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INntersections In hadron spectroscopy
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orolific hadron discoveries

Gary Robertson
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% orolific hadron discoveries

Gary Robertson

Minimal quark | rent name 1(G), JP(C) Proposed name
content
cC xc1(3872) G =01, JPC =1+t xc1(3872)
ccus Zcs(4000)+ I=5%,JP =17 T!1(4000)*
ccus Zcs(4220)F I=3,JF =17 T,s1(4220)*
ccct X(6900) |G =0t, yPC =77+ T.,+(6900)
csud Xo(2900) JP =0t Tes0(2900)°
cstud X1(2900) JP=1- Tes1(2900)°
ccud Toc(3875) Toc(3875)F
bbud Z,(10610)F /G =1t JP =1+ T2,(10610)*
ccuud P;(4312)* =3 P} (4312)*
ccuds P.s(4459)° /=0 P/ (4459)°
T ———— RIS

%* SO many new observed states: proposed new naming
scheme to provide consistent descriptions arXiv:2206.15233
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Recent discoveries In charm sector
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Recent review: JPAC (2022)
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Recent discoveries In charm sector
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A charming surprise: X(3872) or y.;(3872)
X a7 J/Y
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A charming surprise: ,.{(3872)

X a7 J/Y
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Interpretation?

Conventional

Molecule Compact
Tetraquark
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X.1(3872) compared to y(2S)

Thomas Boetticher
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X.1(3872) compared to y(2S)

* Recent LHCDb results in pp

show prompt y.;(3872)
decreases with multiplicity

0Xc1(3872) BR(XCI(3872)_) J/ wﬂ+ﬂ—)
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X.-1(3872) in heavy ion collisions

1.7 nb” (PbPb 5.02 TeV)

* Recent LHCDb results in pp

show prompt y.;(3872)
decreases with multiplicity

B PbPb (5.02 TeV)
ly| < 1.6, 0-90%

NX(3872)—>J/\|1n7t

% First observation of prompt
X.-1(3872) in PbPb at CMS not

suppressed relative to yw(295)
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X.-1(3872) in heavy ion collisions

* Recent LHCDb results in pp

show prompt y.(3872)
decreases with multiplicity

* First observation of prompt
X-1(3872) in PbPb at CMS not

suppressed relative to y(29)

% Enhancement in pPb relative to
Pp, increase with system size

Weakly bound

>W "\

Thomas Boetticher
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X.1(3872) future opportunities
vp = pJlyrnT

Use I'(X — yp, yw) and VMD

plw /> Known vector-nucleon couplings

p P

Alternative production mechanism:
free of rescattering effects and
sensitive to photo couplings

JEE :PRD 102, 114010 (2020)
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X.1(3872) future opportunities

vp = pJlyrnT
Use I'(X — yp, yw) and VMD

plw /> Known vector-nucleon couplings

p P

Alternative production mechanism:
free of rescattering effects and
sensitive to photo couplings

JEE :PRD 102, 114010 (2020)

Electron lon Collider (EIC)

— |
Jefferson Lab upgrade:

Ee =12 = 22 GeV
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X.1(3872) future opportunities
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Heavy lon: Coalescence
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More surprises: di-J/y
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More surprises: di-J/y Jane Nachtman
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More surprises: di-J/y

* All-heavy tetraquark: first
mentioned in 1975 (1 year

after J/y discovery)

% Complicated structures,

challenging to describe
with simple interfering
Breit-Wigners

* Many recent theoretical

studies for both charm
and bottom

Jane Nachtman
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More surprises: di-J/y Jane Nachtman
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Pentaquarks

Molecular

pentaquark

Sylvester Joosten
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Pentaquark photoproduction  Sylvester Joosten
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Pentaquark photoproduction  Sylvester Joosten
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Possible pentaguark interpretation
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Possible pentaguark interpretation
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Possible pentaguark interpretation
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Pentaquarks get stranger Gary Robertson
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Pentaquarks get stranger

Gary Robertson
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Possible pentaguark interpretation
Eric Swanson

%180{ LHCb Plrellin;inlar)lr -.I-[I)atla - ‘
E 160E 9 fb! —Nomipal flt 7
B B ¥ — Baseline fit ]
Q140F : NR,, = -
n " —NR o
< 120 —PASAp :
fg 100} » + A--Buellckgrour?d—;
2 ook ity E
< 60F | -
160 40;_ + _;
20F g =
140 |- ¢ A.Dg =0D° || 5'D - gl ol
| 4.2 4.25 4.3 4.35
120 | : IH % { m(J/l//A) [GeV]
00| ‘jﬁi H }#% } | * Again, fit full spectrum
£ | Hﬁ | ‘ Hﬂ M _ with molecular + cusp
{ ‘ } H %H } * iInterpretation
60 - { 1 7 d |
Hb o
or . Tm{gﬁﬁﬁ% . : % Models not yet
L 0 T . g 7
20| | predictive” to suggest
. i | | | | | | ) rescattering in other
4.2 4.22 4.24 4.26 thp;l\.Z(g oV) 4.3 4.32 4.34 4.36 d e C ay S

CIPANP 2022 Justin Stevens, WILLIAM & MARY 29




Possible pentaguark interpretation
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* Again, fit full spectrum
with molecular + cusp
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* Models not yet
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Charmonium
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potential model
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LF kinetic energy confinement one-gluon exchange

Wavefunctions for
Conventional charmonium

Guangyao Chen
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Charmonium: BESIII Nils Hueksen

Charmoniume-like states

(4600) « several unexpected states observed
PRL 91, 262001 (2003) PRL 110 (2013) 252001
B —4- Data
;35 105 < ( — Total fit
m(D' D" 3 NQ (2 «=== Background fit
o 3 2 90F 900) l;Hs',(s Mcd'
- 0 25 (0] - :
o m(D.D,) o h [ + [l sideband
&) m(o'D’) 32 5 6o \
S m(D,D;) NG < [
o) m(D'D) " ."&.’ 40
- ) N
Q) m(DD) § 1 @ pof
\ w =
E 3.82 3.84 3.86 3.88 39 392 0 3.7 3.8 3.9 4.0
3.4 M(J/y nir) (GeV) Mnax(*J1y) (GeV/c?)
3.2F * their nature is still unclear
.
_ observed charmonium C C
NR quark model

0++ 1++ 2++ Z o u

N
~/.
¢

- tetraquark molecular state hybrid meson
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Charmonium: BESIII

Charged charmonium-like states
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* Observation of narrow Z) = TJS = ccqs near threshold
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search for an open-strange ccsq partner Z

* LHCb observes a much wider candidate in J/wK™

PRL127 (2021) 082001
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What about the gluons® Matt Shepherd
Andrew Jackura

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN

The Quark California Institute of Technology, Pasadena, California
MOdel ... Baryons can now be

— constructed from quarks by using the combinations

(qqq), (qaqqq), etc., while mesons are made out

of (qd), (@qqq), etc. ...
Phys. Lett. 8 (1964) 214

Quantum

Chromodynamics
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L attice QCD

Quantum

Chromodynamics
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exotics
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L attice QCD

Applications to 37+
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% Hadron scattering on the lattice:
energy levels = resonances

* Complications with 3-body
dynamics, much recent progress

M. Hansen et al. [HadSpec]
Phys. Rev. Lett. 126, (2021) 012001
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Exotic hybrid mesons
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N photoproduction at GL%

[N
W
T
-~
|
)
I
=
Q
<
&

P—
ot
o

Illlllllllllllllllll

1.75

Events / 40 MeV/c?
o o
()] ~J
() N

S
Y
3

orrrTTT
]
W

0.00 .
1.00 5 1.50 1.75 2.00
Vs [GeV/c?]
14210
i o®
121
> . F .
§ of -
= sr ., ~
B S .
c I .
=T SR
S of .
- .m..
0 Batiensd ﬁﬁl *Tg;iggfam e

08 112141618 2 2224
M(nn°) [GeV]

Malte Albrecht

P o |

0
Y a,
-
y—
p p
,,,,,,,, . ]
GLEX Theory prediction (JPAC)
Preliminary — Ey=85GeV

GlueX Phase 1
+ E,c[8288]GeV

4+ Natural exchange
<4 Unnatural exchange

Stat. uncertainties only!

Illllllllll!lll[lllllll

_— e — -
$ . 3 =
i 02 03 04 05 06 07 08. 09 1.0

CIPANP 2022

Justin Stevens, WILLIAM & MARY 38




Outlook for spectroscopy/exotics?
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Outlook for spectroscopy/exotics?
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LHCDb: ~10x more larger
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CIPANP 2022

Justin Stevens, WILLIAM & MARY 40




Outlook for spectroscopy/exotics?

* BESIII: e+e- energy and
luminosity upgrades
£
* Belle Il: e+e- 50 ab :
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Outlook for spectroscopy/exotics?

* BESIII: e+e- energy and
luminosity upgrades

* Belle Il: e+e- 50 ab-1
% Photoproduction:

% Light quark hybrids
@ GlueX/CLAS12

* Heavy quarks
@ EIC & JLab20+
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2 .
Jefferson Lab upgrade: Electron lon
Ec =12 & 22 GeV Collider (EIC)
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Outlook for spectroscopy/exotics?

* BESIII: e+e- energy and
luminosity upgrades

* Belle Il: e+e- 50 ab-1
% Photoproduction:

% Light quark hybrids
@ GlueX/CLAS12

* Heavy quarks
@ EIC & JLab20+

* Far future: ~1 TeV Muon
lon Collider?
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