P. and P, pentaquarks as threshold

phenomena of two hadrons
Hadrons beyond qq, qqq

Atsushi Hosaka
Research Center for Nuclear Physics (RCNP), Osaka University
Advanced Science Research Center (ASRC), Japan Atomic Energy Agency

Collaborations with
Yasuhiro Yamaguchi (Nagoya), Alessandro Giachino (IFNS),
Elena Santopinto (IFNS), Makoto Takizawa (Showa pharmacy),
Sachiko Takeuchi (Japan Coll. Social Work)

1. History — Hadrons beyond ggq, gqq
2. Threshold
3. Quasi-stable hadronic molecules

4. Coupled channels of MB and 5g — Results

5. Summary
14th APCTP-BLTP JINR Joint Workshop 1 /28



1. Histories

Hadrons beyond qq, qqq
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1. Histories

20th century

A SCHEMATIC MODEL OF BARYONS AND MESONS
Phys. Lett. 8, 214 (1964) M.GELL-MANN

California Instilute of Techrnutogy, Pasvdena, Calijoriia

Received ¢ January 19€4
anti-triplet as anti-quarks q. Baryons can now be
constructed {rom quarks by using the combinations
netc. , while mesons are made out
Jetc. It is assuming that the lowest

Fyon con.fxguratlon (qqq) gives just the represen-

Molecular Charmonium: A New Spectroscopy?*
Phys. Lett. 38, 317 (1977)

A. De Rdjula, Howard Georgi,T and S, L. Glashow
Lyman Labovatory of Physics, Harvard University, Cambyvidge, Massachusetts 02138
(Received 23 November 1976)

Recent data compel us to interpret several peaks in the cross section of e“e* annihila-
tion into hadrons as being due to the production of four-quark molecules, i.e., resonanc-
es between two charmed mesons, A rich spectroscopy of such states is predicted and
may be studied in e e* annihilation.
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KN molecule — A(1405)

POSSIBLE RESONANT STATE IN PION-HYPERON SCATTERING "

R. H. Dalitz and S. F. Tuan
Enrico Fermi Institute for Nuclear Studies and Department of Physics,

University of Chicago, Chicago, Illinois
(Received April 27, 1959)

Phys. Rev. Lett. 2, 425
will be pointed out here that this situation makes

it quite probable that there should exist a reson-

ant state for pion-hyperon scattering at an en-

ergy of about 20 Mev below the K™ -» (c.m.) thres-

hold energy. In the present discussion, charge-

This is being confirmed....

Pole position of A(1405) measured in d(K-,n)Z reactions
J-PARC E31 Collaboration - S. Ai<awa (Tokyo Inst. Tech.) et al. (Sep 17, 2022)
Publiched in: Fhys.Lett.B 837 (2023) 137637 - e-Print: 22C9.08264 [nucl-ex]
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21th century

Pentaquark ®*1n 2003
uudds

Prediction
® by the chiral Solitons
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Further analysis i1s going on...
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Tetraquark X(3872)

Belle@KEK, PRLI1, 262001 (2003)
and further confirmed at Fermi Lab, SLAC, LHC, BEP, ...
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Many other findings have are following
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Pentaquarks P, P_

« 2015, 2019: LHC reported evidences, P, ~ uudcc
A) - PYK~ — (Jibp)K

« 2021, 2022: Yet further evidence, P, ~ udscc
=, — P (4459)K~ — (JWA)K~

P

C
Phys. Rev. If’f)t. 122, 22+20?1 (2019) P cs  CERN seminar, Jul, 2022
o Z:D 2D Sci. Bull. 66, 1278 (2021) e-Print: 2210.10346 [hep ex]
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Tetraquark 7.

Nature Commun. 13 (2022) 1, 3351, arXiv: 2109.01056
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Mass [MeV/c?]

LHCb summary (2022)
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« Hidden charm meson: ccqqg, X(3872), ...

e Hidden charm baryon: ccqqq, P., P, ...
« Doubly charm meson: ccgg, T,.(3875), ...
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2. Threshold

Imagine: What happens when energy is deposited to a ground state?
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2. Threshold

Atoms

An electron flies away

_____ o
~10eV " @ : lonized state
N ;
4.,:'---:; .
. . @1 Excited state
0eV [ Y@

...~ QGround state
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2. Threshold

Hadrons

Atoms , , ,
Quark-antiquark pair creation:

Hadrons fly away or resonate

5 (GeV - ee0o oo

An electron flies away

~10eV ; .\ lonized state cc threshold D* e 2
A A :
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N s
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2. Threshold

e Multiquarks

* Form colorless clusters
due to strong colored force
Color neutralization

« Weakly interacting clusters

e Multi-clusters = molecules

Hadrons

Quark-antiquark pair creation:
Hadrons fly away or resonate

Db threshold
e o @
cc threshold P e 5

Ground state @
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Universality

Alpha clustering in atomic nuclei
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Prog. Theor. Phys. 40, 277 (1968) o & g™ g%’"
0 @2291)
Also see, ® 1929) 2025
Brink, D M (Oxford U., Theor. Phys.) 2” oo %
“Prof. Ikeda’s important contributions to nuclear physics”
12th International Conference on Nuclear Reaction Mechanisms, pp.15-18 © 8’}, -
15 - 19 Jun 2009, Villa Monastero, Varenna, Italy )
https://cds.cern.ch/record/1237837/files/p15.pdf ®
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https://cds.cern.ch/record/1237837/files/p15.pdf

3. Quasi-stable hadronic molecules

Hadronic molecules are not stable but may become quasi-stable
due to the balance of two scales: heavy quark and OCD
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3. Quasi-stable hadronic molecules

S —— . P., P,
Q0qqq . O 2) e e D
0 o ' > @ [Qq] [Qqq]
T Ey@q.
(1) 1(2)
Ex(Q0)

[00], [944]

Jly p
(1) Direct decay into quarkonium QQ and nucleon gqq
(2) Going through a quasi-stable (resonant) state, P, P,

s> L 9

Color electric force (~1/r) — EB(QQ) > EB(Qq)
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Question

Need to know the interaction

______

[04q] — [Qqq]
D >

Cc

* We construct a model of coupled channels.
* Eventually, derived from lattice QCD.

Remark:
[f constituent hadrons are sufficiently heavy, any weak
attraction allow a (quasi-)bound state
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Important configurations
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Two configurations are implemented in a basis set
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4. Coupled channels of M5B and 5¢

Y. Yamaguchi et al, Phys. Rev. D 96, 114031 (2017): P,
Y. Yamaguchi et al, Phys. Rev. D 101, 091502 (2020) : P,
A. Giachino et al, e-Print: 2209.10413 [hep-ph]: P,

M = D, D*
T A 5q(a)
Pi

: NG-boson exchange J

|
B = an Ez-k’ AC A S-factor

* MB channels interacting via NG boson (7, K) exchange
* 5¢ channels have masses larger than MB
* MB and 5¢ couples vis S-factor (overlap)
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NG boson exchange and tensor force
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 Large attraction due to the 2nd oder process
» Heavy particles are more easily bound

« Deuteron is bound by the tensor force
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S-factors couple MB and 5¢ states

The 5q states transit to meson and baryon, when Qq and qqq in 5q state take

corresponding quantum numbers

(MB|V|5q) ~ (MB(i)|5q(a)) = S}

5g(a) S-factor MB(i)
Sqla): ..
JiSe S DA, DA, Ds, Dbyz: D by MB(D)
110 1i 035 061 -035 020 -0.58
1 1io061 035 0.0 -0.59 —0.33

1 3: 000 000 -0.82 -047 033
3i00 3 0.00 ~050 058 —0.65
o1 L 0.71 041 —024 -053

13 0.00 ~0.65 —0.75 —0.17
AL ~1.00
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Solving Schrodinger eq for MB’s

VT H5q HMBwMB 4+ V¢5q _ EwMB 7

HMB Coupled equations
H — ( )
[ VipMB {59450 = Byt

y = M5,y

Eliminate y°%: Feshbach’s method

(KMB +Vi+V VT>1//MB = EyM?

E — H>4

:',,"'~ “ _A 5 "',-\\“
~=f 2 57e™™ 5" Only one parameter f

>  Solve for the T (scattering) matrix
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Results for P,

Phys. Rev. D 96, 114031 (2017)
Phys. Rev. D 101, 091502 (2020)

MeV] EXP Our prediction

4312, 4440 and 4457 agree with data 4550
Their spin and parities are predicted. | [ ___________ 45272172 R T [y
¥*D singlet and Z*D* triplet are 4504:3/2- 4507
: 4500+ I .
predicted 1407-5
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binding wsol A Moo 2D
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EXP [1,34] Our Results for f/fy, = 50

State Mass Width Jr Mass Width
PF(4312)  [4311.9/4-0.7153 9.8 £2.717] 1/2~ 4313 9.6
PF(4380)  4380+8+29 205+ 18+86 3/2" 4371 5.0
Pf(4440)  |44403|+ 1.37;  20.6 £4.915 3/2° 4440 16
PI(4457)  |4457.3]£ 0.6 64+£2.0%7 xE e e
1/2- 4527 0.88
3/2" 4524 7.6
5/27 4497 20

Only slightly above the threshold

Role of tensor force

m— A
Exp e
Spin-splitting
I
Width
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EXP [1,34] Our Results for f/fy, = 50
State Mass Width Jr Mass Width
PF(4312)  [4311.9/4-0.7153 9.8 £2.717] 1/2~ 4313 9.6
P(4380)  43804+8+29 205+ 18+86 3/2- 4371 5.0
Pf(4440)  |44403|+ 1.37;  20.6 £4.915 3/2° 4440 16
PI(4457)  |4457.3]£ 0.6 64+£2.0%7 xE e e
1/2- 4527 0.88
3/2° 4524 7.6
5/2° 4497 20

¥.D*
4450

4400

Role of tensor force

Only slightly above the threshold

without T with T

I

Width
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Results for P,

e-Print: 2209.10413 [hep-ph]

. [MeV]
4338, 4455 and 4468 agree with data 4800 _
Their spin and parities are predicted. EXP Our predictions
More states are predicted 4700 1/2= 3/2= 52~
OPEP and V>4 are both important for XD
b1gd1ng | o 4600 = D*
Widths and spin-splittings are due to -
XD
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— —c=
- > =.D
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EE————— 4400 cDs
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EXP [12, 14] Our results for f =98 MeV

State Mass Width| JE  Mass Width
— — — |1/27 4252.65 —

P.5(4338) |4338.2 7.0 |1/27|4329.11 1.54

— — — |1/27 4394.97 7.31 x 107*

— — — 13/27 4395.76 8.78 x 107*
— — — |1/27 4436.24 2.12
P..(4455) | 4454.9 7.5 |3/27 |4465.24 1.08
P..(4468) | 4467.8 5.2 [1/27 |4469.24 2.31
— — — |3/27 4502.91 4.09
— — — |3/27 4567.12 9.95
— — — |1/27 4587.53 1.25
— — — |5/27 4629.81 14.7
— — — |3/27 4653.02 5.52

 Fare agreement with data

* Coupling to the decay channels improve (in preparation)
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Summary

« P, P pentaquarks are threshold phenonema

* With suitable interaction of
long-range (hadron) and short-range (quark) dynamics

* Determination of spin and parity 1s important
e Search for other threshold states

 Clustering and the cluster interaction
— hierarchal structure of matter
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Remark: “Quarks” here are quasi-particles

QCD Quark model
bare quarks constituent “quarks”
and gluons

)
> 9

9

Complicated structure Simple structure
by three quarks by three “quarks”
Fundamental degrees of freedom Quasi-particles
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OO0 threshold

R(s) = o(ete™ — hadrons,s)/o(ete™ — ptpu—,s).
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