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Brief Review and Motivation

Experimental Studies of Baryons

The Structure of the Nucleon
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Brief Review and Motivation

Experimental Studies of Baryons

The Structure of the Nucleon

The unknown beast ...

@ Origin of nucleon mass

@ Origin of nucleon spin

@ Confinement

@ Behavior of quarks/gluons in
nucleon as compared to nuclei

y ] etc.
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Brief Review and Motivation

Experimental Studies of Baryons

The Electron-lon Collider (EIC)

World’s first polarized electron-proton collider:
=» The spins of both colliding particles can be aligned in a controlled way.

k&
o

Lepton-hadron facilities:

= Two-scale observables are natural

* Imaging partonic structure without breaking it!
= Emergence of hadrons

HERA discovery: * Heavy ion target or beam

Hadron stays intact 10-15 % time.
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Brief Review and Motivation

Experimental Studies of Baryons

Nuclear Femtography: Non-Perturbative QCD

Color Confinement Asymptotic freedom
l

] |
T 1 T
20 MeV (10 fm) 200 MeV (1 fm) 2 GeV (1/10 fm)

D = = €

Y
| QCD at the Fermi Scale: Femto-science (0.1-10 fm) ‘

= The most interesting, rich, and complex regime of the theory!
= All emergent phenomena depend on the scale at which we probe them!

How does QCD give rise to excited nucleons?

@ Quark-quark interactions )

J

S

@ Relevant degrees of freedom 7
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Brief Review and Motivation

Experimental Studies of Baryons

Particle Zoo

Name “proton” given to H nucleus by Rutherford in 1920
He had discovered earlier that proton was a candidate
to be a fundamental particle & building block of nitrogen,
and all other heavier atomic nuclei.

L MATTER
1 arl
1932 Neutron romm olaculeto qu

1947 First Mesons: 7=+, 7=, KT, K~
1951 Strange baryons: A with |uds)

1964 Q~ with |sss)

1964 Quark model

1968 Discovery of “partons” at SLAC

after 1970:
Quantum Chromodynamics
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Brief Review and Motivation

Experimental Studies of Baryons

1964: Discovery of the (2 Baryon at BNL
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Experimental Studies of Baryons

e 1/2t wer | A(1232) 3/2t *eer | =0 /2t wwer | AL 1/2t s | A9 1/2 1t  wex
1721 wxwx | A(1600) 321 wewx | 30 12t wwwr | Al(osos)t 1s2— wex Ap(5912)0 1/2  **=
n(1440) 172+ x| A(1620) 12— wewx | 5> — 17270 wewew | a(2625)F 3 2 wEx Ap(5920)0 32— wxx
n(1520) 372 wxxx | A(1700) 372~ ewx | > (1385) 372+ wwwx | A (2765) 0 - Ap(6070)°0  1y27+  wwx
n(1535) 172 =*=+ | A(1r50) 1720 * >(1580)  3/2 o+ Ac(2860) 1 3 21 www Ap(6146)0 3/2 1  was
nN(1650) 172 **=+ | A(1900) 1/2  **=* >(1620) 1/2  * Ac(2880) 1 b2 wws Ap(6152)0 521 e
n(1675) 52— =+xx | A(1905) 5,2+ =+xx | > (1660) 127 e Ac(2910)+ - 1 sk
N(1680) 572+ wxxx [ A(1910) 172+ wwrx | > (1670) 372 *xxx | A (2040)F 32— *wx o
N(1700)  3/2 s A(1920)  3/21 e I(1750)  1/2  ww= T (2a55) 121 e o
n(1710) 1721 wess | A(1930)  5/2 k= =(1r7s)  s/2 - wwes | 5 (0520)  3/21 wex o
n(1720) 372+ =+*x | A(1940) 372 ** >(1780)  3/2+ * >, (2800) o o
N(1860) 5/2+  ** A(1950) 7/2+  EEEE > (1880) 1/2+  ** =i, 1727+ === B
nN(1875) 3 2 s A(2000) 5/2t >(1900) o 5 12t wweww .
nN(1880) 12t wex Aa(2150) 172~ > x(1910) o S 1yt e .
n(18os) 172~ =+ | A(2200)  7/2 *** =(1915) R o Vot e oo
N(1900) 3/2+ e A(2300) 9/2+ ** 3(1940) - (2645) 3o+ = .
nN(1990) 7/ 2t e A(2350) 5/2— * >(2010) T(2790)  1s2— ww= -
N(2000) /2 e A(2390) 7/2t > (2030) ek T (2815)  3/2— wwe o
N(2040)  3/20 = A(2400) 972 ** =(2070) * * (2882) - P
N(2060) /2 wEE A(2420) 11721 *+++ | =(2080) * C (2023) - o
N(2100) 1/27  ww A(2750) 1372 ** > (2100) N < (2030) wox P
N(2120) 3727 wEx A(2950) 15727+ ** > (2110) * T(2070) 1yt www =, (6333)° .
n(2190) /2w >(2230) - " (3055 wowow 1o e
n(2220) o2 =k=x | A 1727 wexx | 3 (2250) - 55080; P 20(6316)— 4 -
N(2250) o/2— =*x*x | A(1380) 172 *= > (2455) * =-(3123) * 25(6330) hae
n(2300) 1727w A(1405) 172 w=ex | 5 (2620) - o0 e S on(eaa0) b
nN(2570) B 2+ A(1520) 3/2— *+++ | 5 (3000) - LTI 3yt e on(6350)— P
N(2600)  11/2 == A(1600) 1/27  =*xx | 5(3170) & o (3000)° .
N(2700) 1320 e A(1670) 1/2 . \ 0 (305090 wie Per(a312)+ -
R el s e
e 120 Tl | s (zoso) o Pec(4380) " -
e o genon |memy D |EGms
e e bl o (3185)° . Po(a457) ¢ M
it e A aje i 20 (3327)° wxx | Poco(aas9)
A(1890) 3/2t e - .
A(2000) 1/2— = = 57 wwx [
A(2050) 3/2— * -
A(2070) 372+ =+ -
A(2080) s/2 o+ wox
A(2085) 772+ wx -
A(2100) 72— e
A(2110) /21 s o= 3/2F  wwws
A(2225) /2 = 2(2012) 7 o
A(2350) oy2t ewx 2(2250) s
A(2585) * 2(2380)— -
2(2470)— -

Volker Cred 70 Years of Hyperon Spectroscopy



Brief Review and Motivation

Experimental Studies of Baryons

The Status of very strange Baryons
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Existence is certain, and properties are at least fairly well explored.

Existence ranges from very likely to certain, but further confirmation is desirable and/or
quantum numbers, branching fractions, etc. are not well determined.

Evidence of existence is only fair.

Evidence of existence is poor.
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Brief Review and Motivation

Experimental Studies of Baryons

The Status of very strange Baryons

=0 1jot e Belle Collaboration, PRL 121 (2018) 052003
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2(2470)~ *% *  Evidence of existence is poor.
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Brief Review and Motivation

Experimental Studies of Baryons

SU(4) Multiplet Structure of Baryons

Multiplet structure for flavor SU(3):

33®3 =105 ® 8y ®8u ® 1a
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Brief Review and Motivation

Experimental Studies of Baryons

SU(4) Multiplet Structure of Baryons

Hyperon

o (@ 9, |
Multiplet structure for flavor SU(3): 0@

Proton (p) Lambda (A) Xi (2)

33®3 =105 ® 8y ®8u @ 1a

V3 (99 (9o
@5 () (6]
Neutron (n) L Sigma (X) Omega ()
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Brief Review and Motivation

Experimental Studies of Baryons

SU(4) Multiplet Structure of Baryons

Multiplet structure for flavor SU(4):
4424 =205®20y D20y ® 44

=» Great progress also for charmed and bottom baryons (Belle, LHCb).
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Brief Review and Motivation

Experimental Studies of Baryons

Description of a Baryon

Simple quark model depiction of a baryon

1 o
—=(n—-r)

)
Il
N

- 1 . o .
A= —(f+nNn+2r
\/6(1 2 3)

I3
The reduced masses of p and )\ are defined in terms of the kinetic energy:

Tocﬁipz+ﬁ7>\2 E:512+522+532
2u, 2pn 2M  2mg  2mg  2mq’

where M = 2my + mq and P= Pq + Pg + Pa-
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Brief Review and Motivation

Experimental Studies of Baryons

Description of a Baryon

The reduced masses of the two oscillators are then given as:

3mg mq

= my and = —,
Hp q 120 2mq+mo

where g = s and Q = u, d for the doubly strange = system, and q = u, d
and Q = c, b for the singly heavy charmed or bottom baryons.

The ratio of the harmonic oscillator frequencies is given by:

wi 1
=4/z(1+2 < 1.
o = {31 +2me/ma) <

In the limit of my =~ mq, e.g. for N* & A* states, the excitation energies in
the p and X oscillators are about the same, whereas the excitation energies
in the X oscillator are reduced by a factor of v/3 in the heavy-quark limit,
mqg — <.
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Brief Review and Motivation

Experimental Studies of Baryons

How do we study baryons experimentally?

Light-flavor baryons are typically studied in fixed-target experiments (nuclear
physics), heavy-flavor baryons are studied at colliders (high-energy physics).
@ Fixed-Target Experiments
Photo-/electroproduction, e. g. Jefferson Lab, ELSA, MAMI, etc.
e.g. YN (e= N) = (e")N*/A*
YN (e= N) = (e")KY* (Y&t =N\ T%)
7 / K-induced production, e.g. HADES@GSI, (future J-PARC, JLab)
e.g. N — N*/A*
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Experimental Studies of Baryons

How do we study baryons experimentally?

Light-flavor baryons are typically studied in fixed-target experiments (nuclear
physics), heavy-flavor baryons are studied at colliders (high-energy physics).
@ Fixed-Target Experiments
Photo-/electroproduction, e. g. Jefferson Lab, ELSA, MAMI, etc.
e.g. YN (e= N) = (e")N*/A*
YN (e= N) = (e")KY* (Y&t =N\ T%)
7 / K-induced production, e.g. HADES@GSI, (future J-PARC, JLab)
e.g. iN— N*/A*
@ Collider Experiments
at eTe~ machines, e.g. BESII, Belle, BaBar, etc.
e.g. =H(Af) = [E nf]=.nt (KT) orete™ — J/i = N*N
at pp machines, e.g. LHC
e.g. =, = =, nx~ (LHCb, CMS)
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

Baryon Spectroscopy at GlueX

Outline

e Baryon Spectroscopy at GlueX
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

Baryon Spectroscopy at GlueX

Forward Calorimeter

Hadron Spectroscopy
Time of Flight
@ T+ NUCleUS Barrel Calorimeter

Start Counter

@ vp Photoproduction Target

Photon Beam

+ —
ee’e Tagging :
Magnet Forward Drift
N Chamber
° pp Electron

Central Drift
Chamber

Beam

Radiator el

The GlueX Collaboration

@ ~ 135 members, 29 institutions
(Armenia, Canada, Chile, China, Germany, Greece, Russia, UK, USA)

@ GlueX phase-lI complete (120 PAC days)

@ First physics published in 2017 G'—%
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

The GlueX Experiment: Photon Beamline

Baryon Spectroscopy at GlueX

Photon Tagger Pair Specfrometer
— t,Polarimeter
12GeV e : X '
North LINAC i
[ K Photon

m! I Beam Dump

! 1

[

Diamond Radiator  Electron Collimator GlueX

East ARC Beam Dump Spectrometer

(@)

--- Diamond: PARA
— Diamond: PERP
Aluminum

Polarized photon beam produced via coherent
bremsstrahlung off thin diamond radiator:

Photon Flux (a.u.)

Lol bl

@ Tagging system with AE < 25 MeV.

°
pr LI IR I
e !
-

@ Linear photon polarization of P, ~ 40 % in s . é&? ! :
he coheren k. S oot iy

the coherent pea 5 #ﬁ*“*”é#é

. . . o E, E|

@ Phase-l intensity of 5 x 107 ~/s in peak. FE R a5
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Baryon Spectroscopy at GlueX

The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

QCD Phases and the Study of Baryon Resonances

Temperature

JLab
strong QCD

QGP
Line of 1** order
phase transition hadron
phase

Baryon density

@ Chiral symmetry is broken
@ Quarks acquire mass
@ Baryon resonances occur

@ Color confinement emerges

T (MeV)

Deconfined/chirally
symmetric matter

v Line of 1+ order
Hadron Gas phase transition
color confined

-
a
«

RPP (u, d, s, ¢) baryons not sufficient to describe freeze-out behavior.
(e.g. A. Bazavov et al., PRL 113 (2014) 7, 072001)
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

Baryon Spectroscopy at GlueX

Spectrum of N* Resonances

S = N (DL S| " Octet Members | Singlets
0|6, 00) [ 1] 5 [ N(939) | A@Le) |(1193) [=31s) | -
L(0,17) |3 ] 5 A(1670) =(1690) | A(1405)
. 2 A(1690) 2(1820) | A(1520)
2500 | —_ (= |2 (1690) (1820) | A(1520)
811 A(1800) -
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Q N A(1830) | £(1775) -
= 2 [ (36,09) | L | 1" | N(1440) | A(1600) | £(1660) -
(%) =0 0 1 1 (17 Q (1770
(10,05) | 5 | I [ N(710) | Agsto)t | 7m0yt
= il -
§ (56,24) | 1| & | N(1720)" | A(1890)" -
e 371 N(1680) | A(1820)1 -
70,28y [ 1] 3
s = 2. Excitation Band: (.28 3 | 3, V(1860)
+ + ;| NV(s6
(56 0 ) (56 2 )‘/ 2157 | N(1880) -
(70, 0+) (70 2+) (v) 5| N(1900)! -
20 1+ 21 N(2000) | A(2110) -
1000 | | ( ) | N(1990) | A(2020) -
T T T 20,15) | 1| 1 | v(2100)
Tov ||| 172+ || 372+ || 5/2+ || 772+ || 9/2+ | [11/2+ 3| Mooy

V.C. & W. Roberts, Rep. Prog. Phys. 76 (2013)
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

Baryon Spectroscopy at GlueX

Cascade Resonances: Status as of 2018
—— U. Loering, B. Ch. Metsch, H. R. Petry, Eur. Phys. J. A10 (2001) 447-486

3000 —
= - ‘= B - Review of Particle Physics (2016)
— | many predicted states missin « . _
2500 —| 12 9 [...] nothing of significance on
— E |= |- = resonances has been added
— = |_ since our 1988 edition.”
% 2000 — — — —
= I
2
1500 —| — =
o Instanton Model: residual short-range interaction
based on instanton interactions
| | |
J 172+ || 3/2+4 || 572+ || 7/2+ || 972+ ||11/2+([13/2+|| 1/2- || 3/2- || 5/2- || 7/2- || 9/2- ||11/2-||13/2-
I-‘2T2J l)ll l)lii FlS l:‘17 H19 Hl 11 I(l 13 11 D]3 D]5 Gl7 19 Il 11 Il 13
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The GlueX Experiment
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Baryon Spectroscopy at GlueX

The =* and Q* Spectrum from Lattice QCD

R. Edwards et al., PRD 87, 054506 (2013) =(1320) = s An () = 3 (57)
§ =-391 =(1580) " — =r 1) = 1(3Y)
18 g;:i oi® _ z(620) © —z=x7 () = 3 (3 o 1)
= DC’ T _ =(1690) **  — YK 1) =3(377)
1ol e- i = =(1820) **  — AK! 1Py =1(37)
Do = _ o N1 s
g1l S - =(1950) = —=m, YK 1(J7) =} (37 7), “broad
s 12 - : == - T e T YK /(JP> - 15 ( z %7)
= i  — - — —
10 _ T 1. Excitation Band: (70, 17)
off = Octet | | T0-"109"'80°80 "
TR T IL:L.L:L: [ S S o
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Exhibits broad features expected of SU(6) ® O(3) symmetry

-» Counting of states of each flavor and spin consistent with QM for the lowest
negative- and positive-parity bands.
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The =* and Q* Spectrum from Lattice QCD

R. Edwards et al., PRD 87, 054506 (2013)
=-391

0-391

2.4
g:n:»;
18 I:.l:, O

"o L = o o T @ =7
oy 3o Il S S

=
o
P
-@‘@ = ) =
= = =t
14 = - 14f &
= = S L N
=
. 1.2 (=
N

E/mq
\
|
|
]
)
E/mq

=
10 _ T 1. Excitation Band: (70, 17)
: H _ 2 4 2 2
os} = i Octet 70 _1 18 I@ 8 @. 8 @ 1
T 34;3:7A: 1__0_:7_ 1 3‘.5‘:7: o3y 5 T
2 2 T 7 2 2 2 2 2 2 7T 7 2 2 2 2

Exhibits broad features expected of SU(6) ® O(3) symmetry
=» Counting of states of each flavor and spin consistent with QM for the lowest
negative- and positive-parity bands.
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Baryon Spectroscopy at GlueX

The =* Spectrum in a Dyson-Schwinger Approach
C. Fischer et al., PoS Hadron 2017 (2018) 007

=(1320) - Ar /(JF’) -1 ({f)
2.2 1 =(1530) — = /(JP) -1 (g*)
=(1620) L= /(JP) = %(%* or 1{)
“] =(1690) () =1 (177
1.8 =(1820) — AK /(J”) =3 (g*)
=(1950) /(JF’) =1 (g* 7)
167 =(2030) ** - YK I(JP) =1 ( > g-’)
1.4
— E(1320)
1.2

+

M)
N|w

N[

1
2
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Baryon Spectroscopy at GlueX

The =* Spectrum in a Dyson-Schwinger Approach
C. Fischer et al., PoS Hadron 2017 (2018) 007

3
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£(1820)
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

Baryon Spectroscopy at GlueX

PDG 2022 Mini-Review

= Resonances

Revised 2004 by C.G. Wohl, (LBNL).

The accompanying table gives our evaluation of the present status of the = resonances.
Not much is known about = resonances. This is because (1) they can only be produced
as a part of a final state, and so the analysis is more complicated than if direct
formation were possible, (2) the production cross sections are small (typically a few
ub), and (3) the final states are topologically complicated and difficult to study with
electronic techniques. Thus early information about = resonances came entirely from
bubble chamber experiments, where the numbers of events are small, and only in the
1980’s did electronic experiments make any significant contributions. However, nothing
of significance on = resonances has been added since our 1988 edition.

Volker Credé 70 Years of Hypel
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Baryon Spectroscopy at GlueX

PDG 2023 Mini-Review

= Resonances

Revised 2023 by V. Crede (FSU), U. Thoma (U. Bonn)

Most of our present knowledge of = resonances stems from the low-statistics data
samples recorded in the 1960s-1980s using K~ beams and in the 1980s and 1990s using
hyperon (¥7,Z7) beams. This is because (1) they could only be produced as a part of a
final state, and so the analysis is more complicated than if direct formation were possible,
(2) the production cross sections are small (typically a few pb), and (3) the final states
are topologically complicated and difficult to study with electronic techniques. Thus,
early information about = resonances came entirely from bubble chamber experiments,
where the numbers of events are small, and only in the 1980s did electronic experiments
make any significant contributions.

In recent years, significant contributions have come from collider experiments. Excited
= baryons are produced and have been studied in the decay of the charmed AZ into
(5T K7)z(1600) KT by the Belle Collaboration [1] and into (E~n")gx KT by the BaBar
Collaboration [2]. Belle measures the decay Ef — (E~7")z+ 7T [3] with unprecedented
statistical quality.
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The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

Baryon Spectroscopy at GlueX

Hyperons in Florida

VoLume 51, NUMBER 11 PHYSICAL REVIEW LETTERS 12 SEPTEMBER 1983

Existence of £ Resonances above 2 GeV
C. M. Jenkins, J. R. Albright, R. N. Diamond, H. Fenker,*’ J. H. Goldman, S. Hagopian,
V. Hagopian, and W. Morris'®
Florida State University, Tallahassee, Flovida 32306

% Acceptance

and

L. Kirsch, R. Poster, and P. Schmidt(*’
Brandeis University, Waltham, Massachusetts 02154

and

S. U. Chung, R. C. Fernow, H. Kirk, S. D. Protopopescu, and D. P. Weygand
Brookhaven National Labovatory, Upton, New York 11973

and

Events per 0.075(GeV/c2)?

B. T. Meadows
University of Cincinnati, Cincinnati, Ohio 45221

and
1255 Events
Z. Bar-Yam, J. Dowd, W. Kern, and M. Winik’ Kg
Southern sity, North s 02747

(Recieved 30 June 1983)

3
o

E*" production was studied in the reaction K™+p—K*,o,+X" at 5 GeV/c. The slow
K* was electronically detected, while the X~ was observed as a missing mass, thus al-
lowing for observation of all Z* independent of decay mode. The observed = states were
=(1320), =(1530), E(1820), £(2030), Z(2250), Z(2370), and E(2500). These data establish
and confirm the existence of Z(2250) and indicate a peculiar production-cross-section
behavior for the =*(2370).

N
o

Events per 0.l (Gev/c2)?
S

a s " s

PACS numbers: 14.20.Jn, 13.75.Jz 0

a
— — 2 4 6
K p — KT X -> (Missing Mass)? (Gev/c2)?
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Baryon Spectroscopy at GlueX

The GlueX Experiment
Spectroscopy of = Resonances
Magnetic Moments of Baryons

CLAS g12: Total Cross Sections of (=7)*

2.31 < /s <34GeV

“K*K*) (nb)

N=(1320~ ~ 11,000

Trotal(YP—

N=(1530)-
~ 2,500

1.6
MM(K*K") (GeV)

1.8

J. T. Goetz et al. [CLAS Collaboration],
Phys. Rev. C 98, 062201 (2018)

L1
14 1 gl1 @ CLAS i i H ! :4*
T He ]
: Tt
11
= P \ ’-P'P I !
0] = (1820 ﬁH’? : TH-i H
1 I
T L. SEa
M 17
6 4
£
41 - =*(1535)
94 —F—
0+ ; ; ; ;
2.4 2.6 2.8 3.0 3.2 3.4
Vs (GeV)

No statistically significant structures beyond
=(1530) peak: Different reaction (production)
mechanism for =* states?
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Baryon Spectroscopy at GlueX

CLAS g11a: Excited States in yp - KTK*7™ (X)

From the paper: Although a small enhancement is observed in the =°n~ invariant
mass spectrum near the controversial 1-star =~ (1620) resonance, it is not possible
to determine its exact nature without a full partial wave analysis.

Phys. Rev. C 76, 025208 (2007)

Need high-statistics, high-energy data from
an experiment designed to see = states:

@
&

@
S

M:1.5392 = 0.0014

@ 3- or 4-track trigger

I:0.015 = 0.005

N:71:26
2INdf: 30.0/31.0

Counts/(10 MeV/c?)
N
bl

@ Reconstruction of full decay chain

»
S

@ Higher photon energy

@

=)

@ Improved detectors

o

=» CLAS 12 and GlueX at Jefferson Lab

i’ B TS B i BN +
15 155 16 165 1.7 175 18 185 19 195

M(z’) (GeV/c?)
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Magnetic Moments of Baryons

Excited =* States: 1500 - 1750 Mass Region

From the paper: Although a small enhancement is observed in the =°z~ invariant
mass spectrum near the controversial 1-star =~ (1620) resonance, it is not possible
to determine its exact nature without a full partial wave analysis.

[CLAS], Phys. Rev. C 76, 025208 (2007)

Baryon Spectroscopy at GlueX

BeIIe PRL122 072501 (2019)
~asb ©
L F >
2. F é
= 30 M:1.5392 = 0.0014 Q 1
5 250 r:0.015 = 0.005 g 1 (+%%)
E F H» N:71:26 2 .
L =
S .nF )
O 20 $INdf: 30.0/31.0 2
15
10—
5
Bl R T E B A i ]
15 155 1.6 1.65 17 175 1.8 185 19 1.95 15 155 16 1.65 17 1.7!
=0,
M(E") (GeV/c?) M=_ . [GeV]
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Possible Production Mechanisms

Baryon Spectroscopy at GlueX

x10°
+ 3 oF =(1320) +Gluex
NAAAAAAAAAAAA K zt i —Fit
! I sk - Background
o =
2 K/K E g Gui®
E / ; Preliminary
* % N E
b ATZ BN 3
~K E
TV TR v
M(ATY) (GeV)
o x10° i
3 M , =(1820) 3 GluexX
= F 4 —Fit
=1 0'4;’ -~ Background
£ oqf zaeo0) i B
> F i Bggnc
o G
0.2f %%\% ¥ N§
i #
0.1% e
+ =—x + +
wp = KH(KY="*) = K+ (o~ K)K Vv U
0 17 18 19 2 2.1 2.2 23
M(AK)) (GeV)

Courtesy of Jesse Hernandez, Chandra Akondi (FSU)
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Baryon Spectroscopy at GlueX

Possible Production Mechanisms

+
J\Y/VVVVWWWV\/T""""'K ------------ KY(=~K"), KT (Z°K?), K%(=°K™)
a) K+/ K+* =" -» Cross sections, beam asymmetries
' " (similar to pr & p KK *)
P A*/ZK ~.“\\ .
v K* At other facilities (for comparison):
NANANANANANANNANNNNG- = == m e d L
P - K~p — K*="" | J-PARC (2029?)
b K/K = . K.p — K*= | Hall D (2026/307)
P IND . « pp — = )j LHCb
pp — == PANDA?
etes —» =X Belle I, BES Il

* W. Roberts et al., Phys. Rev. C 71, 055201 (2005)
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Baryon Spectroscopy at GlueX

GlueX: Cross Sections in yp — KTK* =(1320)~

~— -
e [
- CLAS D!
£ uf + “ | Measurements of
o |
15t T“TJ DGlueXPhasefl @ Differential cross sections
Mot
*M 10 | - h @ Polarization observables
T sf # i @ Mass, width, spin
e | |
S 6f f
st f
e 4r
i * GLUE\/ ,,,,,,,
2} A S
L i Preliminary
ok i
0 2 4 6 8 10 12

Courtesy of Jesse Hernandez (FSU) EY (GeV)
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GlueX: Cross Sections in yp — KTK* =(1320)~

Courtesy of Jesse Hernandez (FSU)
L E; (GeV); (64,69] E; (GeV): (6.9, 7.4] l_ E; (GeV); (7.4, 7.9
et D ISR 31 T

Baryon Spectroscopy at GlueX

|

E; (Gev): (7.9, 84]

)
o~ 10 i i e
% >—.~_§_< F._‘,_._‘ 4 »-Q—<+ o
Q 1 . B e g
~
o)
[
N
S 10 Loy GV B4 &9 E; (GeV): (89, 4] E; (GeV): (9.4, 99] E; (GeV): (99, 104]
~~
it -
1 Hie o
]_Q E; (GeV): (104, 10.9] E; (GeV)::(10.9, 11.4] l 2 1 2
g e
= Lreigs
: GlueX Phase-|
t G
: Preliminary

1 2
-t (GeV?)
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Baryon Spectroscopy at GlueX

Magnetic Moment

The magnetic moment of a magnet is a quantity that determines
the torque it will experience in an external magnetic field:

T =[x B
Torque on a current-carrying loop:
7 = 1ABsing with A = pu
Remember: L = |w = (mR?) (&%)
(for a point charge moving in a circle):

AQ o AQ2me _, AQ
"M="2 ™= arzm™ = 2m,
Electron: i = —q/2meZ
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Baryon Spectroscopy at GlueX

Magnetic Moment & Spin

For spin: i = —q/2me (according to the classical theory).

spin

charge
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Particle Properties

Mass, electric charge, “spin” (permanent ang. momentum), ...

1924: Experimental evidence of e~ spin (spin-magn. moment)
=» Two orientations relative to external magnetic field.

Spin: S; = mgh (h = h/2x) with (2mg+ 1) orientations

Classical
rediction
£ What was Silver atoms
actually observed
A
% Furnace

Inhomogeneous
magnetic field

Stern-Gerlach Experiment
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Baryon Spectroscopy at GlueX

Magnetic Moment & Spin

—

For spin: ji = —q/2me S (according to the classical theory).

Stern-Gerlach experiment involves sending a beam of particles
through an inhomogeneous magnetic field and observing their
deflection. Results show that particles possess intrinsic angular
momentum that is closely analogous to the angular momentum
of a classically-spinning object,

@ But that takes only certain quantized values,

@ And is off by a factor for the spin-magnetic moment:

—

i g © & g5
with the Bohr magneton (defined in Sl units) ug = 2‘*”% .
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Baryon Spectroscopy at GlueX

Existence of spin ang. momentum is inferred from experiments. Spin
is like a vector quantity, it has:

@ Definite magnitude and “direction,” spin orientation.
Spin has peculiar properties different from orbital ang. mom.:
@ Spin quantum numbers (QN) may take half-integer values.

@ Direction of spin can be changed but a particle cannot be
made to spin faster or slower.

@ Spin of charged particle associated with magn. dipole moment:
i = —(gs 9 S with gs = spin g factor
2m

Classically, gs # 1 only if mass & charge fill volumes with diff. radii.
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Baryon Spectroscopy at GlueX

Existence of spin ang. momentum is inferred from experiments.
Spin is like a vector quantity, it has:

@ Definite magnitude and “direction,” spin orientation.
For electrons:
Q@ S?=s(s+1)h?=3/4h? forspin S=1/2.
Q S;=msh with mg = +1/2 (for electrons in units of 7).

. h .
< |jis,| = pg = 3= and |iig| = V3us
N s (total spin magnetic moment)

|
[SIES
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Baryon Spectroscopy at GlueX

Baryon Magnetic Moments

@ Meson: quark-antiquark pair (qq) , n, etc.
© Baryon: three-quark state (9qqq) p, n, A, etc.

Charged particles with spin have intrinsic magnetic moment:
jis = (q/m) S

Dirac equation describes point-like spin-% particle (q, m):

h
\fiz] = gm = —gsugMs ~ ppg (Bohr magneton for electron)
In general:

gs~2fore”, gs= —3.83forneutron, gs~ +5.59 for proton
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Baryon Spectroscopy at GlueX

Decay of the A Baryon

Magnetic moment of A |uds) in the quark model:
(1= % u and d quarks couple to total / = 0)

- (Y (L\VM z
,U/\—Ms—2ms 3)~ 3 msMN

Decay: A — pn— with L = 0, 1, and parity not conserved.
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Baryon Spectroscopy at GlueX

Decay of the A Baryon

Magnetic moment of A |uds) in the quark model:
(1= % u and d quarks couple to total / = 0)

_, - e (1 z,
U/\—Us—2ms 3

Decay: A — pn~ with L = 0,1, and parity not conserved.

@ In A rest frame: proton along z; and ms = +3

1
11 1 11,1 1\ [a0— 5o
|~ p)—ao< 105 0+2>+a1<22120+2>_< 0 )

@ In A rest frame: proton along z; and ms = —}

- 11, 1 1 1T 1, .1 1 0
I p>—a°<z‘z'°2°‘2>+a‘<z‘z12°‘2>—<ao+;5a1>
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Baryon Spectroscopy at GlueX

Decay of the A Baryon

@ In A rest frame: proton along z; with 6 = 90°
=» Equal superposition of the other two cases.

The decay intensity for any proton and angle 6 is

then proportional to (ap and «y are complex constants): A
20 a; [2 20 a2
w() = (=" p|n P>:COS§040—% —l—smgao-i-ﬁ ;
describing angular distribution of proton in rest frame of 100 % polarized A along z;.
5w agay 20 .20 . oy
= — 2R Z _sin®~ = p=_--L
w(0) = |ao|” + 3 e /3 (cos 5 —sin" 5 S=ap and 7

2Re(S*P 1
(|S|2+|P|2) (1 + {ﬁ}:cosﬁ) = in (1 Jroz/\COS@).

Qp
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Baryon Spectroscopy at GlueX

Decay of the A Baryon

w(o) = (ISP +P1) (1 + [ZRC(S*PW

1
m COS@) —E(1+OZACOS€).

=ap

The parity-violating forward-backward asymmetry is due to the interference of the
S(L=0)and P (L=1) waves.

For hyperons with partial polarization Py:

w(0) = 41—71_(1 + an Pacosf) .

For an unpolarized hyperon, the proton is longitudinally polarized with the number of
protons flying in the +z direction proportional to (1+aa) and (1 —aa), respectively:

1+a/\7(1705/\) _

Pmon = T 71 N
prot 1+aA+(1—aA)

This property was used to measure o, e.g. at BNL in the reaction 7= p — K°A.
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Baryon Spectroscopy at GlueX

Decay of the A Baryon: Data Situation in 2024

Decay parameter «_ of the parity-violating weak decay A — pm~ describes
the interference between parity-violating S and parity-conserving P waves.

RPP fit
@ Important for any kind of

experiment that involves the
polarization of the A.

—— old RPP value

—_——————— LHCb, 2020
@ A comparison of a— and a+
- Ireland et. al., 2019 provides a test of CP symmetry

BES3 (420k J/w—- AN), 2019
BES3 (3.2M JApsAR). 2022 for strange baryons.

-
_.._ BES3 (73k J/y— == - AAmn), 2022
- RPP average
=>» GlueX Proposal to JLab
current precision (stat. + sys.)

——
—— anticipated precision (stat. + sys.) 2024 PAC
(reduced lin. pol. sys. and £° subtraction)

proof of principle

0.65 0.70 0.75 0.80 0.85 0.90 0.95
a- forA-pn~
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9 Heavy-Flavor Resonances
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Heavy-Flavor Reso

Peak Hunting for Heavy-Flavor States

11000 + . . !
300 o X 62 new hadrons at the LHC o 1=E?
PAtL]
_-
70007 BeA25)" Bl(25)" X(G900)
@505 *
Qu(6350)
M(6152)°  Q.(6340)7 _ (6373
SR L Afe1e) w62 6327
6000 - u(5920)° 5o gl ] " g W=, 5100)
W, san2p 800 7,(6097)" M60TDF  B.6114P
,(6097)" B.(6063)°
NLJ
= 5000 4
] X(4700) X(4685)
2 P PA(4450)" ® x4500) P-(4457) @ xiz630)
« (] x W P.(2440)7 .
n - (4274) el Z.,14220)
g ® b Pl P.{4380 Pa312) o ooy
2000 { @ célad) X(3842) LA
@ cicé B o T
e
o i g i .
000 { m bag D(30001° @ %]HBW)’ A[2860) manssn] (2939)° X1(2900)
caq D/12760) ™ Q(3050)° = (2023)° Xa(2300)
. Di2740)° o mmonv = R
m ccaaq ouseep D= (27500 © 0,u(2590)
T T T T T T T T T
2011 2012 2013 014 2015 2016 017 2019 2020 2021
patrick | cern.ch 2021-10-12 Date of arXiv sub

https://www.nikhef.nl/ pkoppenb/particles.html
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Heavy-Flavor Resonances

Description of a Baryon

The reduced masses of the two oscillators are then given as:

3mg mq

= my and = —,
Hp q 120 2mq+mo

where g = s and Q = u, d for the doubly strange = system, and q = u, d
and Q = c, b for the singly heavy charmed or bottom baryons.

The ratio of the harmonic oscillator frequencies is given by:

wi 1
=4/z(1+2 < 1.
o = {31 +2me/ma) <

In the limit of my =~ mq, e.g. for N* & A* states, the excitation energies in
the p and X oscillators are about the same, whereas the excitation energies
in the X oscillator are reduced by a factor of v/3 in the heavy-quark limit,
mqg — <.
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Heavy-Flavor Resonances

Excitation Energy as Function of Heavy Quark Mass

Phys. Rev. D 92, no.11, 114029 (2015)

0.5/ ' _—

R Wo Excitation energy of p mode
= | k=0.6 [GeV/m?] depends only on light quarks.
s |\ m,=0.3 [GeV]

3 \
>
2 04|
(0]
3
o
o
5 Excitation energy of A mode
2 ©x lowered with  increasing
< 03 heavy-quark mass.
03 1 2 3 4 5

Heavy quark mass [GeV]
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Heavy-Flavor Resonances

Comparison of Charmed and Bottom Baryons

@ Hyperfine splitting inversely proportional to the
heavy quark mass.

8001 @ Small decrease in X excitations.
© Bottom baryons (and their properties) can be
AM) 2880 predicted from charmed baryon spectrum.
(Mev) 2860 6152
500F 2765 6146 2970
__60a6__ o
2625 2815 2965 3090
5920 ——————  6100/6095 2939 __3065
2595 T 2790 5 — 2923 3050 — 8350
225200 (sg30) T2 00 80
200 - 2645 soasis5
> _ 5935
- 2645 2770
ok —xe '
AJZ, AJZ, = , = Q, Q,
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Heavy-Flavor Resonances

SU(4) Multiplet Structure of Baryons

Multiplet structure for flavor SU(4):
4424 =205®20y D20y ® 44

=» Great progress also for charmed and bottom baryons (Belle, LHCb).
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Heavy-Flavor Resonances

SU(4) Multiplet Structure of Baryons

Singly heavy baryons particularly amenable to potential models, and states
can be classified according to multiplet structure of the light diquark:

3®3 =234 6s.

These diquarks are sometimes called good and bad diquarks for s, = 1 and
Sqq = 0, respectively.
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Heavy-Flavor Resonances

Light Diquark Structure for Singly Heavy Baryons

jqq: 17
, I§F (A) jqq:O/l/Q,
=0 (A), 3r (A) Jag =2,
Sqq:1(S), 6r (S) jqq:1/2/37

where the total angular momentum of the singly heavy baryon is then
J: SQ® (jqq & /)\)
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Heavy-Flavor Resonances

Example of p and A Classification Scheme

I, Ix Sq¢ Jaq JP (nL) H Observed Candidates
o0 o o i s AT (E5ED LT
00 0 0 i (@28) #A.(2765) 37 (7)1, =.(2070) 1*
o 1 o 1 1,5 (@ap Ac(2595) 17, A.(2625) 3
E.(2790) 3, Z.(2815) 2~
3r 1 0 1 0 1= ap)
ALY 1 0o 1 1 17,8 (P o,
o (AC(2940)§ ) 7possibly a 2P state”
—(x) 3 2
2! 1 0 1 2 ¥, (P
0o 2 0o 2 33 (D) Ao(2860) 2F, A.(2880) 2*
E.(3055) 87 (7)1, 2.(3080) 3 (7)1
2 0 0o 2 373 (D)
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Heavy-Flavor Resonances

Comparison of Charmed Baryon Spectra

V.C. and J. Yelton, 70 Years of Hyperon Spectroscopy, submitted to Rept. Prog. Phys. (2024)

¥ -like resonances N-like resonances
400 8001 =
Sqq =10
2965 3090
—_—3000
AM) 2800 e A(M) 2880 3080
(MeV) 5623 3050 (MeV) ——e— S05E
2881 3000 2860
250k 500k___2765 2970
2625 2815
e 750
100 200
2520 2645 2770
0 0
-50€ -
z =c Q. N, =
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Heavy-Flavor Resonances

Doubly-Heavy (Charmed) Resonances

2017: The LHCb (Large Hadron Collider beauty) collaboration at CERN’s
Large Hadron Collider in Switzerland has reported the observation of a doubly
charmed particle, =t = AL K—ntr™.

Discovery will improve the predictive
power of theories.

“In contrast to other baryons, in which
the three quarks perform an elaborate
dance around each other, a doubly
heavy baryon is expected to act like a
planetary system, where the two heavy
quarks play the role of two heavy stars
orbiting one around the other, with the
lighter quark orbiting around this binary
system.”
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Heavy-Flavor Resonances

Doubly-Heavy (Charmed) Resonances

2017: The LHCb (Large Hadron Collider beauty) collaboration at CERN’s
Large Hadron Collider in Switzerland has reported the observation of a doubly

charmed particle, =t = AL K—ntr™.

LHCb 13 TeV

RS
N
>
=
i
=
15
a
@
2
]
=
k=]
]
]
®]

3600 3700
Mega(Ee) MeV/c?)

R. Aaij et al, PRL 119 (2017) 112001
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Heavy-Flavor Resonances

Observation of a Narrow Pentaquark State

D ItD*°

= :

%1200:— i A narrow pentaquark state, P,(4312)",
Fl ;:?;: i LHCb decaying to J/v p was discovered by
S1900__ packground the LHCb Collaboration with statistical
e : significance of 7.3¢ in a data sample of
3 % A — (J/v p) K~ decays.

geoo'— A higher-mass P,(4450)" pentaquark

‘ w structure formerly reported by LHCb
confirmed and observed to consist
of two narrow overlapping peaks,
P.(4440)* and P;(4457)".

aals o4 APV,
4%00 4250 4300 4350 4400 4450 4500 4550 4600
myn [MeV]

R. Aaij et al., PRL 122, 222001 (2019)



Heavy-Flavor Resonances

J /¢ Photoproduction Near Threshold

Photoproduction of J/¢ (near threshold)

provides clean laboratory to study cc:
i . . i 10 E : Cornell. 75 E
@ Probes gluon distribution in proton e JUESe.
(D. Kharzeev et al., Nucl. Phys. A 661, 568 (1999)) | r )//’/‘
@ Sensitive to multi-quark correlations //
(S. Brodsky et al., Phys. Lett. B 498, 23 (2001)) 10 1
.
c 10 E
/ — | fitto hedaaatﬂ-QQGeVE
10

8 10 12 14 16 18 20 22
E, Gev

leading twist higher twist GlueX energy range
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Heavy-Flavor Resonances

J /¢ Photoproduction Near Threshold

Photoproduction of J/v (near threshold) $
provides clean laboratory to study cc: i e
@ Probes gluon distribution in proton i g JUESS.
@ Sensitive to multi-quark correlations , el |
@ Intriguing possibility of five-quark //
interaction e o 10
P¢(4450) f A 1071
é;sm il ey / — fittothe dataat 1122 eV |
I o ]| R e
ool "("im) iu\ Ey GeV

My p [GeV] GlueX energy range

R. Aaij et al,, PRL 122, 222001 (2019)
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Heavy-Flavor Resonances

Observation of J/¢ at GlueX

A. Ali et al. [ GlueX Collaboration], Phys. Rev. Lett. 123, no.7, 072001 (2019)

3 200F+- 100 Number of I/ § = 469 = 22
= E Emean = 3.096 + 0.001 GeV/

[SD = 0.013 + 0.001 GeV

25 3 35
M(e'e), GeV

First observation of J/ at Jefferson Labinyp — pJ/¢ — pete~
@ First detailed look at cross section near threshold
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Heavy-Flavor Resonances

Observation of J/¢ at GlueX

A. Ali et al. [ GlueX], Phys. Rev. Lett. 123, no.7, 072001 (2019)
GruX- e
S 10 s
o = e
o 2 e
2 X2Indf=0843/5 3 o
g sope= -1.67 +0.35 GeV? e 1l
< %% | v i
5 A .
% ! I 1 i I'\%‘ —e— GlueX
© TA L i
A —5— SLAC
T 7 < —A— Cornell
L K --=-- Kharzeev etal. x 2.3
JPAC P;(4440)
Y — — incoherent sum of:
L ..( S e 2g exch. Brodsky et al
107 el 3g exch. Brodsky et al
0 0.2 0.4 0.6 0.8 1
), GeV? 8 9 10 E, Gev 20

First observation of J/4 at Jefferson Labinyp — pJ/y — pete~
@ First detailed look at cross section near threshold

@ Measurement of ¢ slope (at 10.7 GeV avg. E,): (—1.67 + 0.39) GeV~—2
@ Limits on pentaquark production
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e Summary and Conclusions
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Summary and Conclusions

Open Issues in (Light) Baryon Spectroscopy

@ What are the relevant degrees of freedom in (excited) baryons?
=» Can the high-mass states be described by the dynamics of three
flavored quarks? To what extent are diquark correlations, gluonic
modes or hadronic degrees of freedom important in this physics?
@ Can we identify unconventional states in the strangeness sector,
e.g. a A(1405) or N(1440)? What is the situation with the (20,1])?
@ What is the nature of non-quark )
contributions, e. g. meson-baryon ’ U meson drefsed quark |
cloud or dynamically-generated states? '

LQCD, DSE,and ...

confinement

=» Probe the running quark mass and g 020 e
determine the relevant degrees of g0 ‘
. . 0.10 ” .
freedom at different distance scales. £ current quark
H Fhig S ST Y T,
@ How do nearly massless quarks acquire oo Fibotet il 14304
mass? (as predicted in DSE and LQCD) "“”I , ‘ ; "

q (GeV)
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Summary and Conclusions

Spectroscopy of (low-mass) = resonances very important to understand the
systematics of the baryon spectrum:

@ What about the properties of the =(1620) / =(1690) states?
@ Is the =(1620) more than one state? Is the =(1620) the doubly strange

partner of the A(1405)7?
@ Where is the radial excitation of the =(1320)?
=(1950) Radial Excitations
- N(1440) A(1600) s(1660) (1820 |Ac2765) 29700 aue072)|  (Roper-like states)
% 200 Z(1690) [
E . for the octet members
250 Light baryons Heavy baryons . +
< with JP =1
N A z = N Zc Ao
o |
(udu) (uds) (uds) (uss) (udc) (usc) (udb)

Arifi et al., PRD 105, 094006

Quark content
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Quantum Chromodynamics (QCD) is (most likely) the correct theory of strong
interactions. However, the theory remains still fairly untested and not very
well understood at low energies (spectra and properties of hadrons).

Hadron spectroscopy is a powerful tool to scrutinize ideas on the effective
degrees of freedom that govern hadron dynamics.
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Hadron spectroscopy is a powerful tool to scrutinize ideas on the effective
degrees of freedom that govern hadron dynamics.

@ QCD-inspired models have been very successful at describing the
overall features of the spectrum of mesons and baryons, and also their
decays, form factors, transition form factors, magnetic moments, etc.
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Summary and Conclusions

Quantum Chromodynamics (QCD) is (most likely) the correct theory of strong
interactions. However, the theory remains still fairly untested and not very
well understood at low energies (spectra and properties of hadrons).

Hadron spectroscopy is a powerful tool to scrutinize ideas on the effective
degrees of freedom that govern hadron dynamics.

@ QCD-inspired models have been very successful at describing the
overall features of the spectrum of mesons and baryons, and also their
decays, form factors, transition form factors, magnetic moments, etc.

@ However, these models have also exhibited important failures:

e Link between partonic degrees of freedom seen in deep inelastic
scattering and constituent quarks remains poorly understood.

e Experiments have yet to provide compelling evidence for gluonic
excitations (glueballs, hybrids, etc.)
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Opportunities with Secondary K? Beams in Hall D

Possible reactions to be studied (elastic and charge-exchange reactions):

@ 2- & 3-body reactions producing S = —1 hyperons

@ 2-body reactions producing S = —2 hyperons 0 —
— — — — s K°p —» KT=°
2K p = KT=0 atKt=; KT =0 ptKt=—* =™
@ 3-body reactions producing S = —3 hyperons o GlueX - 10d
> Kp - KTKtQ™; KTKTQ wr (projected)
y e s ~10*=*/m
K—p — K°=Z° (b) 10 ~ 102 Q*/m
80 -
60 -
ol
0
- |
ET R v S S 7Y B 187 21 22 25 24 26 26 27 28
W (GeV) W(GeV)
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