\x\w
W

i June, 2024

[272/158]

HEAVY QUARK EXOTICS
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no shortage of anomalies & multiquark candidates
definite shortage of hybrid candidates!

naive analysis can create states

many "states" can appear to due to production (near) singularities,

cusps, Interferences

much work remains to be done!



Rumsteld hadronic matrix

understood

exp unexp




The QCD Panoply



Quark propagator: Gluon propagator:
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Multi-quark States

“V1 har nu en model,
der pa smukke ste vis
forklarer data og for
fgrste gang
indeholder alle de
begraensninger, data
giver,” sagde
fysikeren Tim Burns
fra Swansea
University ved
offentligggrelsen.



Gluonic Excitations
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Comments on "Fitting'

“Not every bump is a resonance, not every
resonance is a bump” - R. G. Moorhouse (1 960s)



These days are over.
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Present reality.
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Multiple Topologies and Spin

Chain 2 Chain 1
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e Rotate final state framel to final state
frame 2 for particle 3:

Arer = A0 = 3)2(A0 - 3)1) ™

» Decode rotation angles Oy, Prp,> Wip
and change basis

e Issue: Spin 1/2 — 4x for full rotation
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Vector Bottomonium



Coupled channel K-matrix
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N. Husken, R.E. Mitchell,
E.S. Swanson, 2204.11915
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pole positions (+ 1000 bootstrap datasets)
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'"masses'

[BW params, poles, quark model eigenvalues, LGT plateaus]

N
TL - m Q
D =
@ DA -
N 238<Z0 T A
b
— o o 00t6
@
- 0096
- 0086
B 0a®s © 00001
N % ® N
N
9000 o
L » 00Z0L
=
» @0® O N
LA . 00v0L
aze @ o©
- 5 ee 0090L <
QMQQ o
@ 0 44
az $
1 (0SLOT)X
. ” 0080L
O
2 @ ¢ 2
fAy %
N ® 000LL

6S

00CLL

2
\O



Charmonia
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The R(3900) [prev. G(3900)]
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TABLE 1. Fit results of the Born cross section, where the first uncertainties are the statistical and the second are systematic and S denotes the
significance.

ete” — DD
Resonance Y (3770) R 1)(4040) ¥ (4160) Y (4230) Y (4360) (4415) Y (4660)
Mass (MeV/cZ) 3773.7 (fixed) 3872.5+14.243.0 4039 (fixed) 4191 (fixed) 4222.5 (fixed) 4374 (fixed) 4421 (fixed) 4630 (fixed)

Width MeV/c®) 87.6 (fixed)  179.7+£14.1+7.0 |80 (fixed) 70 (fixed) 48 (fixed) 118 (fixed) 62 (fixed) 72 (fixed)
[eeB (eV) 95-106 202-292 41-44 1-2 1-2 50-144 0-2 0-1
S(o) 10 > 20 13 7 11 11 4 8

x2/d.o.f = 346/275 p-value =0.002
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Analyse coupled channels with K-matrix

Feature 1s explained by channel
threshold & interference
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Nils Hiisken, Richard F. Lebed, Ryan E. Mitchell, Eric S. Swanson, Ya-Qian Wang. 2404.03896
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https://inspirehep.net/authors/1000869
https://inspirehep.net/authors/1021321
https://inspirehep.net/authors/986996
https://inspirehep.net/authors/1325245
https://arxiv.org/abs/2404.03896

Canonical Charmonia



7.0(3930) & y,.,(3930)
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LHCb: PRL 125 (2020) 242001

LHCb: PRD 102 (2020) 112003

Previously observed y,.(3930)
seen as two states

Xc0(3930)
X62(3930)



w(4320) & w(4360)
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Tetraquarks



X(2900)



m2(D*D") [GeV¥ 4]
N
(]

Candidates / (0.14 GeV?/c%)
g W % ~J

_ N W
-}

16

14

L L L L L L L | 1 L L
6 8 10 12

m*(D"K™*) [GeV?*/c*

- - -
TTTTTT[TT T T[T T T TTTT T[T

-
TTTTTT[TTT

+ LHCb *

o
TTT

bt
bW :
+++++ ++ +++ Lt oot } Jr+_
S S
m*(D"K™*) [GeV?%/ 4]

LHCD, arXiv:2009.00026.

manifestly exotic channel udsc
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X0
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' =110 4

- 0.007 & 0.002 GeV,

12 + 4 MeV,
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- 11 S
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D1 K*|s Cs 0 thresholds: ~ D*K*, DiK D1K’
DK|p 0

resonances: 2849 -7 23 MeV 3173 - 7 236 MeV
D*K* — D1K DK’

Products tors] a resonance interpretation 1s possible,
roduction matters!

but has weak evidence

T.J. Burns and E.S. Swanson, 2008.12838, 2009.05352.
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7 (4000), Z. (4220), X(4140), X(4150), X(4274)

X(4500), X(4630), X(4635), X(4700)
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X Thresholds
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TCEO(2908)
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tree order process exists masses don't align
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T,,(6200), T, (6600), T, (6900), T, (7200)
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Pentaquarks



A
P2\(4338)



Observation of a J/ywA resonance in
B~ > J/wAp decays

LHCb-PAPER-2022-031 in preparation

Discussion on the new J/yA state

First pentaquark candidate P(:,\s(4338)
with strange quark content  ccuds,

Mp, = 4338.2 4+ 0.7+ 0.4 MeV
[p. =70+12+1.3MeV

= first pentaquark with spin assigned JP=%"

For theoretical interpretation

narrow, close to EC*D‘
threshold and in S-wave

pentaquark with
strangeness, due to SU(3)

symmetry

at same mass of PN(4337):

vvvvvvvvvvvvvv
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[s a 5.0 bound state plausible?

Heavy quark symmetry implies z.p* partners

V(Z.D,1/27) =V (2.D*,1/27) = V(2.D*,3/27),

Possible partner state 1s the p_459), but the binding energy 1s
~19 MeV, not ~0.

The P2 1s 1-3 MeV above threshold.
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Production

the tree-level diagrams for the J/\p A p™ final state are color-suppressed; hence it is natural
to assume that the color-favored triangle diagram 1s a dominant contribution.

dominant mechanism
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Production

the tree-level diagrams for the J/\p A p™ final state are color-suppressed; hence it is natural
to assume that the color-favored triangle diagram 1s a dominant contribution.

dominant mechanism

wol

but this can be comparable if the Landau
conditions are ~ satishied

44
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Pc(4312), (Pc(4380)), Pc(4440), Pc(4457)
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A Look at the Data (LHCb cos weighted)
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A Production/ Rescattering Model for Pentaquarks

Jly

A,
A (2595)

, . P
A (2625)

bound/resonance states
threshold cusps
triangle singularities
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Model Fit
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4312 (z.p, 1/2-)

4380 (z#p, 3/2-)

4440 (z.p*, 3/2-)

4457 (1/2-x,p+ threshold cusp /
1/2+ triangle)

4508 (zxp*, 5/2-)



Non Sighting 1

Four solutions with different dynamical pictures found to be consistent with full data with similar
statistical significance.
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Non Sighting 1

No evidence for Pc(4312), Pc(4440), Pc(4457) in Y(1S) or Y(2S) decays

(A
W
W
W

i —=— data of Y(1S) u —a— data of Y(2S)
~ (a) sideband 30 - (b) | sideband
Q 20 signal MC 8 .
> O B 1 P BT no-Pc MC > 25C il
& - & N
> 15] > 20F
Q| R
o - T e c
o i [ - | )
> 5 B 1 >
=S {, e
0: = T T U B 1) Y My P— I g o iy S I o MY — PP I 07 D R 8 ol i (i i 4 A5 A X ..._._-.=_-‘_.,. -
4 . 4.4 4.6 4.8 5 4.4 4.6 4.8 5

M@pJiy)  GeV/c? M(pJ/y)  GeV/c

Belle arXiv:2403.04340v2

53



P_(4337)
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integrated luminosity of 9 fb~!. No evidence is seen for
either a P, state at a mass of 4312 MeV [2] or the glueball
state f;(2220) predicted in Ref. [11]. Unlike in other B
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Conclusions



tl;dl

no shortage of anomalies & multiquark candidates
definite shortage of hybrid candidates!

naive analysis can create states

many "states" can appear to due to production (near) singularities,

cusps, Interferences

much work remains to be done!
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