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Motivation: LHCb Observables
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Model-dependent upper limits
at 90% CL (assuming JP=3/2-):

e Br(Pc(4312) = J/p p) < 4.6%
. Br(P<(4440) = JIY p) < 2.3%
e Br(Pc(4457) = J/Y p) < 3.8%
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Motivation: Predictions

- Many theoretical predictions for D™z, published before 2015, some
In quantitative agreement with the newly LHCb data

= J.-J. Wu et al, PRL 105, 232001 (2010)

= W.-L. Wang et al, PRC 84, 015203 (2011)
= Z.-C. Yang et al, CPC 36, 6 (2012)

= J.-J. Wu et al, PRC 85, 044002 (2012)

= M. Karliner et al, PRL 115, 122001 (2015)




Motivation: Predictions

- Many theoretical predictions for D™z, published before 2015, some
In quantitative agreement with the newly LHCb data

+ J.-J. Wu et al, PRL 105, 232001 (2010)
- W.-L. Wang et al, PRC 84, 015203 (2011) AE-binding energy

- Z.-C. Yang et al, CPC 36, 6 (2012) PB Sysen VB Sysen

Jr=1" A M —iT/2 AE M —iT/2 AE

- J.-J. Wu et al, PRC 85, 044002 (2012) wAE(4312) = 5.8710 MeV -
- M Kar”ner et al, PRL 115’ 122001 (2015) 800 - - 4462178 — 0.002i | 0.002
1200 4318.964 — 0.362i | 1.826] 4459.513 — 0.417i |2.667
0 . . . . 1500  4314.531 — 1.448i | 6.259| 4454.088 — 1.662i  8.092
Cut off = 1.5 GeV 2000  4301.115 — 5.835i  19.68 4438.277 — 7.115i |23.90

p— 37
J 5

w0 AF(4457) = 2.5173 MeV-

Cross section of Nc p -> Nc p (mb)

800 - - 4462.178 — 0.0027 | 0.002
1200 - - 4459.507 — 0.4207 | 2.673
1500 - - 4454.057 — 1.6817  8.123
- 2000 - - 4438.039 — 7.268: |23.14
3.9 4.0 4.1 4.2 4.3 4.4 4.5
Energy (GeV _ +4.9
9y (GeV) AE (4440) = 19.57%32 MeV
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Motivation: S-Wave Molecule Assumption
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Decay Mechanism of P, Molecules
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A Dy, 5 7.8-9.0 4311.8-4313.0
A DX %_ 8.3-9.2 4376.1 —4377.0
A DT 1 Input 4440.3
A DY, % ~ Input 4457.3
A D'zl 1 25.7-26.5 4500.2 -4501.0
A Dz %7 15.9-16.1 4510.6 —4510.8
A D'x;| 3 32-35 45233 -4523.6

M.-Z. Liu et al, PRL 122. 242001 (2019)
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neN D*
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P.(4457) D2 N D*, D, A., X
XcolN D*
D*A. T, P
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P.(4376)| DX JIYN, wp, pN b", D
neN D
TN D", A, 3.
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s | oy b
P.(4523) TN D*, D, A., 3.,
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Decay Mechanism of P, Molecules

1. Two-body triangle-loop
decay
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Decay Mechanism of P, Molecules

. Initial P, |Components Final states Exchanged particles
1. Two-body triangle-loop TN oo oD
decay DA o
P.(4312)| DX DA. P
C?2 > F1 neN D*
P. TN D”, Ae, e
> y BEP D*A., DA., DX, DY, o
_ J/YN, wp, pN, nN D*, D
1 , F2  rasn | D R 2 PO )
XcolN D*

2. Three-body decay via DA ny

tree diagram —— A :
D JIYN N D*, D
P.(4376) 2)3) JUN, wp, p ’
neN D
TN D*7 Ac, EC
])(‘ XCON D
> D*A67 DA67 DE:’ D267 DZZ T p
P.(4500) T ~ P
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Effective Lagrangian Approach

= The Lorentz covariant L-S scheme is used for the
interactions of P. to p™x(*) systems.

c2 F1 B.-S. Zou et al, PRC 67. 015204 (2003)
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Effective Lagrangian Approach

= The Lorentz covariant L-S scheme is used for the
interactions of P. to p™x(*) systems.
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Effective Lagrangian Approach

= The Lorentz covariant L-S scheme is used for the
interactions of P. to p™x(*) systems.

2 kl B.-S. Zou et al, PRC 67. 015204 (2003)
EP _
\ 1/2 — —
> =G5 .. P.D
ol . P2 £bser./2m) = Ips, p2eleD: h= gty =
o 12" S seup pr (g -22)
P _ _ v * ,
v Lps,p.(1/2-) = 9pex p 2V V' PeDy, 9 721
g o crc with p the
r e _ _ 3/27 ¥ ) * [ momentum of P..
T ‘C’D*ZCPC(S/2—) — gb*chcZCPCMD ) ¢
A,
= Compositeness conditions for 95 x( p,
Working in the non-relativistic limit and . ;/2 i‘)r SP?“';; ; moiecuie’
. uE= T = or spin- molecule,
expanding on the %, 5/3 for spin-5/2 molecule.
(2m, for spin-1/2 DY molecule,
6my for spin-1/2 D*¥, molecule,
. 8\/5\/ EBml moT 1 M= 4 4/3my for spin-3/2 DZ: or D*Y,. molecule,
go = (m1m2/(m1 + m2))3/2 MNFT N 4my for spin-1/2 ?*Zf, molecule,
20/9m; for spin-3/2 D*¥} molecule,
(6/5m,  for spin-5/2 D*¥. molecule.
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Couplings 955p,

= Difference among three strategies, grr, gnr, 9o, for the
determinations of 9p. Dy,
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COmparations of 9JrT: INR> 9o E— :
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1. The larger difference comes with the lager binding
energy. The same coupling 9r.Hx. will be obtained
In the zero-binding-energy limit.

Z. 9rr Z gNR 2 Yo

3. ggpr and gyr decrease with the increasing of A,.

12




Comparations of gpr, GNR, o - |
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1. The larger difference comes with the lager binding
energy. The same coupling 9r.Hx. will be obtained
In the zero-binding-energy limit.

Z. 9rr Z gNR 2 Yo

3. ggpr and gyr decrease with the increasing of A,.

= gpr IS adopted for the these P. molecules with the
binding energy larger than10 MeV.

= For P.(4312), P.(4457), P.(4376) and P.(4523) that
have small binding energy, g, is used for simplicity.
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Effective Lagrangian Approach

= Conventional effective Lagrangians are adopted for
the vertices in t-channel, e.q., Lypp, Lyyv, Legp,---
2

F1 lrjlm‘\\ By Vi By Pl ’,/”P"g
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Effective Lagrangian Approach

= Conventional effective Lagrangians are adopted for
the vertices in t-channel, e.q., Lypp, Lyyv, Legp,---

02 F]. Plx‘\\ By Wi By le'ﬁ_,‘ ’,”’f:’g’
\ i P By By
Cl ) F2 Bl - P_’ B] P2
/D(*) \m‘_“- ‘-\‘_“
P - - -
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T | |
I I
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e

= Effective coupling constants

- Inferred from experimental decay widths, g.s a.. 9p*pr---

= Heavy quark spin symmetry, such as g.x »: = ‘/; grs, 5,0

= The simplest approximation that ¢ = s, namely g5 s_ = grzs, -

" SU(3) re|atIOnS, like Iy = gBszaBBP,
* Vector meson dominant (VMD) model is used for gpp,, 9ppw
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Effective Lagrangian Approach

= Conventional effective Lagrangians are adopted for

the vertices in t-channel, e.q., Lypp, Lyyyv, Legp;---
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= Effective coupling constants

9D*D*n.
grT .2, gbNsE,. Y9DNA. Ypz. .z, GpscA. 9D*NE. gD*NA. 9D*NE; GDNE? (GeV_qL) 9p*Dn.

10.8 2.7 14.03 7.48 0.56 4.2 6.19 8.44 6.2 3.52 6.82

grA *D* 9p*D *Dw 9D=DJ/y
InAcZe (C;reV I) 9D* D= (G V- Ir) (GeV— 1) 9p=D*p YDDp (G V- ]) 9p*D*w YDDw (Gev—/llj

19.31 7.46 6.0 6.2 2.51 2.52 2.52 2.83 2.84 2.84 7.94

9p*D*J/y 9DDJI/y 9DDx.qo (GeI\Df XIS]

7.44 744 3224 11.57
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Form factors

C2 > F1

EP

» Gaussian regulators
C'1 F?2

[i(pE/AS) = exp(—pE/Ag),  f2(P°/Ag) = exp(—p°/A]),

mq mp

P2 —

mq +m2 mq +m2

my

Pe =

2
py = (p3 — M,p), pz = (p?)” + p?

* multipolar regulators
A%
(m? — ¢%)* + A}’

(flifB) for RT, (fz,fg) for NR

fS(q2) —
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Decay pattern of D™X_. molecules

= The numerical results on partial decay widths with A, = 1.0 GeV

and A; = 0.6 GeV.

Widths (MeV) with (f1, f3)

States Width (MeV)

Mode| D3¥. D3,
P.(4312) P.(4440) P.(4457)
i- i— 8~ 11— B
2 2 2 2 2

D*A.]] 38 139 62 125 6.1
J/Yp| 0001 0.03 0.02 0.02 0.01
[DA. [] 006 56 1.7 38 15
N | 0.004 0.002 ~0 0.001 ~0
XcoP . ~0 w0 ~0 ~0
nep | 001  ~0 ~0 ~0 ~0
pN ~0 ~0 ~0 ~0 ~0

wp ~0 0001l ~0 ~0 ~0
338 - 34 05 26 1.0
Dz = 08 54 19 6.2

Widths (MeV) with (f2, f3)

P.(4312)" 2.6 ~ 9.8 ~ 16.2

P.(4440)" 5.6 ~ 20.6 ~ 34.2

P.(4457)" 2.5~ 6.4 ~ 14.1

Total 3.9 23.7 139 20.7 14.7

Mode| D3. D*%.
P.(4312) P.(4440) P.(4457)
5 3 3 3 3
D*A.| 107 125 6.8 10.8 6.9
J/vp| 01 |06 1.8 02 0.6
DA. 03 27 12 20 12
N 1.7 0.2 1.9 0.07 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 03 0.1 0.1
wp 0.003 1.5 12 05 0.4
D3, - 34 06 28 0.9
§5) 3 . 09 73 23 7.2
Total | 13.2 224 21.0 18.8 17.9

Model-dependent upper limits
at 90% CL (assuming JP=3/2-):

« Br(P«(4312) = J/p p) < 4.6%
« Br(P<(4440) = J/y p) < 2.3%
« Br(Pc(4457) = J/y p) < 3.8%

F]/IIJP/ Fncp
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Decay pattern of DX’ molecules

= For P.(4376), P.(4500), P.(4511), P.(4523), partial widths with
Ay = 1.0 GeV and A; = 0.6 GeV.

Widths (MeV) with (f1, f3) Widths (MeV) with (f2, f3)
Mode | py? Dy Mode | DXz Dy
P.(4376) P.(4500) P.(4511) P.(4523) P.(4376) P.(4500) P.(4511) P.(4523)

@] 12.4 7.1 17.0 4.5 D*A. 21.6 6.4 16.7 3.1
J/p 0.01 0.006 0.02 0.006 J/p 0.7 36.7 4.4 0.2
DA, ] ~0 10.0 0.3 1.5 DA, ~0 2.0 0.09 0.7
TN ~0 0.003 ~0 ~0 TN 0.6 49.9 6.0 0.5
XcoP 0.003 0.01 0.002 ~0 XcoP 0.1 4.7 0.5 ~0
Nep 0.001 0.01 ~0 ~0 nep ~ 0 13.5 0.1 0.04
pN ~ 0 0.001 0.01 ~0 pN 0.2 11.6 0.6 0.1
wp 0.002  0.004  0.005 ~0 wp 0.8 44.0 2.3 0.4
DY, ~0 10.6 0.2 1.3 D3, ~0 6.7 0.2 1.0
DY - 1.0 33.8 6.2 Dy - 1.2 35.0 4.1
D*¥, - 10.6 0.07 1.2 D*%. - 13.6 0.08 0.7
DA 7w 5.0 - - - DA 5.0 - - -
D*A.m - 4.0 7.7 7.8 D*A.m - 4.0 7.7 7.8
Total 17.5 43.3 59.1 22.5 Total 29.0 194.5 73.7 18.7
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Summary

= The experimental data on P.(4312) , F.(4440), F.(4457)
can be described well with the 1/27-DX ., 1/27-D 2,
3/27-D" 2. hadronic molecule scenarios, respectively.

= The determination of the spin parities for two higher P.
states requires further experimental investigation,
especially on the decay behaviors, such as I'5s_/Ip5:,

F]/¢p/r

= Four additional heavy quark spin partners (I'~20-60
MeV) that strongly couple to D*A., DA., DX, DX,
D*¥. channels are expected to be confirmed in the
future.

Thank you!
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P.(4440) with JP=1/2" for RT P.(4440) with JP=1/2" for NR
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P(4457) with J"=1/2" for RT P.(4457) with JP=1/2" for NR
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