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Outline:

N(1520) p(e,e’)X

* Physics case: pentaquarks, hybrid baryons and the role of the glue E=GeV

N(1680)

* Hybrid baryons signature

e 1N KY and ntt photo-and electro-production at CLAS

* A(1520) SDME measurements at GlueX/ Q production at ALICE
e Pentaquark production at BESIII Sl
e Outlook & conclusions I e |

Q2 (GeV?)




Critical QCD Question Addressed

* QCD allows much richer hadron spectrum than conventional gg mesons and qqq

baryons.
Exotic hadrons
glueballs GG, GGG
multiquark states 99949, q99499q
hybrids 99G, 999G, qqqqG

Derek B. Leinweber — University of Adelaide

molecular hadrons [DD*], [D* Z,]

 The light N* spectrum: what is the role of glue?
——>  Search for new baryon states
 The heavy baryon sector: hidden charm pentaquarks

—> Investigate the properties of pentaquark-like resonances
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Strong QCD is born ~ 1usec after the Big Bang

Today
Life on earth

Acceleration 2
Dark energy dominate!

Recombination Atoms form
Relic radiation decouples (CM|

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation
Quantum gravity wall

Spacetime description breaks down

14 billion years

»
11 hillion years

5,000 years

3 minutes

0.01 seconds

Dramatic events occur in the microsecond old Universe.

= The transition from the QGP to the baryon phase is dominated by excited baryons.
A quantitative description requires more states than found to date => missing baryons.
= During the transition the quarks acquire dynamical mass and the confinement of color occurs.
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= Schematic Phase Diagram of Hot and Dense Strongly Interacting Matter
T~ 700, 000, 000 yrs: Galaxies
5 Quark Gluon Plasma
o ) [ (color deconfined)
T~ 400, 000 yrs: Atoms s ‘ Critical Point
T~:10%s: Nuclei '
T~ 10°s: Nucleons
= non-color-flavor
T~ 107 s: QGP v Q\ locked
nuclear gas 8
‘_:’;
T~ 10°s: Transition from e " ::::::am
the QGP to Nucleons . \ PUCieE speiuid \ -
~310 MeV



N* Program — photo- & electro-production of mesons

The N* program is one of the key physics foundations of CLAS@JLab, A2@MAMI and CB@ELSA

Detectors have been designed to measure cross sections and spin observables
over a broad kinematic range for exclusive reaction channels:

7N, ®N, N, NN, n°N, TN, KY, K*Y, KY*

- N* parameters do not depend on how they decay

- Different final states have different hadronic decay parameters and different
backgrounds

' - Agreement offers model-independent support for findings
CLAS12@JLAB

* The program goal is to probe the spectrum of N* states and their

N* degrees of freedom??
Structure

- Probe the underlying degrees of freedom of the nucleon through
studies of photoproduction and the Q2 evolution of the electro-
production amplitudes.
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Establishing the N* and A Spectrum

Experimental requirements:

* Precision measurements of photo-induced processes in wide

QcCD 2
kinematics, e.g. e \\
yp—>1N, np, KY, .., yn—>1N, KOYO, .

~ LQC L NE AT DSE,

* More complex reactions, e.g. yp - wp, pd, mp, NN, K*Y, .. iFEI’VI/
may be sensitive to high mass states through direct
transition to ground state or through cascade decays
Reaction ‘
* Polarization observables are essential Dikpereion —é— A;‘;'l';;‘iie/
Relatioy »
Engaging theoretical groups l, }
meson
d“lm N* A* Data )
Extract s-channel Y g —
@=——--0
resonances / \ Hadronic Electromagnetic
N BaYeR production production
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Polarization Observables: Complete Experiment

proton

The holy grail of baryon resonance analysis

® Process described by 4 complex, parity conserving amplitudes

e 8 well-chosen measurements are needed to determine amplitude.
* Up to 16 observables measured directly

* 2 inferred from double polarization observables

<z A weak decay
xI "" """" 19, | haslarge 13 inferred from triple polarization observables
Rer oroton® | analyzing power
Beam (P7) Target (PT) Recoil (P?) Target (PT) + Recoil (P®)
.T, y/ :l 1‘/ ]" Ll" yl yl !/l :I 2 ! :I
x ] z T Y z T Y z x Y Z
unpolarized dog T P T ) 7 33 Ty L:/
P} sin(2¢,) H G Ou Oz 810 E 13 —Coxr
P; COS(Q@«,) —5: —_P —_T —I:zl Tzl —dO’o f;xl —Txl
circular P} F —E o, C’;/ -0, G -H Oy

A. Sandorfi, S. Hoblit, H. Kamano, T.-S.H. Lee, J.Phys. 38 (2011) 053001
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Establishing the N* spectrum — Precision & Polarization are essential

Hyperon photoproduction yp—K*A—K*pn-

Fit by BnGa group  A.V. Anisovich et al, EPJ A48, 15 (2012)
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More N* from polarized K* A photoproduction?

Beam Asymmetry, X

Target, T

Vp ——->K+/—\>

0.75 <cos B, <-0.55

055 < cos B < 035

035 <cos B, <.0.15

0.15 < cos B, <005

FLER o Bt i 0
065 <cos

ETRirEeS Fri Preei el

= EArREEYRT EPrRr a Per Are 8 Ay
¢ 005 <cos Oy <025
| ke

-1E i
6T 181972

f fa | oo
212216 171819 2

W (GeV)

e ANL-Osaka

L I [
21 2216171819 2 212

fasoy I s
2 16 17 1819 2 21 22

m—— BnGa 2014

X

Beam-Recoil, O

z

Beam-Recoil, O,

C.A. Paterson et al., PRC93 (2016) 065201

t 075 <cos O <-0.55
1E

osf

055 <cos B <035

035 <cos B <015

“0.15 < cos B <0.05

-0.75 <cos 6 <-0.55

0.05 < cos B, <0.25
1

0.3) =
Q5 r

0.25 < cos B, <0.45

045 < cos B, <065

—

fam=aae

h Pried drael wrvririeir rd ?

0.65 < cos B, <085

B | 74 Frirfs feirt Arfrisirrrd rivirerivird
T6T7 1819 220

vt e {rirird
16 17 18 19 2 21 22

16 17 18 19 2 21 22

W (GeV)

— BNGa 2014 refit

vk Frih fetr Airfrd sried riry o
16 17 13 19 2 21 22

New Multipole
Extraction

PRC96,055202
(2017)

STRONG2020, September 16 2021 - Annalisa D’Angelo



Evidence for New N¥* in KY

State PDG 2020
N(mass)JP pre 2010

N(1710)1/2* ok %k * k% % * ok %k
N(1880)1/2* s sk ok * * * % *
N(1895)1/2 ook ok * 5k *% ok ok o *
N(1900)3/2* *% ok ok K ek *% * ok kK * %
Naming scheme has
N(1875)3/2 ok * * ** o changed:
N(2120)3/2 e ** * e o Ly 2(E) > J°(E)
N(2060)5/2" oot * * * ok % * %
A(1600)3/2* o xxxx - s
A(1900)1/2- = *xx *ox - o
A(2200)7/2" * al *k *ox *kk

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Measure more polarization observables, study these states in electroproduction and extend to higher masses
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https://pdg.lbl.gov/2020/html/authors_2020.html
https://academic.oup.com/ptep/article/2020/8/083C01/5891211

- p CLAS data - Newly Discovered N’(1720)3/2*

ntnp photoproduction 't p electroproduction
V.I. Mokeev et al., Phys. Lett. B 805, 135457 (2020)
o 100 35
= Q C
5 90 2 2 =~ | "
| 1= Gey S 30f Q=0.65GeV
80 B
70 | . 25
F +
so L N(1720)3/2

20F N’(1720)3/2*

50 f| Resonant part |

N’(1720)3/2*

15 F

o N
40 F1 Resonant part w/o [ N(1720)3/2*
30 | N’(1720)3/2%, ! 10 F
20 | &N(1720)3/2¢ | .} S ;
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1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

w. GeV W. GeV

> Evidence of a new N’(1720)3/2* resonance from the combined analysis of CLAS
photo- and electroproduction of the n*mp channel

> First result on Q2 evolution of new resonance electrocoupling
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1t~ photoproduction — polarized p/n target

Measurements of polarization observables

d
d;: =oo{(1+ A;-P3z) +5c(I® + A, - P9)}

HD-ice frozen-spin -
O] . o
polarized target Alarlzed p Closs

W = 1.58-1.75 GeV W = 1.75-1.85 GeV W = 1.85-1.95 GeV W = 1.95-2.05 GeV W = 2.05-2.15 GeV W = 2.15-2.24 GeV
©)
proton target i% neutron target
25 -—I \ I o s s s e e e T I ey Iy | ‘
g 8 302 2 3 8 § 2 ¢ &% 3¢ 2§ 8 YY L&y Yy TP R LYY LY Y2 2FE LYY LYY T2 B8 oE Y Y L&Y P 2288 @
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1t~ photoproduction — polarized p/n target

Measurements of polarization observables

d
d;: =oo{(1+ A;-P3z) +5c(I® + A, - P9)}

. o 0N
HD-ice frozen-spin 5 _ ClQSy
P,~ polarized target

polarized target z
W = 1.58-1.75 GeV W =1.75-1.85 GeV W = 1.85-1.95 GeV W =1.95-2.05 GeV W = 2.05-2.15 GeV W = 2.15-2.24 GeV
o 25 =
N
15 =— 5 proton target % nedutron target

2 ¢ 388 8¢ 88§ 3 2 38 8 2 ¢ 88 3 ¢ 3 8 8 2 ¢ 288 % 2 2 3 § 8

+
Courtesy of A. Filippi STRONG2020, September 16 2021 - Annalisa D’Angelo 12 ()



Search for Neutron States: yn — K* X~

F1.1<E,<1.3 GeV
—1-W=1.795 GeV
1

I 1.3<E,<1.5GeV
- W=1.880 GeV

Beam-Target

| helicity asymmetry E ok

| (42) = (42,1 - /' P, E)os
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1_
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N. Zachariou et al Phys lett B 808 (2020) 135662
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Courtesy of N. Zachariou
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Single Polarization observable Z: yn — k* X~

1F

do _ (d_0> [1 — PinXcos(2n)], o
0

ds2 ds?
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Double Polarization observable G: yp — n° p

do

New important
addition to the

world data.
Extended 5
kinematic &
&

coverage to
higher energies
and all angles.

SAID ZA19
—— Bonn-Gatchina

Courtesy of N. Zachariou

da :
ag (W9 = 55 (W95, (py=e!" costam) + pypS’ Gsin(zn)

1fw =

-0.5

T m LI LU
11940720 Mev- 1 -W , 2020+gg MeV--W: 207572 Me
R R Z,

71-....

m T L L T T
W= 2125+§§ Mev--w 217o+gg MeV- 1 = 22353 MeV

—t—t—t l
-W71490+}g Mev— — 1515+

S s R
n N. Zachariou et al Phys. Lett. B 817, 136304 (2021)
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Double Polarization observable G:yp — ©t* n

——— Bonn-Gatchina

do

do ,
0 W 95™, 1) = =2 (W, 8™ (py 2 cos(2n) + pypf’ Gsin(zn) )

W = 1940723 MeVT-W — 198020 MeVTWW = 2020+ %0 MeVT = 2075722 MeVT-W = 2130+20 MeVFW = 21857 55 MeV -V — 2245+ MeV;

—_

SAID ZA19

1\

NN R
FW = 1740+2 MeV

G 7E—>mtn)

N(2190)7/2-

A(2200)7/2

Courtesy of N. Zachariou .
N. Zachariou et al Phys. Lett. B 817, 136304 (2021)
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Electroexcitation of N*/A resonances

Central question in hadron physics: [56,27]
—2 | what are the relevant degrees of freedom N(1680)5/2"
at varying distance scale? | N(1720)3/2*
““" Probe resonance strength vs photon
I-3€| [70,17] ““' virtuality Q
* elv‘vf K
N(1675)5/2" T T
—1 N(1520)3/2- T wear
. N(1535)1/2- /‘E\
“\“v N \ N, Y
+ o Ay Az, Sypp
[56’0 ] “““ Eli) M1/+, Slf-
1232)3/2*
~0 L‘A( N(94)0)/ ............................................. > | N(1710)1/2* | 170 o+]
N(1440)1/2+
0 1 N [hw] 2
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Total cross section at W < 2.1 GeV

v* <+ p —_ n‘_"‘ +n Different states respond differently to changes in Q>
Data: K. Park et al. PRC 77 (2008) 015208; K. Park et al. PRC 91 (2015) 045203
o 18F o' st
= 16 E Q2=1.7GeV? = : Q2=3.15Ge\2
= = E oS
F 14f 5 »F
gl2p S04l
© 4 o f
0.8 | 0.3
06 - 02|
04 \ -
sl e o 0.1 )
““F nucleon resonance region i [ nucleon resonance region \I\
‘||11|||x|:1|11|||| O"lllillxll}lxllllxl
1.2 14 16 18 2 2 14 16 18 2
W(GeV) W(GeV)

Analysis with UIM & fixed-t DR; Recent review: I. Aznauryan, V. Burkert, Prog. Part. Nucl. Phys. 67 (2012) 1.
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Hybrid Baryons: Baryons with Explicit Gluonic Degrees of Freedom

Hybrid hadrons with dominant gluonic contributions are predicted to exist by QCD.
Experimentally:

* Hybrid mesons | ggg> states may have exotic quantum numbers JP¢ not available to pure
| qg> states GlueX, MesonEx, COMPASS, PANDA ....

* Hybrid baryons |gqgg> have the same quantum numbers JP as |gqg> electroproduction
with CLAS12 (Hall B).

Theoretical predictions:
<> MIT bag model - T. Barnes and F. Close, Phys. Lett. 123B, 89 (1983).
<> QCD Sum Rule - L. Kisslinger and Z. Li, Phys. Rev. D 51, R5986 (1995).
<> Flux Tube model - S. Capstick and P. R. Page, Phys. Rev. C 66, 065204 (2002).
<> LQCD - J.J. Dudek and R.G. Edwards, PRD85, 054016 (2012).
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Hybrid Baryons in LQCD

J.J. Dudek and R.G. Edwards, PRD85, 054016 (2012) N* ALK

LQCD
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| hybrid states

! Cone = 396 MoV}
Hybrid states have same JP values as qqq baryons. How to identify them?

* Overpopulation of N 1/2* and N 3/2* states compared to QM projections.

* Ay (As;) and Sy, show different Q2 evolution.

] regular states

The nucleon
mass is shifted
~300 MeV to

higher masses
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Separating q3g from g3 states ?

CLAS results on electrocouplings clarified nature of the Roper.
Will CLAS12 data be able to identify gluonic contributions ?
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For hybrid “Roper”, A;,,(Q?) drops off faster with Q%and S;/,(Q?) ~ 0.
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CLAS12 K* electroproduction data
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CLAS12 KY electro-production Cross Section Measurements
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CLAS12 KY electro-production Cross Section Measurements

CLAS12 RG-K @ 6.535 GeV ‘ c|q$ CLAS el-6 @ 5.754 GeV
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GlueX & CLAS

Courtesy of L. Biondo

* Searching for N channel
in order to investigate
exotic mesons production

* Seen at GlueX; ongoing
partial wave analysis

M(nm=), n = vy [GeV/c?
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* Searchedfore +p > e +7°+p

Reaction Identification:
G I u eX & CLAS 1 electron and 2y

(Ey= 500-8500 MeV) detected
in Forward Tagger, with 2ns

reaction in CLAS, using RG-A Objective: coincidence in detection time
Fall 2018 dataset. Differential n° reconstructed via 2y
5 tem invariant g —>  cross section system invariant mass.

y system invariant mass an do/dt Proton reconstructed via

proton missing mass are

. measurement Bi missing mass to m°.
ShOWI"I, FESDeCtIVEN. Courtesy of L. Biondo
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Measurement of Spin Density Matrix Elements in A(1520) Photoproduction at 8.2 - 8.8 GeV
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Search for hidden-strangeness pentaquark in Ac decay at BESIII

In 2014, BESIII has collected 567 pb-! close to A, production threshold (4.6 GeV)
* The pentaquark is searched in the pg invariant mass
The result is limited by statistic
No evidence of signal is found
PLANS: BESIII has collected new data between 4.6 to 4.9 GeV in 2020/2021
—> this analysis will be updated (the idea is to start to have a look from the beginning of the next year)

Stimulated by LHCb and
Belle observation,
in BESIII we peached for a

hidden-strangeness I I
pentaquark in Ac decay & Il I |
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Q (2012) production at LHC energies

2 (2012)* is the newly excited baryon recently observed by Belle collaboration
J. Yelton et al., Phys. Rev. Lett., 121 (2018)052003

* The large colliding energies, the high luminosity reached 3
. . =
at the Large Hadron Collider and the unique R
@
characteristic of tracking and Particle Identification of £
the ALICE detector should permit to identify €(2012) g
never seen at the LHC energies.
2
2
* INFN-Catania team is testing different machine learning %
techniques to improve  Q(2012)* reconstruction 5
efficiency and signal significance. S e . : ; . .
N . L. 1.9 1.95 2 2.05 2.1 2.15 22
* The Q(2012)* resonance is reconstructed via its decay M(= K) Gev/c®
in KO =
in K $ ‘—‘i. FIG.2. The (a)Z°K~ and (b) £~ K} invariant mass distributions
in data taken at the T(15), T(2S), and T(35) resonance energies.
Courtesy of A. Badala The curves show a simultaneous fit to the two distributions with a

common mass and width.
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Summary

We started a program to search for new states of baryonic matter: hybrid baryons.
Complementing the international program to search for hybrid mesons.

Identification of hybrid baryons will verify fundamental expectations of strong QCD on
the role of glue.

Data on polarization observables are being obtained at CLAS on m,mm,and
KY photoproduction (and electroproduction) which provide important constraints to
theoretical models to identify new N* baryon resonances in the 2.1 — 2.3 GeV mass
range.

New theoretical results have been obtained at by JPAC for the A (1520) SDME
measurements at GlueX.

New BESIII results in pentaquark production have been obtained.
Search for the Q (2012) observed at BELLE is foreseen at ALICE.
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