ 4} /,f" . 32— + *{'
! (X3, e
T R - AN °ok"blf"blz'“ba“b::“b's“o's‘“bf"olé”bé”‘g
[ [GeV/c? m,, [GeV/c?]

(@) (b)
® Cross sections: 5(yN — XgN')xB(X - J/yn*n~) = (71 £ 28 +39) pb
o(yN — X(3872)N")xB(X(3872) » J/Yymn*n~™) < 2.9 pb (CL = 90%)
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Hidden-charm exotics at COMPASS

® No evidence of Z.(3900) seen

J/ Z:
¥ MV L c
TC+
p
(a)

COMPASS, PLB742(2015)330

utN > ptZF(B900)N - pt J/YnEN - ptptpnEN

2
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— -_ N N w w D D
o w (== | (6] o [9)] o [6)]
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o
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® Cross sections:

BR(ZZ(3900) - J/pm)x a,

F-K. Guo (ITP, CAS)

N—-Z¥(3900)N ‘<

My, [GEV/C?]

XYZP at electron-proton facilities

/syN>=13.8 GeV

J/
¥ MWW Iy
pomeron
n'f'
p
(b) :

S,n € [7,19] GeV

< 52pb
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Eoupled-channel effects

® Open-charm channels easier to be produced than J /Yp; thresholds nearby
M.-L. Du, V. Baru, FKG, C. Hanhart, U.-G. MeilRner, A. Nefedievy, I. Strakovsky, EPJC80(2020)1053

P P
P/A

/ T/
Unitarity: ] /Yp — J/Yp enters w/o

DM(A.)

VMD, but cannot be singled out e
12l qma'x=1.0 GeV
- : = Qmax=1.2 GeV
ﬁ KU4D 0 22861 /845 = 4I5) MeN 10" Tma=l e e
NP L 30971 938 = 4035 men 08F

a(yp—>J/yp) [nb]

0.6 -

» Estimated cross section w/ couplings mmp **

taken from literature 02}
> Unique prediction: cusps at A.D®) T e S S
8500 9000 9500 10000
thresholds E, [MeV]

® The same mechanism for J /Yp — | /1p leads to small scattering length; need to
compare with the scattering length from gluon exchanges (ongoing):

‘aJ:1/2| =0.2...3.1 mfm, |aJ:3/2’ =0.2...3.0 mfm,
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Cross section estimates

® Order-of-magnitude estimates of inclusive lepto-production of near-threshold hadronic
molecules //a,nything

. . /
® The cross section can be estimated as A
7~

e.g., for P. states

o« 7 (2D)) X|GA 12 X| gerr?

Event generators

® The method has been used to estimate the X(3872) production at hadron colliders;
despite the debates regarding the X(3872) structure, correct order of magnitude was

reproduced

Artoisenet, Braaten, PRD83(2011)014019; FKG, MeiRner, W. Wang, Z. Yang, EPJC74(2014)3063

o(pp/p—X) [nb]Exp. A=0.5 GeV A=1.0 GeV
Tevatron 37-115 7 (5) 29 (20)
LHC-7 13-39 13 (4) 55 (15)

Albaladejo, FKG, Hanhart et al., CPC41(2017)121001
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Cross section estimates

Z.Yang, FKG, CPC 45 (2021) 123101

0.01F

® Charm hadron pairs generated T B ateic D atkicc %ﬁ
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® Considered machine configurations

I S S S 77 Y

e energy (GeV)
proton energy (GeV) 20 250 o

luminosity (cm™2s71) 2x10% 1034 1036
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Cross section estimates

Z.Yang, FKG, CPC 45 (2021) 123101; P-P. Shi, FKG, Z. Yang, arXiv:2208.02639

® Order-of-magnitude estimates of the semi-inclusive electro-production of hidden/double-
charm hadronic molecules (in units of pb)

P(C
I = T T
DD*

0,1+* 21(89) 216(904)
DD* 1,1% 0.4x103(1.3x103%) 3.8x103(14x103)
D*OD; 1/2,1* 19(69) 250(900)
5.D 1/2,1/2" 0.8(4.1) 15(73)
= D 0,1/2" 0.1(1.6) 1.8 (30)
AA, 0,0+ 0.3 (3.0) 10 (110)
AS, 1,0" 0.01 (0.12) 0.5 (5.5)

T, DD* 0,1+ 0.3x1073 (1.2x1073) 0.1 (0.5)

Results for more systems can be found in the above refs.
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Semi-inclusive production at CEBAF 24 GeV

P-P. Shi, FKG, Z. Yang, arXiv:2208.02639 upegd®

® For beam energy of 24 GeV, the ep c.m. energy: 6.77 GeV; too low for Pythia

® Choose a few higher energy points, and extrapolate the results done to 24 GeV

® Rough order-of-magnitude estimates
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Semi-inclusive production at CEBAF 24 GeV

P.-P. Shi, FKG, Z. Yang, arXiv:2208.02639 R

® For beam energy of 24 GeV, the ep c.m. energy: 6.77 GeV; too low for Pythia
® Choose a few higher energy points, and extrapolate the results done to 24 GeV

® Rough order-of-magnitude estimates
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Semi-inclusive production at CEBAF 24 GeV

P-P. Shi, FKG, Z. Yang, arXiv:2208.02639

® Order-of-magnitude estimates of the electro-production cross sections with 24 GeV
electron beam

T e [ U
X(3872) DD* 1+ 1.3 (5.5)
Z.(3900)° DD 1+= 23 (82)

S

*

P.(4312) >.D 1/2- 0.02 (0.08)

3/2” 0.005 (0.03)

*

[1]

c
C

D

® Not surprising the GlueX observed no signal of P.: a(yp — J/Yp) = O(1 nb) >
10%xa(e”p — P. + anything), much higher statistics is needed

® With a luminosity of 103 cm™%s™ 1, for an integrated luminosity of 107 pb™?!, a
large number of hidden-charm exotics can be produced

even after having taken into account branching fractions, e.g., B(P, = J /Yp) =
0(1%), BJ /Y —» £1€7) = 12%
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Summary

® Future electron-proton machines will be able to contribute a lot to hadron spectroscopy

® A large amount of hidden-charm exotic hadrons can be observed at CEBAF 24 GeV for a

luminosity of 103¢ cm~%s™!

Thank you for your attention!
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Near-threshold structures

* Nontrivial near-threshold structure for S-wave short-range attraction
X.-K. Dong, FKG, B.-S. Zou, PRL126 (2021) 152001

1.6 (@) — 1 1.6Fb) . 4, —05fm -
14} - { 14Ff ap=31m
| i ] Fj? [ e Aoy = —3fm ]
) 1‘2 " ..“ % 1.2 ; T
— L i 4 @) a11:a12=0.8 fm
8 L ; o =
Ef? 1.0 y g 1.0}
=y i | [
== 0.8} ] =
= 0.8 : 0.8}
& 0.6} y = 0.6}
0.4 i ] & 0.4
0.2} 1 0.2F
0% 05 000 005 0005 — 0.00 005
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« The same pole could lead to distinct line shapes in different reactions
« Hadronic molecules easily formed in the hidden/double-heavy-flavor region
» Other models also predict higher states

F.-K. Guo (ITP, CAS) XYZP at electron-proton facilities 20



Interaction strengths from light-vector exchanges

X.-K. Dong, FKG, B.-S. Zou, CTP73 (2021) 125201

System I S Thresholds [MeV] Exchanged particles F
DHODH /pHDPH ] 0/0 (3734, 3876, 4017) P w =33
0 371,33 71
33l 73
DXPDPH /pPpH L 1/1 (3836, 3977, 3979, 4121) K 0/—1
DHDH /pHpH 0 0/2 (3937, 4081, 4224) ) 1/-1
DA, /DWA, = 0/0 (4154, 4295) w —1/1
D¥A./DPA. 0 —1/1 (4255, 4399) — 0/0
D™=, /DWE, - 1/—1 (4337, 4478) pw — =335
0 3 i/371°
2’ 2/202
D™=, /DM=, > =2/0 (4438, 4582) ¢ ~1/1
DX/ ptyth g 0/0 (4321, 4385, 4462, 4527) Py W —1,—-1/-1,1
! 2, —1/2,1
DR /Do) 3¢ 1 —1/1 (4422, 4486, 4566, 4630) — 0/0
DWE® /pHEI 1 1/ 1 (4446, 4513, 4587, 4655) P, w ——3/=3 5
0 3 1,371 °
2/
DWEIN /pHEIH L _2/0 (4547, 4614, 4691, 4758) ) —1/1
DHQ® /DO L _2/0 (4562, 4633, 4704, 4774) - 0/0
DM /DMO® 0 —3/—1 (4664, 4734, 4807, 4878) ) —2/2
AA /AN, 0 0/0 (4573) w 2/-2
A /AE, S VA (4756) w/K* 1,0/ -1, -1
E"EC EcZe 1 O/ -2 (4939) P, w, ¢ _%a %’ 1/_%v _%, 1
31 37 17
O Ea 57 1/5, Ea _1
ASF /A Z 1 0/0 (4740, 4805) w/K* 1,0/ -1, -1
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System 1 S Thresholds [MeV] Exchanged particles F
AEI A E > 1/ (4865, 4932) w 1/-1
ALY /AL zg*> 0 2/-2 (4982, 5052) - 0/0
YHE /mHE, g 1/ -1 (4923, 4988) p, w, K* ~1,1,0/—-1,—-1, -2
3 2 1,0/2, — 1, —2
= 2z 2100 1 0/-2 (5048, 5115) p, w, ¢ — 3 1/=5, =5, 1
31 3 1
. 0 > Uy =5
=0 /=Z .0 > 1/-3 (5165, 5235) o, K* 2,0/ -2, -2
RS /500 0 2 0/0 (4907, 4972, 5036) p, w —2,2/-2,-2
1 2,2/2, -2
0 4,2/4, -2
SHE /O 2 1/~ (5032, 5097, 5100, 5164) p, w, K ~1,1,0/—1,—1-2
! 2,1,0/2, -1, =2
Q) /560 ) 0 2/—2 (5149, 5213, 5219, 5284) - 0/0
SR G B R YR (5158, 5225, 5292) Py w, ¢ —2 5 /=3, ——, —1
31 2
] 0 R N
=OQN/EMa® 2 1/ =3 (5272, 5341, 5345, 5412) b, K* 2,0/ -2, -2
QO™ /o Ot 0 0/—4 (5390, 5461, 5532) ¢ 4/—4
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