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P.(4380) and P.(4450)
JApp states in Ay, — J/PWpK~ and Ap — JAbprt—.

200 (b) * LHCb

mJ/\/ [GeV] .

The flavour of the proton, but “hidden charm”: wudcc.



P.(4380) and P.(4450)

P.(4380)" P.(4450)"
Mass 4380 4+ 8+29 44498+ 17425
Width 205+ 18+ 86 35+5+19
Assignment 1 3/2° 5/2%
Assignment 2 3/2" 5/2~
Assignment 3 5/2% 3/2~
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P.(4380) and P.(4450)

P.(4380)* P.(4450)*
Mass 4380 4+ 8+29 44498+ 17425
Width 205+ 18 + 86 35+£5+£19
Assignment 1 3/2° 5/2%
Assignment 2 3/2" 5/2~
Assignment 3 5/2F 3/2~
Do (udc)(uc) 4382.3+2.4
LiD* (udc)(ug) 44599405
AF(AP)D®  (udc)(uE) 4457.09 £+ 0.35
Xc1p (udu)(cc) 4448.93 4+ 0.07

The 7t exchange molecule model works well for this state.



Molecules

Molecular approaches:
» Yang, Sun, He, Liu, Zhu (2011)

» Wu, Molina, Oset, Zou, Xiao, Nieves, Uchino, Liang, Roca,
Magas, Feijoo, Ramos, ...(2010-2016)

Karliner, Rosner (2015)

He (2015)

Shimizu, Suenaga, Harada (2016)
Chen, Liu, Li, Zhu (2015)
Yamaguchi, Santopinto (2016)
Huang, Deng, Ping, Wang (2015)
Yang, Ping (2015)

Ortega, Entem, Fernandez (2016)
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Pion-exchange



Pion exchange: basics
Pion-exchange (or light-meson exchange) in a uudcc system

implies open charm constituents:
—  (wudc)(uc), not (uud)(cc).

The 1(JP) of constituents (assuming ground states) are

uc 1/2(07)

Ac: (ud)oc 0(1/27) D:
D*: wé  1/2(17)

¢t (ud)ic 1(1/27)
x: (ud)ic 1(3/27)

This gives 17 combinations of constituents and total /(J"). ..
... but fewer if restricting to 7t exchange in elastic channels.
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Pion exchange: basics

Position space potential due to a sum of quark-pion couplings,
parameters fixed to NN potential.

C C
u I u
. d : d
1 1
1 1
1 1
17T 1 7T
1 1
1 1
1 1
u . u
c c

Coefficient of C(r) is important. But:
» For NN both 0(17) and 1(0") have the same coefficient, but
only 0(17) (the deuteron) is bound: role of tensor.
» For NN the coefficient is negative (attractive) due to Fermi
stats: not true in general!
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Pion exchange: central potential

2,3 mr 4
Point-like constituents: C(r) g m (e 7T63(F)>

Extended hadrons:
» dipole form factor, cut-off A
» heavy-hadron molecules have smaller constituents, larger A

—C(r) without delta term —C(r) with delta term

\ N\

2 T0

2 GeV Yukawa

Ambiguities: choice of potential, value of A.



Pion-exchange: spectrum of states

Summary of channels by /(JP). The same number of states arises
in “compact pentaquark” scenarios.
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Pion-exchange: spectrum of states

But there is no coupling A — A7t due to isospin: 0 - 0 x 1
[Karliner & Rosner (2015)]
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And there is no D — Dt coupling due to J©: 07 -+ 0~ x 0~
[Karliner & Rosner (2015)]
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[Karliner & Rosner (2015)]
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Pion-exchange: spectrum of states
The binding is driven by the coeff. (3, ;- 6;7; - Tj) of C(r).
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Pion-exchange: spectrum of states
The binding is driven by the coeff. (3, ;- 6;7; - Tj) of C(r).
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Pion-exchange: spectrum of states

| = 3/2 potentials suppressed by —1/2.
Attractive potentials have negative coefficient.
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Pion-exchange: spectrum of states
Experiment has looked in JAbp, which is | =1/2.
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Pion-exchange: spectrum of states

Two states remain, one of which matches P.(4450).
The properties of the other state discussed later.
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Pion-exchange: spectrum of states
But binding requires both central and tensor potential. Consider
minimum cut-off A to bind a given channel.
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Pion-exchange: spectrum of states

Potential without the delta term.
(Deuteron binding requires A = 0.8 GeV.)
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Pion-exchange: spectrum of states

Potential without the delta term.
(Deuteron binding requires A = 0.8 GeV.)
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Pion-exchange: spectrum of states
The two most easily bound states are same as before, and require
modest increase in A compared to deuteron.
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Pion-exchange: spectrum of states

For 1.1 < A < 1.4 GeV these are the only states, and if
A > 1.4 GeV the P.(4450) is too deeply bound.
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Pion-exchange: spectrum of states
This eliminates all / = 3/2 states, and both 1/2(1/27) states.

IJP) | AD | AD* | £D | £:Db | £.D* | £:D*
1(4) >20 | 16
%<%*) 1.1 1.4
1(3) 0.9
%(%_) >2.0 1.9
3(3) 2.0 2.0
1(3) >2.0




Pion-exchange: spectrum of states
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IJP) | AD | AD* | £D | D | £.D* | £:D*

N[ =

1.1 1.4

N =
Nlw

0.9

Nlw
N

N|w
NIw

N
—N|—N|—N|—N|—Y|—/
ot
\
e N | N | N [ N— | N——

N|w
NI
\




Pion-exchange: spectrum of states

Potential with the delta term (restricting to correct sign potentials).
(Deuteron binding requires A = 1.0 GeV.)
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Pion-exchange: spectrum of states

Potential with the delta term (restricting to correct sign potentials).
(Deuteron binding requires A = 1.0 GeV.)
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Pion-exchange: spectrum of states

Over a very large range of A only two states are bound, and for
A > 1.8 GeV the P.(4450) is too deeply bound.
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Pion-exchange: spectrum of states

Over a very large range of A only two states are bound, and for
A > 1.8 GeV the P.(4450) is too deeply bound.

IJP) | AD | AD* | £D | D | £.D* | £:D*

N[ =

1.4

N =
Nlw

1.2

Nlw
N

N|w
NIw

N
—N|—N|—N|—N|—Y|—/
ot
\
e N | N | N [ N— | N——

N|w
NI
\




Pion-exchange: spectrum of states
Allowing states bound in the attractive delta function core spoils
this pattern: deeply bound states, wrong quantum numbers.
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Pion-exchange: spectrum of states

Regardless of short-distance poterltial, same two channels are
preferred. Predict 1/2(5/27) Z¥D* state (suppressed decay!)
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Pion-exchange: spectrum of states
The model is falsifiable: it only works if P.(4450) is 1/2(3/27).
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Preview of other results



=:D* molecules

Ac
Xc

((u

Joc)1 /2
((ud)1c)i 2
27 = ((ud)1c)z/2

Q <

u
c

I

<

u
c

The potential matrices (central + tensor) are directly related.

Predict loosely bound 0(5/27) EiD* state, observable in

NAp — J/L|)/\n



Isospin mixing

_ . (udc)(ue) = £ D°
The uudcC combination is { (uuc)(de) = T+ D~
Mass gap is significant on the scale of the binding energies,

P.(4380) = 438048429  P.(4450) =4449+1.7+25
Y:PD% =43823+24 YD*0 =4459.94+0.5
LIt DT =4387.54+0.7 TITD*T =4464.24 +0.23

so the P, states have mixed isospin,
|Pc) = cosdls, 3) +sindl3, 3)
and can decay into JAPAT and n.AT, with weights:
JAbp s AT AT =2cos? ¢ i Bsin® b :3sin?d  [P(4380)]

JAp . AT AT =cos® d:10sin2 P : 6sin>d  [P.(4450)]

Similar situation for the other predicted states.



Conclusions

> Pion exchange (normalised to the deuteron) binds a £.D*
molecule, consistent with P.(4450).

» The model is falsifiable, and only works if P.(4450) is
1/2(3/27).

» Only one ZD* partner is expected, and its absence (so far)
has a possible explanation.

» Results apply within a significant (and constrained) parameter
range, and independently of short-distance potential.

-

> A corresponding = D* molecule is also bound, and could be
seen in /\% decays.

» Small isospin admixtures in all states could be observed due to
enhanced decays.
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P.(4380) and P.(4450)

Compact
pentaquark

d.o.f. quarks/diquarks
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P.(4380) and P.(4450)

Compact Hadronic
pentaquark molecule
d.o.f. quarks/diquarks baryon+meson
Interactions  binding via (udc)(uc)
confinement +  binding via
gluon-exch. 7 exchange
colour (999)1(qg)1®  (qqq)1(qg)
(999)s(qq)s
masses (rjne(:)iilgjent near thresholds
wavefunction compact extended
1(JP) vast restricted

spectrum




P.(4380) and P.(4450)

Compact Hadronic Threshold
pentaquark molecule effect
d.o.f. quarks/diquarks baryon+meson baryon+meson
Interactions  binding via (udc)(uc) (udc)(uc)
confinement +  binding via — (udd)(cc)
gluon-exch. 7 exchange scattering
colour (999)1(qq)1©  (qqq)1(qg)1 (999)1(q@)1
(999)s(qq)s
masses (rjne(:)iilgjent near thresholds  near thresholds
wavefunction compact extended
1(JP) vast restricted restricted

spectrum




P.(4380) and P.(4450)

Compact Hadronic Threshold
pentaquark molecule effect
d.o.f. quarks/diquarks baryon+meson baryon+meson
Interactions  binding via (udc)(uc) (udc)(uc)
confinement +  binding via — (udd)(cc)
gluon-exch. 7 exchange scattering
colour (999)1(qq)1©  (qqq)1(qg)1 (999)1(q@)1
(999)s(qq)s
|-
masses mode near thresholds  near thresholds
dependent
wavefunction compact extended
1(JP) vast restricted restricted
spectrum
Exotic-ness  high! medium low




=:D* molecules

Ac = ((ud)oc)io
Lo = ((ud)ic)in

Z*

¢ = ((ud)1c)3 2
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u
c

I

[1]

[9)

((us)oc)y 2
((us)ic)y )2

Ze = ((us)ic)z

~

[]
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<

u
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The potential matrices (central + tensor) are directly related:

s0p+ [ =0De | 2D | =D
I=1/2| I=0 |1=3/2] I=1
+4 +3 —2 -1




Isospin and decays: predicted 5/27 states
TED* 1/2(5/27)

Y D*0 = 45244424
TETTD T =4528.240.7

Mixed isopsin:
|P) = cos dl3, ) +sin |32, 1)

Decays:
— JApp: D-wave, spin flip
Reason for absence at LHCb?

— JAPA: S-wave, spin cons.
= | = 3/2 decay enhanced.



Isospin and decays: predicted 5/27 states

TED* 1/2(5/27) =*D* 0(5/27)
LETD* = 45244424 =0D*0 = 4652.94+0.6
IIPYD*T =4528.24+0.7 ZitD*T =4656.2+0.7
Mixed isopsin: Mixed isopsin:

|P) =cos 3, 3) +sindl2, 1) |P) = cos [0, 0) + sin d|1,0)

Decays: Decays:
— JAbp: D-wave, spin flip — JAPA: D-wave, spin flip
Reason for absence at LHCb?  e.g. A — JAAN, JDAD

— JAPA: S-wave, spin cons. — JAZ*: S-wave, spin cons.
= | =3/2 decay enhanced. = | =1 decay enhanced.
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Cusps and triangle diagrams
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Cusps and triangle diagrams

J/b
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Cusps and triangle diagrams

Enhancements expected at

a J
AcD=1/2" A /¥
AcD* =1/27,3/2~ b
not seen at LHCb p

J
Ab
A P P




Cusps and triangle diagrams
A:D ~ P.(4450) mass, but

J
- S-wave = 1/2F A /v
- P-wave = 1/27,3/2~ b
- why no AXD* states? p
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Cusps and triangle diagrams
A:D ~ P.(4450) mass, but

J
- S-wave = 1/2F A /v
- P-wave = 1/27,3/2~ b
- why no AXD* states? p
c = Pc 44 ’
Xc1P (4450) mass, but I

- doubly suppressed
 S-wave =1/2+,3/21 b
- P-wave =1/27,3/27,5/2~ A p p




Cusps and triangle diagrams
A:D ~ P.(4450) mass, but

J
- S-wave = 1/2% A /W
- P-wave =1/27,3/2~ b
- why no AXD* states? p
Xc1p = P-(4450) mass, but
- doubly suppressed J/
- S-wave = 1/2%,3/2% Ab
- P-wave =1/27,3/27,5/2— A p p

Zj;D ~ P.(4380) mass, and

L .D* ~ P.(4450) mass, but

- doubly suppressed Ap
- what restricts J©?

- why not Z.D, Z*;D*?




Pion exchange: central potential

For channels with (ZU Gj - 0;T; - Tj > 0), the central potential with
delta term has a deeply attractive core.

D" (1=1/2, J=3/2)
50

(@)
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o 06
-100 n
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> 00
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[Chen,Liu,Li&Zhu,PRL115,132002(2015)]
But should it be trusted?
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