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Charmonium-pentaquark states (I)

Observation of exotic structures (P.) in A) — J/¢pK~

Events/(15 MeV)
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my,.,, [GeV]

LHCb, PRL 115, 072001 (2015)

P.(4380)% : M = 4380 + 8 + 29 MeV
T = 205 + 18 + 86 MeV
P.(4450)% : M = 4449.8 + 1.7 + 2.5 MeV
I'=39+5+19 MeV

Preferred Parity: Opposite
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Charmonium-pentaquark states (II)
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Candidates/(0.105x0.045 GeV*)

LHCb, PRL 122, 222001 (2019)
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State M [MeV] I' [MeV] R [%]
P.(4312)" | 4311.9+0.7158 | 9.8 +2.7F 3T | 0.30 £0.0770:34
P.(4440)" | 444034+ 1.3%%1 | 20.6 £4.97 57 | 1.11 +0.337) %2
P.(4457)" | 4457.34+0.6711 | 644207 37 | 0.534+0.1670 15
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Charmonium-pentaquark (theoretical)

» Compact pentaquark Cheng et al., PRD100(2019)054002
P.(4312), Po(4440), P.(4457): JP = 3/2~, 1/2~, 3/2~

» Compact diquark model Ali et al., JHEP1910(2019)256
3/2~ 4240 + 29
3/2T 4440 £ 35
5/2% 4457 4+ 35
> P.(4312): virtual state Fernéndez-Ramirez et al., PRL123(2019)092001
» K-matrix: J/¢p —X.D — =.D* Kuang et al., EPJC80(2020)433
— P.(4312): X.D, P.(4457): 7 cusp effect
> Molecule (HQSS) Liu et al., PRL122,242001 (2019)
Molecule  JF M (MeV) Molecule  JT M (MeV)
A DX, i 4311.8 — 4313.0| B D, i 4306.3 — 4307.7
A DX} 37 4376.1 —4377.0| B DX} 37 4370.5 — 4371.7
A D*s. i 4440.3* B D*s. - 4457.3*
A D*3. - 4457.3* B D*%. - 4440.3*
A D*x} 17 4500.2 — 4501.0| B D*x} $7 4523.2—4523.6
A D*s¥ 27 4510.6 — 4510.8| B D*s} 37 4516.5 — 4516.6
A D*x* 55— 4523.3 — 4523.6| B D*x 5= 4500.2 — 4501.0

» quantum numbers? line shape? the existence of P.(4380)7
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Effective Lagraingian £{YD®™, J/yp, n.p, A.D®

e Contact Lagrangian

£ = —c.8-§.mAT AL
—Chic; 1, (S1)j(Se)p Tr[A o Hel.

+Ce (St Teatlo’ y) — TS, Sk (Ao Ae))
FCGT ) Ty (HL He)
e One-pion exchange (OPE)
g _
—_— ‘C’DD’I\' = Z<U'uabeHl>v
3 _
Ls,.sen = 2591€i1k(5iuj5k>~
1 .
R S Lyhen = *EHB(S;LH{;CTW+Tibu265in,)-

1= Nonrelativistic superfield for the heavy-quark spin doublets

Sc = 7EZE+i:$

é -
o1

(—D+&

*>'

N | =
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A) — K~ J/¢p

-~
-

= mJ/wp ~ 4440 MeV
— |p| ~ 810 MeV
= J/¢p(S), J/¢p(D)
w Effective Lagrangian for D®)x{ — J/pp (nep): T = —ne+a -1

o _ N .

= g—SNTUZHJTSl _ \/ggDNTUZH((‘)laJ _ *5”62)JTSJ,
V3 3

20D (S/D), 4D (/D) — @, By

= Weak production: S-wave E£*>D(*).

channels {

6/31



Lippman-Schwinger equaitons

U(E,p) = PY(E,p) Z/( V(B p,0)Cs(B, UL (@),

Ul (E,p) = 3 / %vﬁi(}aw,qwg(q).
B8

B (S5 5 Aom) = 15.0 MeV, T'(Sc — Aom) = 1.86 MoV,
< ~T(R)
~ (% . 3
1= The self-energy function E%)(s) ~ 192%

A
() =)
= Two-body propagator: E
Mo, () My () 1
e
CED= G @Epe @ SO0
e EZ<*)(Q)+ED(*)(Q) —E—%
¢ 5

= (E—Epw(a )) — g2 is the off-shellness of n{.
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Fit Schemes

1= The effective potentials

Vs =Vt ap + Vrr,as + 98

The effective contributions from the J/1p and 7n.p bubble loop (k ~ 0.9 GeV)
65 =
7 -
_ 1 (NI (N 21,41
- Rg 7;lQWEm¢(nc)mpgai ng k .

1= Fit schemes:

e Scheme I: pure contact potential w/o A.D)

e Scheme II: Scheme I + elastic OPE w/o A.D™) ( + CT for A.D™)
e Scheme IIT: Scheme IT 4 S-D counter term w/o A.D®*)

— coupled channel

e Scheme IV: contact + OPE + S-D counter terms w A.D*)
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Scheme I: pure contact potential w/o A,D™)

Weighted candidates/(2 MeV)

Solution A

Solution B

300F
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]50 ri ]

LHCb: myy>1.9 GeV/ ] .
Scheme |

Solution A

Weighted candidates/(2 MeV)

300
250
200
1501

100

LHCb: my;>1.9 GeV 1 . peo7Gev

Scheme |

Solution B

4250

4300 4350 4400

myy p MeV]

4450

= Asoft ~ 0.7 GeV

4250

4300 4350 4400

myy p IMeV]

4450 4500

1w Cutoff-independent for both solution A and B

= No need for A,D™)
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Scheme I: pure contact potential w/o A.D®

Arbitrary units

Candidates

Solution A

200[  Fit: mcp>1.9 GeV 07 Gev
Solution: A
150 Scheme |
100
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0 S
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200 T T T T T
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150 Solution A: nsp
Scheme |

0
4250

4300 4350 4400

My, p [MeV]
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Arbitrary units

Candidates

Solution B

200 Fit: mg,>1.9 GeV © N=0.7 GeV
Solution: B
150 Scheme |
100
50
0 {
4300 4350 4400 4450 4500 4550
My o po [MeV]
200 . . § . .
Fit: my,>1.9 GeV NA=0.7 GeV
<o A<09GeV
150 Solution B: 1P\ igev
X Scheme | ———— A=13GeV
i ——— A=15GeV
100! -
o
_‘1
50 o
0 .
4250 4300 4500

10/31



Scheme I: pole positions

Solution A Solution B

DC ([MeV]) JP Pole [MeV] JP Pole [MeV]
P.(4312) D (43216) | 17 4314(1) —4(1)i | 1T 4312(2) —4(2)i
P.(4380)" | S:D (4386.2) | 3~ 4377(1) —7(1)i | 37 4375(2) — 6(1)i
P.(4440) eD* (4462.1) | 17 4440(1) —9(2)i | 3T 4441(3) — 5(2)i
P.(4457) TeD* (4462.1) | 27 4458(2) —3(1)i | 17 4462(4) — 5(3)i
P, XiD* (4526.7) | 27 4498(2) —9(3)i | 1T 4526(3) — 9(2)i
P. iD* (4526.7) | 37 4510(2) —14(3)i | 27 4521(2) — 12(3)i
P, iD* (4526.7) | 37 4525(2) —9(3)i | 2~ 4501(3) — 6(4)i

i * NOT the broad P.(4380) reported by LHCb in 2015

i Bound states with respect to the dominant channel (DC)



Scheme II: scheme I + OPE w/o A.D®

Arbitrary units

1 No solution A

1> Solution B:

g

I~
19
S

LHCb: myp>1.9 GeV

Scheme | + OPE
Solution B

I ———— =08 GeV]
- A=1.0 GeV|
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-------- A=1.4 GeV]

5
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=
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= 200
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S 150
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=
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4250
200
Fit: myp>1.9 GeV o 2?2 zzz
150 Solution: B - A=12GeV
Scheme | + OPE T enasey
100
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0 =
4300 4350 4400
My, o [MeV]

4550

Candidates

4300

4350 4400 4450 4500

mypy p [MeV]

Fit: mgp>1.9 GeV
Solution B: ncp
Scheme | + OPE

- NA=0.8 GeV
- A=1.0GeV

A=12GeV
———= A=14 GeV
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Scheme I + OPE + CT for A.D™)

‘Weighted candidates/(2 MeV)

Arbitrary units

Solution A

300

5}
o3
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=)
3

LHCb: mi;>1.9 GeV
Scheme | + OPE + A.D”'CT
Solution A

1 ———= A=0.8 GeV]
~=== A=0.9 GeV]
- A=1.0GeV]

4300 4350 4400 4450 4500
mypy p [MeV]

Fit: mgp>1.9 GeV
Solution: A s [
Scheme | + OPE + ADCT

A=0.8 GeV

=== A=0.9GeV
—=== A=1.0GeV
—=== A=1.1GeV
=12 GeV.

Q5006 dsh k00 a0 S0 450
My ) o [MeV]

e Cut-off dependent

300 LHCb: my;>1.9 GeV/

‘Weighted candidates/(2 MeV)

Arbitrary units

N
o3
S

g

I
3

g

300 Solution: B

200 A=0.8 GeV
---- AS1.0GeV
100
0
4300

Solution B

] ———— <08 GeV]
3 A=1.0 GeV]
- A=12GeV]
- A=14GeV]

Scheme | + OPE + A.D”'CT
Solution B

4250 4300 4350 4400 4450 4500

myy p [MeV]

Fit: mip>1.9 GeV/

Scheme | + OPE + A, D”CT

My, o [MeV]

Asot ~ 900 MeV A.D™)
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Scheme III: contact + OPE + S-D w/o A.D®)

Weighted candidates/(2 MeV)

Solution A

Solution B

300F
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LHCb: mg,>1.9 GeV

- A=0.7 GeV;
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A=0.9 GeV]

Solution A A=1.1GeV]

1soff U

Weighted candidates/(2 MeV)
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i Cutoff-independent for both solution A and B
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Scheme III: contact + OPE + S-D w/o A.D®

Arbitrary units

Candidates

Solution A

Solution B
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Scheme I vs Scheme III w/o A.D™ AL ~0.7 Gev

Solution A

Scheme III: contact + OPE + SD

Scheme I: pure contact

Fit: mgp>1.9 GeV  A=07Gev
200 © A=0.9 GeV
Solution: A - Aetd GaV
E 150f  scheme! — A-1.3GeV
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g
= 100
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0 e
4300 4350 4400 4450 4500 4550
My o [MeV]
200
Fit: mgp>1.9 GeV + A<0.7 GeV
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Scheme I vs Scheme III w/o A.D™ AL ~0.7 Gev

Arbitrary units

Candidates

Scheme I: pure contact

Solution B

Scheme III: contact + OPE + SD

Fit: my,>1.9 GeV 1=07 Gev Fit: my,>1.9 GeV A=11Gev
200 15 Mhp> © A=0.9 GeV 200 16 Mhep> © ---- A=12Gev
Solution: B ~ A=14 GeV . Solution: B e A=13GeV
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Scheme IV: CT 4+ OPE + SD with A,D® A.g ~0.9 Gev

Solution A

Solution B

300+ LHCb: my,>1.9 GeV

schemelv. ] gl A=1.0 GeVy

Solution A

Weighted candidates/(2 MeV)

Weighted candidates/(2 MeV)

300

250

200

LHCb: myp>1.9 GeV
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Solution B

I ........ A=1.0 GeV]

4250 4300 4350 4400

mypy p [MeV]

4450

4250

4300 4350 4400

mypy p [MeV]

4450

1= Cutoff-independent for both solution A and B

1= 7 uncertainty
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Scheme III w/o A.D® vs Scheme IV w A D™

Arbitrary units

Candidates

Solution A

Scheme IV: Agop ~ 0.9 GeV

Scheme III: Agqge ~ 0.7 GeV
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No A.D" — N=1.4 GeV 2 Scheme IV
=
100+ = 100
k=]
=1
<
&)
50+ 50
0k
4250 4300 4350 4400 4450 4500 4350 4400 4450 4500
M., [MeV] My, , [MeV]
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Scheme III w/o A.D® vs Scheme IV w A,D™)
Solution B

Scheme III: Agopp ~ 0.7 GeV Scheme IV: Agop ~ 0.9 GeV
it So A=11GeV it
200 Fit: mcp>1.9 GeV s s:v 150 Fit: mgp>1.9 GeV Al0GY
Solution: B — A13GeV Solution: B —-== As13Gev
2 : 2 : ;
‘g 150 No A.D" ———= A=1.4 GeV z
; o Aet Gev ; 100 Scheme IV A
8 8
£ £
2 100 2
< < 50
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1A
r
0 Ob—=L ; ; ; ;
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1t Myp> © < A=1.41GeV Fit: mp>1.9GeV . ;_iocev
150 i : =1.2 G '
Solutl:)(rlB. nep o 2=: z G:z 150 Solution B: n.p ——-- A=1.3GeV
No A;D' -
@ — N=1.4 GeV % Scheme IV
L e 2
:g 100 A=15GeV g 100
o = n
=l g I
< < N
o 3 i
50
0 . 0
4250 4300 4350 4400 4450 4500 4250 4300 4350 4400 4450 4500

My p [MeV] My p [MeV] 20 /31



Scheme III w/o A.D® vs Scheme IV w A D™

Arbitrary units

Candidates

Solution B

Scheme III: Agqge ~ 0.7 GeV

Fit: mip>1.9 GeV CAstiGey
200 1t Mkp> © === A=1.2GeV
Solution: B ~ A=13Gev
150 No A.D") ———— A=1.4 GeV
——— A=15GeV
100
50
0
4300 4350 4400 4450 4500 4550
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Fit: my,>1.9 GeV  Acticev
150 Solution B: nep =12 GeV
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100 ——— NA=1.5 GeV
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)

Scheme IV: Agop ~ 0.9 GeV

150 Fit: mkp>1.9 GeV - oo s
Solution: B —=== A=1.3GeV ,,/ E
100 Scheme IV N
50
4
f
Ob——1 .
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200
Fit: mp>1.9GeV .\ 10 ey
150 Solution B: ncp === A=1.3GeV
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100!
50

4350 4400 4450 4500
M, , MeV]
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Summary & Outlook

i Solving Lippmann-Schwinger equation with respect to

» Unitarity, three-body cut
< width of B

» Coupled-channels
— cut-off independence: OPE — SD counter term

» Heavy quark spin symmetry
— 7 EE*)D(*) molecular states

L= Acutoff =1.3 GeV
— Acutoff > Asoft

» Solution A is scheme dependent

» Solution B is consistent for all cut-off independent schemes
P,(4440): J¥ =3/27, P.(4457): JP = preferred ?

1 Formalism consistent
< we can not say much about A.D™) interaction without data
in this channel.
= A narrow P.(4380), different from the broad one reported by
LHCb in 2015.
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Thank you very much for your attention!
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[sospin structures
(%)

The isospin wave function of P,

1 - 2~
+() — _ |1 peogm+ \f P-4+
E 3 T3

C C

The corresponding potential

1 2
Vepe = gvzg*>+f><*>0_>zg*>+f><»«)o+§V>:g*>++p(*>—_>gg*>++D<*)—
V2, V2,
T3 Vst poLn(ttpe- T T3 st po—- L n(t =0
= ZVE,(:*)'*"*'D(*)*HZ(C*)'H'D(*)* :_\/EVE‘(:*)‘*'D(*)O%E&*H"*'D(*)*

= 7\/QVEE*)JrJrD(*)f%EE*HD(*)O7

Va+ pao_ s+ pao 0
V. = ! V.
s+t pe-Le(Mttpe- T _E 2+ po s+t peo-

7EVEE*H'FD(*)*%ES:*HD(*)O




Heavy-quark spin symmetry (HQSS)

» In the limit AQCD/mQ —0
— strong interactions are independent on heavy-quark spin

> S-wave D(*)Eg*) A.D™) spin decomposition lsQ ® je)

1 \71f 2 0 1
> 2 2v/3 3 >
\EC_D*> B Y v 0 |0®%>
[XcD*) 23 6 3 |1®g>
S D*) = \/g 2 1 9 I1®1§>, Y
|AcD) 0 0 o _1 3 \0®?>
[AeD*) 1 2 2 2\
3 V3 1 1®3)
0o 0 o 1
1 1 V5
|S.D") o 3 s 0 0® 2)
* 7 1 11 /5
T/ S I S SEAVe SR I BT T I
|x%D*) 1 /5 8 _1 |1®1§>
[AcD*) s 2V 3 3 6 [1® =)
2 0 0 0 1 2
* Tk 3
D)5 =1e3). 3)



Contact interactions

» Contact interaction: short-range interaction
» strong interaction: spin of light degrees of freedom
— 2WDE 5w p.;

1 1 3 - 3
C1=(sQ@5lHilsq®3), C3=(sq®|Hilsq® ),

3
2

— 2MDPE) 5 A D)

1./ 1 1 . 1
=" - g - .
1 <8Q®2|H1\SQ®2> <8Q®2\H1|SQ®2>

= AcD®) — AD): 1~ 1,
C%E <SQ®§|HI|SQ®§>7

» J/vp (n.p) Heavy-Light spin decomposition:

1 1
S-wave : [1® —) S-wave : [0 ® —)
2 2
|']/¢p> 3 \77(:1)) 3 -
D-wave : |1®5) D-wave : \0®§>

> Eg*)D(*) = J/¥p (1ep):

1, .~ 1 -
gs (1® 5|HI|J/¢P>S =(0® §|7'l1\77cp>sy

3, ~ 3 .
gpk? (1@ S[HilI/$p)p = (0@ S [Hilnep)p
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Contact potentials
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channels

Jr S-wave
(%)7 ScD, £.D*,S5D*, AcD, AcD*
(2)_ S.D*, %D, ©fD*, A.D*
(z) ner
JP D-wave
(%)7 BeD*, 2iD, EZDT%, zzD*%, AeD*
()7 | sep.mepy, mepy, w20, w10y, BiDY, DDy, AcD, ADY, ADY
g B ) 75 75 ) 75 75 75 ) 75 75
(5) ZeD, BeDy, BeDy, B0, 81Dy, DY, B0, AcD, AcDY, AD}




Next-leading order (NLO) effective Lagrangian

LNLO =
—DSS (ai§ib - Spa (0" HIHe) + ST, - 075, <H§aiﬁc>)
—D§Siejun (0057} Sk, (0 il o) + 8210 Sk (1o 0 H) )
—DJPiejun [a,.s} Sk(0pH oo H) + 0,818y (0: H' o H) — 3a¢s}sk (8, H os H)
+810;Sk (At 0,0, H) + S10,S),(H 000, H) — fsfaeskw*am >]
+§\/§D5D [a"sjina(aj Alod Hy) + 87 S Tea (0 H o7 Hy) — gaj S Teq (89 H o' Hy)
—0' T}, S0, (0 H] o? He) — 9T1, S0, (0 H o7 He) + §af'TJaSz;b<afH£oiHc>
+58 9 Tea(Hl 0707 Hy) + U 67 Tea (HI 0?9 Hy) — §s;§,acha<ﬁgaiabe>
~T1,0'88 (Hi o987 He) — TS, 8988, (A o7 9 He) + %Tjaaf Sty (Hio'97 He)

+DSS (8iTJbTba(8iHI He) + T, 0"y, (] aiHc>)



NLO contact potential

2 /2 J
+ V.
Waotn ) = (72

»*(Vp)

SD
Df[ 0
4/6
Db DyP
12v2 8v/6
Vi 128 DS pED
SD ™ g 48 163
DSD
w0
8V3
DSP DS
24 83

Dggf

p/2v,§]D
0 .

/3 pSD
-8 10D

DSD

_;5«,?0
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Scheme I: pure contact potentials w/o A,D)
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— Solution A: x2/dof = 1.00.
— Solution B: x2/dof = 1.03
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Scheme I: Contact
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—— Solution A: x?/dof = 0.91
— Solution B: x?/dof = 0.91
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— Solution A: x?/dof = 0.93.
— Solution B: x?/dof = 0.97
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