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Charmonium-pentaquark states (I)

Observation of exotic structures (P.) in AY — J/¢pK~
RN LHCb, PRL 115, 072001 (2015)
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Charmonium-pentaquark states (II)

LHCb, PRL 122, 222001 (2019)
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the P,(4440)" and P,(4457)* states. The six-dimensional amplitude analysis reported in
Ref. [9], which provided evidence for the P,.(4380)" state, is also obsolete since it used the State M [MeV] ' [MeV]
single P,.(4450)" state and it lacked the P.(4312)" state. Therefore, the results presented n 1638 n 3 7
in the Letter weaken the previously reported evidence for the P.(4380)" state, but do not Pe(4312) 4311.9 £ 0.7 9.8 +2.77
contradict its existence, since the present one-dimensional analysis is not sensitive to wide s P (4440)"‘ 4440.3 + 1.3”:3:% 20.6 £+ 4. 9+10 1
P states. Only a future six-dimensional amplitude analysis of A} — JibpK~ decays P (4450) <: " +4.1 i 5

, P i 2 ; —_— P.(4457) 4457.3 £0.6" 6.4+2.0"
that includes the P.(4440)", P.(4457)*", and P.(4312)% states will be able to determine if 1.7 1 9
there is still evidence for the P.(4380)" state or any other wide P states.




Proposals [after 2019]

Compact Pentaquark
Chromomagnetic model, JB Cheng and YR Liu, PRD100, 054002 (2019)
P.(4312), P.(4440), P.(4457): JF =3/27,1/27,3/2~
P.(4380)", P.(4440)" and P.(4457)" is 3"R. Deng, PRD105, 116021 (2022)

Compact diquark model, Ali et al., JHEP10, 256 (2019) 3/27 4240 + 29
3/2T 4440 4+ 35
R. Zhu et al., PLB797, 134869(2019) 5/2+ 4457 L 35

Giron et al., JHEPOQ5, 061 (2019)

Hadron-Charmonium |Compact (QQ) surrounded by light quarks|
Eides et al., Mod. Phys. Lett. A 35, 2050151 (2020) JP =1/2%, 1/27, 3/27
/Hadronic Molecule [Extended object] )
H.X. Chen et al., PRD100, 051501 (2019) ] ]
R. Chen et al., PRD100, 011502 (2019) Kinematic effect
F.K. Guo et al., PRD99, 091501 (2019) Kuang et al., EPJC80,433 (2020)
M.Z. Liu et al., PRL122, 242001 (2019) Nakamura, PRD103, L111503(2021)

Z.H. Guo et al., PLB793, 144 (2019)
L. Meng et al., PRD100, 014031(2019) Burns et al., PRD106,054029(2022)

JJ. Wu et al,, PRC100, 035026 (2019) | | e

J.-Z.Wu et al., CPL41,091201(2024)




Heavy Quark Spin Symmetry (HQSS)

e For a heavy-quark ) (charm, bottom) with mg > Aqcp
-B
1= chromomag. interaction 72 Lo independent of heavy-quark spin
mQ
e For a hadron containing a heavy-quark @: J = sg + Jj¢
so=10i=001

0 R b?;i/ggi;?setsacz;\s)system Je = % b ; = | LO Contact Interaction: Only 2 LECs
Molecule Jr M (MeV) Molecule Jr M (MeV)

A D3, 17 4311.8 —4313.0| B Dx. 17 4306.3 — 4307.7
A Dx? 2~ | 4376.1 — 4377.0] B Dx? 27 | 4370.5 — 4371.7
A D*E, 1= 4440.3* B D*E, i- 4457.3*
A D*%, =3 4457.3%* B D*%. = 4440.3*
A D*x* 17 4500.2 — 4501.0| B D*x* 1™ 4523.2 —4523.6
A D*x* 3~ 4510.6 — 4510.8| B D*x* 27 4516.5 — 4516.6
A D*x* 57 4523.3 — 4523.6| B D*x* 57 4500.2 — 4501.0

7 P states! e (o Liu et al., PRL122,242001 (2019)




Molecular Interpretation [EFT]

MLD et al., PRL124,072001(2020)
e A coupled-channel analysis of the LHCb spectra using an EFT approach ~ MLD etal., JHEP08,157(2021)
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“Contact” Fits to the LHCb data

MLD et al., PRL124,072001(2020)
MLD et al., JHEP08,157 (2021)
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Line shape and Pc Poles: Contact

MLD et al., PRL124,072001(2020)

MLD et al., JHEP08,157 (2021)
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Including OPE

MLD et al., PRL124,072001(2020)
MLD et al., JHEP08,157 (2021)
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Including OPE

contact + OPE

MLD et al., PRL124,072001(2020)
1 MLD et al., JHEP08,157 (2021)
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Analysis based on Born-Oppenheimer effective field theory

. 9
Ew, (1) = Bo (1) = lim - log | (vac|Oxr(T/2, 7, R) Of \(~T/2, 7, R)lvac)|

O (t,7,R) = X' (t, R+7/2)¢(t; R+7/2, R) PX\H I (t, R) T ¢ (t; R, R — v/2) % (t, R — 1 /2)

Q0 Light spin | BO quantum # JP Alasiri et al., PLB873, 140162(2026)
l
color state kP Doon {s=0,s=1}
Octet (1/2)* (1/2), /2| {1/27,(1/2,3/2)7} | —F—P PR aas [T T P ——— s D
_ _ T < P_(4457y*
8 B/2F | {1/, (3/2),} |3/2|{3/2.(1/2,3/2,5/2)} @sn
. E 4.40 |
Brambilla et al., PRD112, 114037(2025) U D
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GeV trelidingispin Gomeehons: Gy Including spin corrections: . T
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e Ve (/2" El e 72) P.(4457) as a J¥ = 5/27 ¥*D* (4526.7 MeV) bound state.
A G e Ep ]




HQEFT analysis of BOEFT results

1 9 . 2 1 /2 1 72 S D
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Triangle Diagrams

h=Dy* (4")
X
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LHCb, PRL122,
222001 (2019)
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Burns et al., PRD106,054029 (2022)

® Weakly bound ("D resonances are required:
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A look at the data

*O Y0 Burns et al., PRD106,054029 (2022)
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Including A(2595)D

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

/7400 285 N -160 35 28 Jo 65 140 205 MeV

\ P JMp AD | ADAADYS.D  EiD o XD
\\ //

— o -—

Ac(2595)D

A.(2595)" DECAY MODES
S-Wave AF 7 and its submode X (2455) 7 — the latter just barely — are the only strong

§ : ,\ decays allowed to an excited A} having this mass; and the submode seems to
C : C 2595 dominate.

Scale Factor/

: ode Fraction (I'; /T) Conf. LevelP(MeV/c)
S-wave P-wave Iy Arzta g 17 ~
: I . (2455) tn (24+ 7% 3 v
D* D Ts  5,(2455)°x+ (24£7)% 3 v
P-wave T i (18 £ 10)% T
Ty il n® “ not seen 258 v
T Aty not seen 288 v



Production of the LHCb Pc states

Lp+, = gp:, D’ D 0'K ,/' m
\ T(E) = [1 - V(B) - G(B)] V()
(2860) ! 3
y X — Tji(E) = O;Tja(E)Ga(E)V&]@
AT (2595) J/Y
2
Ly = gpr, Ao -D* AV
b = ga, o0 - Dy T AN(E) g(I(l)(pK) — I(pK))p%{TZIZ(E)

[ dY 1
I(Q):?’/(QW)AL (12=m?) (P -1)2—m3)((l —q)%2 —m3)’

SO = a4 !
1" (q) = / (2m)% (12 — ml) (P—1)2 - m2) (I —q)?— m%)




Production of the LHCb Pc states

300} @ LHCb:mKé,>1.9GeV * ] 300} @ LHCb:mKé,>1.9GeV : I
= Xz/dg(-:fil“ g L ' — x*/d.0.f=1.06 j
= --=- w/o : : i i — : : K
> 250 ... B, Lo : | S 2501 ... ik ¢ 4
o) i . "F' ) Ba r bt
E Iy B = it i1 {
g ) [Q\ { .
2 200 T < 200 -
Py I Jliil jiiul [ @ l l b Pite T Ao | I
2 - | i i Q | Ly g e
© L Rl l | - il [ | i h il
- B Txii --.ii!, - |:l! "y .- , © g b7 L [ P T ~} [kl
= 150F ¥ ¢ %I , o 150 | % AR [
E ; 1A it g e iR L P ¥
@ { ' F | LN e % { i II||
o N &) : : 5 IS
B IR I
o WL 100 o iyl
50 L NS - L& - 50 L | i L
4.25 4.30 4.35 4.40 4.45 4.50 4.25 4.30 4.35 4.40 4.45 4.50
mJ/V,p [GeV] mj/.,,p [GeV]
2
Bi(E) = by + b1 E? + by E* Bs(E) = b + b1 E* + bo E* + 632 5.
(E — ba)? 1 B2

A.(2595) D not significant!
consistent with Yalikun et al., PRD104,094039(2021)

Solution B! = P<(4440) is 3/2- and P.(4457) is 1/2-



Production of the LHCb Pc states

// K_
/’1, ,
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Ay
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JP Pole [MecV] DC (threshold [MeV]) gpC RS

P.(4312) ' 4313(2) — 6(2)i ¥.D (4321.6) 2.83(23) + 0.40(22)i RS;4+4+
P,.(4380) 3- 4373(9) — 16(3)i 2D (4386.2) 3.13(40) + 0.48(23)i RS, 4y
P.(4440) 3= 4442(4) — 18(7)i ».D* (4462.1) 3.28(63) + 0.47(42)i RS_44+
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P. 2 4491(13) — 28(6)i ¥ D* (4526.7) 4.52(51) + 0.60(18)i RS.
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Conclusions and Propects

Conclusions

* Molecular interpretation of the Pc’s and 7 Pc’s are predicted from HQSS

* A narrow Pc(4380), different from the broad one reporeted by LHCb in 2015

* Production through the triangle diagram

* The missing Pc’s from HQSS in LHCb is naturally explained

-
3]
=

Candidates/(2 MeV)
S
(=]

*  Pc(4312): J=1/2, Pc(4457): J)=1/2, Pc(4440): J=3/2 .Y
Propects 504.25 4.30 4.35 4.40 4.45E 4.50

-
=]
=

myyp [GeV]
/’ K7
* The missing Pc’s from HQSS, Pc’s with strangeness o
D37 (2860) 0
 Lattice simulations A
AF(2595) N J/
TA s PTK— S J/vpK— \
R = E\Ob c /¥p ) ~ 5% 5
0 D*, (2860)A(2595)

Thank you very much for




Thank you very much for your attention!



I(J%)=0(1/2%)
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