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1) The discovery of new states with heavy quarks and the search for

doubly heavy baryons on experimental side

Hidden charm pentaquarks P, and P, from LHCb:

PRL 115, 072001 (2015): PRL 122, 222001 (2019):
PRL 128, 062001 (2022): Sci.Bull.66, 1278 (2021)

Doubly charmed tetraquark T, from LHCb
Nat.Phys. 18, 751(2022)

Doubly heavy baryons Q. and ;. from LHCb
Chin.Phys.C 45, 093002 (2021)
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Doubly charmed tetraquark T, from LHCb
Nat.Phys. 18, 751(2022)

Doubly heavy baryons Q. and ;. from LHCb
Chin.Phys.C 45, 093002 (2021)

2) The molecular (). states

Five narrow excited (), states from LHCb:
0.(3000),Q,.(3050), 2.(3066), 2.(3090), Q,.(3119)
PRL 118, 182001 (2017):; PRD 97, 051102 (2018):
PRD 104, L091102 (2021)
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PHYSICAL REVIEW D 104, L091102 (2021)
Q,(3050)° Significance 9.9¢
AM 88.5+£0.3 £0.2 MeV
m 3050.1 £ 0.3 £ 0.255,3 MeV
r < 1.6 MeV, 95% CL
P 0.15£0.02 + 0.02
Q.(3090)° Significance 7.80
AM 129.4 £ 1.1 + 1.0 MeV
m 3091.0 & 1.1 &+ 1.05955 MeV
r 7.443.1+2.8 MeV
P 0.19 £ 0.02 £ 0.04
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1) The discovery of new states with heavy quarks and the search for

doubly heavy baryons on experimental side

2) The molecular (). states

Five narrow excited (), states from LHCb:
0.(3050), 0.(3090),Q,(3119)
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We have investigated Q. states that are dynamically generated from the meson-baryon interaction. We
nee an extencinn of the lacal hidden oanoe ta nhtain the interaction fram the exchanoe of vectar mecanc
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1) The discovery of new states with heavy quarks and the search for

doubly heavy baryons on experimental side

2) The molecular (). states

Five narrow excited (), states from LHCb:

0.(3050), 0.(3090), Q.(3119)
@ECULAR Q. STATES GENERATED FROM ... PHYS. REV. D 97, 094035 (2&

TABLE VI. The coupling constants to various channels for the poles in the J¥ = 1/27 sector, with ¢,,x = 650 MeV, and g,G!' in

0,.(3050)~_| Mev

3054.05 + i0.44 =K =K ED Q. ED* E.K* ELK*
gi —0.06 + i0.14 1.94 + i0.01 —2.14 +i0.26 1.98 + i0.01 0 0 0
g:G! —1.40 - i3.85 —34.41 = i0.30 9.33—il1.10 ~16.81 — i0.11 0 0 0
fn3091.28 + i5.12 =K B K ED Q. ED* =K BLK*
gi 0.18 — i0.37 0.31 +i0.25 5.83 —i0.20 0.38 +i0.23 0 0 0
17 . . . .
0.(3090) :G! 5.05 4 i10.19 —-9.97 — i3.67 —29.82 + i0.31 ~3.59 - i2.23 0 0 0

wchn\v the reanlte with the neendnccalar-harvan inter rhanca the cama rnitaff ac in tha TP — 1 /9= cartar wea y
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The discovery of new states with heavy quarks and the search for

doubly heavy baryons on experimental side

The molecular (), states

Qr == O, Qpp, Qpe
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Vector exchange from the extension to the heavy quark sector of
the local hidden gauge approach
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Formalism ‘

Vector exchange from the extension to the heavy quark sector of
the local hidden gauge approach

Lyep = —ig([P,0,P| V"),
»CVVV = ig <(V“8VVM — 8,,V“VM) VV> .

M M’
~ N o
| PHYS. REV. D 97, 094035 (2018)
' g = Q”TV with my = 800 MeV
Y s
. V
1
B ' B’
> L >

Lyep = gqq(V),
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Vector exchange from the extension to the heavy quark sector of
the local hidden gauge approach

Lyep = —ig([P,0,P| V"),
»CVVV = ig <(V“6VVM — OVV“VM) VV> .

1 .04 1 1 + + 0 1 0, 1 1y + + +
ﬁﬂ " \/§_n+ \/En 1.0 7Tl 1.7 KO D— 27r " \/§?7+ \/ET] 1.0 71—1 1.7 KO BO
p_ ™ —ETI’ +7§’I7+%77 K D p_ T _Eﬂ- +%n+%77 K B
- 0 1 2.7 p— |’ - — % 1 2
K et \/;7 D; K° —=n+/37 B
D° Dt DY e B~ B By T
1 04 1 + =+ 1)*0 1 04 1 + *+ *+
\/ip —'—— \/Ew 1 g) 1 K*O ?*— ﬁp i ﬁw 1 i)) 1 " 0 Y 0
V= P “veP Topw BT V= P, T e KB
K*— K*O (;S D:_ K*— K*O ¢ B;kO ’
D*0 D*t+ D:Jr J/’L/) B*— B*0 B:O T

For charm sector For bottom sector
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Lyep = gqq(V),



Formalism

Lvpp = gqq(V),

qq 1s the vector wave function in terms of quarks

(’U/l_L o dd)a pO

(uu +dd), w

\ SE, QS

ZVBB =g 4

Sl Sl




Formalism

Lvpp = gqq(V),

qq 1s the vector wave function in terms of quarks

\/Lﬁ(uﬂ —dd), p
Lvps =99 L(Uﬂ—*—dCZ), w
V2
58, )
State I,J flavor spin \
S 1/2,1/2 ccu xms(12)
=1 1/2,1/2 ced xms(12)
QL 0,1/2 ccs xms(12)
= 1/2,1/2 %c(us—su) Xma(23)
=9 1/2,1/2 Z5cl(ds — sd) xmA(23)
=t 1/2,1/2 %c(us + su) XM s (23)
=0 1/2,1/2 Jsc(ds + sd) X s (23)
QY 0,1/2 css xms(23)




Formalism

Lvpp = gqq(V),

qq 1s the vector wave function in terms of quarks

r 1 -
\/—§(U’(_L o dd)7 P
Lvps =99 \/Lﬁ(Uﬂ—*—dCZ), w
\ 857 d)
State I,J flavor spin \
S 1/2,1/2 ccu xms(12)
=1 1/2,1/2 ced xms(12)
O 0,1/2 ccs xms(12)
=5 ( — xmA(23)
=o XA (23)
E/c+ XMS(12) T(T\LT + 11T -2 TT\L) s (23)
2 Xns(23)
Qo Xns(23) T(NT + 11 =2 11) \ars(23)
Xma(23) = —=(1TL — T4).
\ \f
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Vector exchange from the extension to the heavy quark sector of
the local hidden gauge approach

0 7/..0
_)M(pl) | M)_(P?,)
YV
B | B’

- ! B
1
Vij = —— 0} + p3)Cij ,

412
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RATE

(P} + p3)Cij ,

TABLE V: Coefficients C;; for the PB sector with J* = %_. l

Eee K Qeen =D ELD :
=K 2v2 -3 1 I
1 _
Qeen 0 —5A mA |
=D 2 0 .
=.D 2 ;
I
|
—_ I_ ................ .
A~0.25 | TABLE VI: Coefficients C;; for the VB sector with J g %_7 %_
I _ * — [ * —/ *
PHYS. REV. D 97, 094035 (2018) - EcD ?;egw u_ccif =.D
: =D 2 FmA wEr 0
; Qecew 0 %)\
)\b ~ mv/mB* | uch 2 2\/5)\
. =/ D* 2

negligible I
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BS eqguation

T =
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1
Vi = _Tﬁ(p? +p§)0¢j :

B ‘ ﬂ
T=[1-VGI™'V

(7 is the diagonal loop function for the
meson baryon intermediate state
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1
Vij = —4—][2( !+ p3)Cij

B ‘ ﬂ
T=[1-VGI™'V

(7 is the diagonal loop function for the
meson baryon intermediate state

2M; q
G =Gl =1L
J ]—1_2471'\/5

Re\/s > m; + M;

1/2 2 2
q:)‘/(87mj7Mj)
2V/s
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1
Vij = _4—](2( !+ p3)Cij

B ‘ ﬂ
T=[1-VG]™ 'V

J

Tij =

(7 is the diagonal loop function for the
meson baryon intermediate state
9i9;

VS — ZR

2M; q
G =Gl =1L
J J +Z47T\/§

Re\/s > m; + M;

1/2 2 2
q:)‘/(87mj7Mj)
2V/s
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1
Vi = —4—](7%(]?(1) +p§)0¢j :

BS eqguation

T=[1-VGI™'V

(7 is the diagonal loop function for the
meson baryon intermediate state

2M; q
G§I:G§+Z4W\j/57 Re\/s > m; + M;

\, A2 (s,m2, MP)
q - 2\/5 Y




888 Results and discussions .

p 17 1+t
JU = 5 sector from PB (5 )
Poles e K Qeen =E.D =D
gi 2.63 1.55 —1.10 0.26
4069.86 T
q:G! —40.42 —13.26 3.59 —0.65
; 0.10 + 70.20 0.04 + 0.09 6.25 — $0.04 0.09 + 70.01
420522 +i0.94 | ¥ B +_Z_ B +_Z, o B +_Z,
g:G1 5.86 — i1.84 0.57 —41.32  —31.79 + 0.06 0.30 — 70.05
; .02 +40.01 —0.13 —i0.04 —0.02 + 0. 6.35 + 70.00
4310.76 + i0.28 g. . _OO —|—ZQO 0 3_ '200 0.0 _+-ZO 00 + .
s 0.45 + i0.64 3.47 — 10.96 0.23 — 0.01 —31.95 — 0.05

Note: We write in bold face for the most important channel.

JP =13 ector £ VB(1+)
= — — Sector Irom —
2’2 2

Poles =.D* Qeew B K* =/ D*
gi 6.51 —0.70 —1.35 —0.07

4332.86 s
es —29.78 5.66 9.74 0.23
i 1.27 1.41 3.81 0.83

4405.47 11 N B B N
¢:G] 8.44 15.17 35.89 3.33
gi —0.08 —0.32 —0.24 6.58

4446.29 s B
g:Gi 0.73 4.34 2.81 30.80
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JP = 5 sector from PB(§ )
Poles e K Qeen =.D =D
4069.86 gi L 2.63 1.55 —1.10 0.26
9:G; —40.42 —13.26 3.59 —0.65
4205.22 + i0.94 gi . 0.10 + 29.20 0.04 + 19.09 6.25 — zO..O4 0.09 + ZQ.Ol
9:G; —5.86 —11.84 —0.57 —11.32 —31.79 4 20.06 —0.30 —20.05
4310.76 + i0.98 gi L 0.02 + 29.01 —0.13 —'20.04 —0.02 -I—.Z0.00 6.35 + '1,0..00
g:G; —0.45 +:0.64 3.47 —10.96 0.23 —¢0.01 —31.95 — 20.05
0.000
~ 10000 -
Zee K Qeen =D ='D
4115 4263 4338 4448
5000
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*8A" Results and discussions
JP = 5 sector from PB(§ )
Poles e K Qeen =E.D =D
060,86 9 2.63 1.55 —1.10 0.26
giG! —40.42 —13.26 3.59 —0.65
1205.22 +i0.94) | 9 0.10 + 29.20 0.04 + zq.09 6.25 — zO..O4 0.09 + zq.01
e —5.86—i1.84 —0.57—il1.32 —31.79 + i0.06 —0.30 — 40.05
131076+ i0.28 | I 0.02 + 29.01 —0.13 —-20.04 —0.02 +_zo.00 6.35 + '1,0..00
giG! —0.45 +40.64  3.47 — i0.96 0.23 — i0.01 —31.95 — i0.05

PDG mg =~ 100 MeV, m_, =~ 1270 MeV

PHYS. REV. D 97, 094035 (2018)

" 3054.05 + i0.44 2K [ 2 K ] ED Q.n
g; —0.06 + i0.14 1.94 +i0.01 —2.14 4 i0.26 1.98 + i0.01
,GH —1.40 — i3.85 —34.41 — i0.30 9.33 —il1.10 —~16.81 —i0.11
Q,
3091.28 + i5.12 =2.K 2 K ( ED ) Q.n
g; 0.18 — i0.37 0.31 4 i0.25 5.83 —i0.20 0.38 +i0.23
| g;GY 5.05 4 i10.19 —9.97 — i3.67 —29.82 + i0.31 —3.59 —i2.23
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JP = 5 sector from PB(2 )

Poles EecK Qeen) =.D =D
069,86 9 2.63 1.55 —1.10 0.26
giG! —40.42 —13.26 3.59 —0.65
20522 1 w0.91) | 9 0.10 4020 0.04 + i0.09 6.25 — i0.04 0.09 +40.01
giG! —5.86 —i1.84  —0.57 —il.32 —31.79 4 0.06 —0.30 — 40.05
131076+ i0.28 | I 0.02+i0.01  —0.13 —'20.04 —0.02 - i0.00 6.35 +§0.00
9iG] —0.454140.64  3.47 —i0.96 0.23 -} i0.01 —31.95 — 0.05
PDG m, ~ 100 MeV, m, ~ 1270 MeM
PHYS. REV. D 97, 094035 (2018)
" 3054.05 + i0.44 2K [ 2 K ] ED Q.n
g; —0.06 + i0.14 1.94 + i0.01 —2.14 + .ﬁo.% 1.98 + i0.01
g:G! —1.40 — i3.85 —34.41 —i0.30 9.33 — {1.10 —16.81 —i0.11
Q.
3091.28 + i5.12 =2.K 2 K ( ED ) Q.n
g; 0.18 — i0.37 0.31 + i0.25 5.83 —i0.20 0.38 + i0.23
| g,G! 5.05 + i10.19 —9.97 — i3.67 —29.82 +i0.31 —3.59 — i2.23
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3 3+
JU = 2 sector from PB(§ )
Poles 2iK cel] =:D
i 2.62 1. .84
4123.85 9 o 08
9:G; —40.61 —13.14 —2.09
4380.36 + i0.73 gi ., —0.01 —20.15 0.02 —20.05 6.28 — 20.03
9:G; 4.71 + 10.76 0.41 4+ 21.37 —31.94 + 20.05
1= 37 57 3+
JE = 3 5 '% sector from VB(§ )
Poles QO w =r K™ =rD*
4446.59 gi ; 1.59 3.93 2.64
9:G; —16.03 —35.31 —9.69
4520.38 gi - —0.18 —0.94 6.10
9:G; 2.78 12.44 —29.41
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Qpp - -
JP = 5 sector from PB(§ )

Poles ben Ebbk EbB Eg B

gi 1.50 2.72 0 0
1074165 | ¥

gGIT _9556  —34.78 0 0

gi 0 0 11.87 0
1086415 | ¥

9:G! 0 0 —20.43 0

gi 0 0 0 11.87
11001.63 |

9:G! 0 0 0 —20.43

1= 3~ 1T
JP = 5 5 sector from VB(§ )

Poles bew EbB* EbbK* EgB*

i 0 11.92 0 0
10909.88 | ¥,

g:G? 0 —20.35 0 0

gi 0 0 0 11.92
11047.36 | ¥,

iG] 0 0 0 —20.34




Results and discussions

p_ 3 37
J© = = sector from PB(= )
9 2
Poles Qg1 Ezbk = >
oo | 9 B0 o .
@Gl 2570 —34.62 0
o185 g: i 0 0 11.87
3:G! 0 0 —20.43
1= 3~ 5- 37"
JP — 5 5 5 sector from VB(§ )
Poles Qppw =i K ="
106430 | 9 Y ’ s
e 0 0 —20.37
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ch
s 17 1+
J© = - sector from PB(= )
- 2 2
Poles Epe K =y K Qpen Q) .1 =D =.B =D =/ B
- 2.64 1. 1,
7362.26 9i . 6 0 57 0 70 0 0 0
g9:G! —40.41 0 —13.52 0 —5.35 0 0 0
- 2.61 1.51 —0.
7392.60 9i . 0 6 0 5 0 0 0.73 0
9:G1 0 —41.08 0 —12.83 0 0 1.81 0
7514.32 4 §2.21| 9 B —0.14 —110.27 0 —0.05 —.10.13 0 6.19—7,0'.08 0 0 0
g:GIT 918 4i2.42 0 0.83 + 92.04 0 —32.11440.12 0 0 0
‘ 11.50
7566.65 9i . 0 0 0 0 0 0 0
;G 0 0 0 0 0 —20.01 0 0
- —0.06 — 0. 344+ i0.11 ] ;0.02
7641.20 +i2.26 |9 0 0-06 —i0.03 0 0.34 +i0 0 0 6.50 +i0.0 0
9:G1 0 1.60 — i1.76 0 —10.29 + i2.74 0 0 —32.20—1i0.41 0
i 11.
7674.29 g . 0 0 0 0 0 0 0 53
;G 0 0 0 0 0 0 0 —20.05




8(®]  Results and discussions ®
ch
1= 3~ 1+
JP == = sector from VB(=
5 »5 sector from (2 )

Poles chw ECB* EbD>k Ebcl—{* gcw Eg)c[_(* EICB* E;)D*

gi 0 11.56 0 0 0 0 0 0
761244 | P

g:G; 0 —19.93 0 0 0 0 0 0

gi 1.09 0 6.36 2.14 0 0 0 0
7627.73 | T

g:G; —9.13 0 —28.05 —15.65 0 0 0 0

Ji 1.19 0 —2.17 3.40 0 0 0 0
mror.er | 9

g:G; —13.85 0 14.00 —33.94 0 0 0 0

gi 0 0 0 0 1.43 4.03 0 —1.77
71628 | Y B B

g:G; 0 0 0 0 14.61 37.19 0 6.54

gi 0 0 0 0 0 0 11.59 0
12007 | T -

9:G; 0 0 0 0 0 0 19.97 0

gi 0 0 0 0 0.78 0.38 0 6.50
rrrrar |9

9:G; 0 0 0 0 —11.04 —4.84 0 —30.09
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ch
3 3t
JP == sector from PB(= )
2 2
Poles =5 K Qpen = =B
g 2.63 1.56 1.21 0
7415.55 e
;G —40.83 —13.37 ~3.05 0
i —0.02 — 0.2 .02 — 0. .25 — 20.
7667.65 - i1.40 g. L 0.0 'zO 0 0.0 1.0 06 6.25 20.05 0
g:G; 6.82 + 10.98 0.53 +71.88 —32.26 4 20.09 0
gi 0 0 0 11.52
7740.93 o
giG! 0 0 0 —20.08
17 37 5~ 3%
JP = 33 '3 sector from VB(§ )
Poles QO w = K" = D* =:B*
g 1.60 3.82 3.54
7729.11 I
giG! —~15.96 —33.56  —12.92 0
et | 9 0 0 0 11.61
giG! 0 0 0 —19.99
gi —0.23 —1.24 5.71 0
781182 | T
es 3.72 16.77 —28.48 0




1). With the inputs successfully used in Q. and P, P states, and using
an extension of the local hidden gauge approach, we looked into the
interactions of meson-baryon channels leading to the states Q.., QO

and (.

2). We found many bound states or resonances in each sector. And the
Q. sector is more rich, has more states.

3). These states are presently under the investigation by the LHCb
collaboration.
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