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What we should do for (exotic) hadrons

We know QCD, but we can not answer the questions:
Do they exist?

If they do, which ones?

What 1s their internal structure?

How best to look for them?

Marek Karliner, QNP proceedings, 2018@ Tsukuba
https://journals.jps.jp/doi/book/10.7566/QNP2018

Studying heavy exotic hadrons 1s somewhat similar to investigating the
social life of heavy quarks:
(a) Who with whom?

(b) For how long?

(c) A short episode? or

(d) “Till Death Us Do Part™?

Wregtfi 7 9 A% —it%e2 May 28, 2020 3 /19


https://journals.jps.jp/doi/book/10.7566/QNP2018
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2. Unsolved and new problems

Roper and analogues: Light diquarks in
heavy baryons

Pc: Hadronic clusters for molecules
Doubly heavy: Heavy diquarks 1n tetra and

hexaquarks

Open clusters (colored subsystem ) in hadrons
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A. Roper and analogues: Light diquarks in heavy baryons

First excited state of 1/2+

160 ——
EVIDENCE FOR A P,, PION-NUCLEON RESONANCE AT 556 MeVT  iso- —
L. David Roper 8l ~ 60P33
Lawrence Radiation Laboratory, University of California, Livermore, California oo 8 - 9/ /
(Received 17 February 1964) .g,eo: -TT7T TS T oo N ~/
; soj_ /'/ / / /D'3
5 40~ e Dis
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n /2%
N(1440) 12+
N(1520) 3/27 ]
N(1535) 172~
N(1650) 172~
N(1675)  5/2-—
N(1680)  5/2*

Parity inversion
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Standard (naive) quark model

2hw
1w
Ohw
Ground state 1st excited state 2nd excited state
1/2+, 3/2+ 1/2-,3/2-, 5/2- 172+, 3/2+, 572+, ...
Roper resonance
Eground < Enegative parity < Epositive parity
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Standard (naive) quark model

2hw
17w
J710)
Ground state Ist excited state 2nd excited state
1/2+, 3/2+ 1/2-,3/2-,5/2- 1/2%, 3/2%, 5/2%, ...
Roper resonance
¢ Eground < Enegative parity < Epasitive parity
. S . ~— NN nN
Radial excitation with meson cloud  ° prr===========gk=====7
e.g. Burkart-Roberts, RevModPhys.91.011003 AtasTTE) P
-100 |
Suzuki, N., B. Julia-Diaz, H. Kamano, T. S. H. 2 ] \ /
Lee, A. Matsuyama, and T. Sato, 2010, Phys. Rev. % s
Lett. 104, 042302. T -200 | PUOAE)
- C(1820,-248)
Large quark core mass ¥ is reduced 300 |
. ON o= =
by coupling to meson clouds Y o oo oo
Re (E) (MeV)
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More states systematically

Takayama, Toki, Hosaka Arifi, Nagahiro, Hosaka, Tanida,
Prog.Theor.Phys. 101 (1999) 1271-1283 e-Print: 2004.07423[hep-ph], PRD
[GeV] < 2000 >
5] .
HMO) — "'F37(2390) CLEO Belle CMS
Lok ~F, 5(2000) Hos(2350) _| Belle BaBar LHCb
. “*F17(1990) p
g ML PP avicciricer Rl Y
F 5(1680\ P13(1900) Fos(1820) F07(2020) P, 1 (1880) — p..(1910) 2765
0.5 — ..Pm.o.).Pmo)"_.."_.."u....ﬂ \--E1-7-(-2-0-3-(3)--F35(1905)" ] — ﬂ —6072
11 P01(1600) Po1(1810) P, (1660 . —
P1:(1669) P1:(1840) |, =7600)
) L T LAL N UL I SREDRILD 2286 2470, 3620
N A > A Ac Ec Ab

* Masses are almost universally ~ 500 MeV
» Large nm sequential decays

>>
5,5 A ~
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Possible senario

Transitions between diquark clusters

'175 '1715

* e P
Ab o" ij 2b>X< ," Ab

L {}

Excited diquark .' Bad diquark Good diquark

~@" ¢

The transitions between diquark + spectator heavy quark

Decay pattern is computable in a model independent manner
in the HQ limit
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Evidence of diquarks (correlation)

Yoshida et al. Phys.Rev. D92 (2015) no.11, 114029

MeV
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Recent study

Arifi-Nagahiro-Tanida-Hosaka, Three-body decays of
Ac(2765): arXiv:2003.08202 [hep-ph], to appear in PRD
Ap(6072): arXiv:2004.07423 [hep-ph], just accepted by PRD TODAY'!
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L RS
-

n " m=6.072 GeV
-l >
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‘» 575 580 585 5090 595  6.00
m(AY*) [GeV]

Z; z;— z;o 21;

R. Aaij et al. [LHCb Collaboration]
arXiv:2002.05112 [hep-ex] o0 —

180 1

90 1

Py

Sewl [BI}IUL PAXIJ € IO

FIG. 4. Invariant mass plots of A)7w~ (blue), A7 (green)
and their sum (red). The data from LHCb is the sum of these
two [2] and compared with the red line.

With convoluted masses
= g  Line shape 1s well reproduced

{3 '3'» « BUT QM strength is too small
&  The origin of the universal ~ 500 MeV

]
33.0 34.0 35.0 36.0 €

m2,IA%n - ) [GeV?) i 5 A% —HWi%E4 May 28, 2020 11/19



B. P.: Hadronic clusters for molecules
PRL122 (2019) no.22, 222001
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Quark model

Closed-pentaquark + Fallapart

00 N

Q - T

Hiyama et.al. Phys.Rev.C 98 (2018) 4, 045208
Q1 Meng et al, Phys.Lett.B 798 (2019) 135028

H=Y (m;+ 1) TG——Z)\)\V@]%
) 1<J
2k’ exp(— 2/7“0)

Vig(r) = ==+ " — A +

0,.0,;
oo 3/2 =
Im;m; /2y 0

* This cannot hold states near thresholds
» Allow compact states at some higher than thresholds
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Model calculation
Yamaguchi et al, Phys.Rev. D96 (2017), 114031; Phys.Rev.D101 (2020) 9, 091502

Hadronic molecule of coupled channels with OPEP + 5q core

M = D, D* [ sxpx* )

\Q/

B =225 A, —_—

A D* N
T "\ \
v o
AD —
; : 5q(@) :i ~— — ~
LR
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Predictions and data

IMevl EXP f/fy=50 f/f,=80
4550 : : [MeV]
' 4527:1/2- L 4501-1/0-
———————————— . —————-——|————————&4—'52-1:1-‘2-—————-----—-zsz* 4550 without T with T
4500} E 45243 I 5 4511 3’2 | 4527 330 Ll B e ;i_ rrrrrrrr o
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4457 :UﬂbOUI’]dZ 1/2- E 4500 |-
----- T R SRR R R bl CEELil] CEEEERE DI Do 5/ —
4450} I-. i L |4462:1/2- - 4462
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: ; ) B
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44001 1 : T
---------- e X gy s—
4380 1 : %g 32
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4350+ ! : m 4350:3/2- . 4400
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i JE T e T EEEREEE 2D
4300 43120 B2 - 14321
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« For systems of OO0, molecules are well developed (Next discussion)
« With one parameter f, tendency of masses are reproduced
« Width are explained by the OPEP tensor force
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C. Other exotics — Doubly heavy

Hidden heavy QQqg Double heavy QQgg
o @ o @
O e ® o
Two separate
i Weaklv bound * mesons?
cakly boun ® o o @

Mesonic
O o 0o @ molecule Y

Rearrange and
Decay into J/y + ‘ 0 ;Z%Qeuark
oe € Strongly bound Q0O
Very strongly bound QQ

Color electric attraction ~ — a2M
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[GeV]  charmonia
DD* threshold
0.0 .c7o5" S m - m - ommmmsossmmmeesoeees
‘\~ )((,O(IP) . !
0.5
sy IS
1.0 - ’
v

Strongly bound charmonia and bottomonia
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LETTER

doi:10.1038/nature24289

Quark-level analogue of nuclear fusion with doubly

heavy baryons

Marek Karliner! & Jonathan L. Rosner?

Formation of double heavy baryon

/ \ Ener
Virtual %
6-quark
Ay cluster N

‘ Heavy quarks Q,Q"=b,c @ ® Light quarks v and d

Bt 7 7 2 8 —Whges

Energy release as a function of mass

150 |

“ bb
100 |

(MeV)

50 +

AE

CC

~100 - - - - -
500 1,000 1,500 2,000 2,500

UyeoQQ) (MeV)
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Summary

Arifi et al, Ac(2765): arXiv:2003.08202 [hep-ph], to appear in PRD
. [ ]
ROper resonances. Ap(6072): arXiv:2004.07423 [hep-ph], just accepted by PRD TODAY

Flavor blind ~ Another evidence of light diquark clusters.
Two pion decays explained by baryon sequential process
Conventional quark model, too high mass, too small width

° P . Hiyama et.al. Phys.Rev.C 98 (2018) 4, 045208, Qi Meng et al, Phys.Lett.B 798 (2019) 135028
Ce Yamaguchi et al, Phys.Rev. D96 (2017), 114031; Phys.Rev.D101 (2020) 9, 091502

Likely to be molecules of hadronic clusters.
OPEP alone does not seem provide enough attraction => other attractive source
The origin of force 1s to be understood => Lattice simulations and models

* Doubly heavy stable states:

QQ Heavy diquarks strongly attractive => stable exotics
Systematic theory calculation 1s on-going (Meng, Hiyama, Oka, ...)
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