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Deuteron

> 2.2 MeV below pn threshold
» [ =0, JP =11

VS.

» Relevant degrees of freedom are p and n

» Binding dominated by 7t exchange
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LHCb “pentaquarks’



2015:  P.(4380) and P,(4450)

LHCb amplitude analysis of the three-body decay A, — J/VpK™—.
[LHCb,PRL115,072001,2015]
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Two JADp states, the flavour of the proton with hidden charm
(uudct).



2015:  P.(4380) and P, (4450)
LHCb amplitude analysis of the three-body decay A, — J/VpK™—.

N
S

m?, . [GeV?]

20

18

16




2015:  P.(4380) and P,(4450)
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Two states with flavour of the proton, but “hidden charm”: wudce.



2019: P.(4312), P.(4440), P.(4457)
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2019:  P.(4312), P.(4440), P.(4457)
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Binding in hadronic molecules



Heavy quark and chiral symmetry c.f. quark model
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Heavy quark and chiral symmetry c.f. quark model
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Heavy quark and chiral symmetry c.f. quark model

-
N o~ +
N — Nt \‘\ N N
3
ENN7 G -G T- 78 gqan Gi-qTiT
i—1
—— - ‘\
‘\ ’\\ + "
ZC — ZCT[ N ~ *
2
8s.x.n0-qT -7 gqqﬁz Ci-qTi-7
i—1
N <
D* —+ D*n
8p*D*mt € -q T T 8qqn01-q T1 - T

Both approaches have the same generic form g % - gT - 7t



One-pion exchange potential
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Coupled-channels, mixing angular momenta and particles, e.g.

L.D*(?Sy/5) = £.D*(*Dy 2)

L.D*(*Sy/5) = AcD(®Sy)0)
but first consider first elastic channels only

> AcAcTt vertex is forbidden (isospin)

» DD vertex is forbidden (spin-parity)
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Restricting the spectrum
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One-pion exchange potential

From couplings g £-GT - 7,
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One-pion exchange potential
From couplings g £-GT - 7,
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Central and tensor potentials with form factor cutoff
Model-independent coefficients, fixed by HQ and isospin symmetry
Larger isospin = weaker potential; e.g. V|_3,, = —%V,:1/2

Pattern of binding driven by coefficient of V¢ (r) in S-wave
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Restricting the spectrum
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Production
and
particle coupled-channels



Production favours A.-flavoured components
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Including particle coupled-channel effects
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Including particle coupled-channel effects
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The new doublet of states



The role of Ag D
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The role of Ag D
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The role of Ag D
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The role of Ag D
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The role of Ag D

=

£.D* = £.D* V(7)) = [Ve(rEr - 2+ Vr(n)Su(P)] Ti - T2
AaD = Z.D* V(A =W(rE 7 Ti-To

Access to opposite parity states with S-wave components:

L .D* AcD
1/2_ 251/2 4D1/2 2P1/2 unbound
3/27 S35 ?D3)p “D3n 2P3n  Pc(4440)
1/27 2Py 5 Py 2S;/p  Pc(4457)




Conclusions

Quark model and Lagrangians
~ = — - based on HQ and chiral symme-

S

try give the same OPE potential.

Patterns of binding are readily
understood in terms of model- §
independent numerical factors

implying coupled channel effects
for observed states, and support-
ing the absence of 5/27 state

J/; Production favours A, channels,



Conclusions

A restricted spectrum emerges, with unambigious J* quantum
numbers which can be tested in experiment:

P.(4457) 1/2% AaD (+Z.D*)
P.(4440) 3/2= L£.D* (+AaD)
P.(4380) 3/2= %D (+...)
P.(4312) 1/2= Z.D+ A.D*

States have mixed isopsin:
|P.) =cosdl3, 3) +sindl3, 3)
but I%, %) partners not expected.

Compact pentaquark scenarios have model-dependent masses, and
many more states, with all possible / and JP.



More molecules, and isospin mixing



=:D* molecules

Ac = ((ud)oc)iyo == Zc = ((us)oc)1 /2
Lo = ((ud)ic)in = 2= ((us)16)1 /2
i = ((ud)ic)syn = Ze = ((us)1c)3 )0
c c
T u T u
T : d : S
' ' :
i - =
i i y i 4
c c

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

Predict loosely bound 0(5/27) EiD* state, observable in
Ap — JAPAN, and =, — JAPAK ™ (LHCb run I1).



Isospin mixing: P.(4380) and P.(4457)

(udc)(uc) = £ D°

audec = { (wuc)(de) = LD~

Isospin-conserving interactions give |/, I3) eigenstates,

<|$,5> ! <|>:iD°> )
3.%) 2 ﬁ Iz D7)

but only if the masses £} = -+ and D% = D~

~_—
Il
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|
S
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Otherwise, isospin is not a good quantum number.



Isospin mixing: P.(4380) and P.(4457)

P.(4380) = 4380 +8+29  P.(4457) = 4457.3+0.6"73
Y:TD% =4382.34+2.4 Y D*® =4459.9405
ISPYDT =4387.5+0.7 LIYD* =4464.24 +0.23

The P, states have mixed isospin:

|Pc) =cosdl3, 3) +sindl3, 1)

They should decay also into JAPA™T and AT, with weights:

JAp - JWWAT AT =2cos® ¢ :5sin?d:3sin>d [P-(4380)]
JAp - JWWAT AT =cos?  :10sin® b : 6sin®p [P (4457)]



Isospin mixing: predicted 5/2~ states
TED* 1/2(5/27)

Y D*0 = 45244424
TETTD T =4528240.7

Mixed isopsin:
IP) =cos |3, 3) +sindl3, 1)

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

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



Isospin mixing: predicted 5/2~ states

TED* 1/2(5/27)

Y D*0 = 45244424
I D*T =4528.240.7

Mixed isopsin:
IP) =cos |3, 3) +sindl3, 1)

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

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

=*D* 0(5/27)

=0D*0 = 4652.94+0.6
ZEPD* = 4656.2+0.7

Mixed isospin:
|P) = cos $|0,0) + sin |1, 0)

Decays:
— JADA: D-wave, spin flip
e.g. A) — JAAN, JHAD

— JAPX*: S-wave, spin cons.
= | =1 decay enhanced.



