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W Introduction 2

® Understanding Nature’s laws
® Describe phenomena

® need to identify
relevant d.o.f

description of storms in terms of
individual molecules or
collective properties ?




Degrees of Freedom in Hadronic Physics
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Strong Interaction

ﬁQCD:_i (a.ﬁ—l—gﬁ)xg)2+zq—f (7.8—7jgfy-ff—mf)qf
¥

. o 3.0 9 - .
quark interaction via gluon exchange g (7“) { {
gluon = spring
t — confinement 06 } A JLab CLAS (PLB 665 349)
A JLab Hall A/CLAS (PLB 650 244)
04 Es o /7
L How can we understand that ? o
r u\vj.':OPAL
02 O «,/=worlddata
pQCDevol.eq. - GDH limit
y 0 R 0.2 03 04 05 06 0.7 0s 09 )

d (fm)



Strong Interaction 4
]_ — — — 2 . ) —
Locp =7 (6’-A—|—gA><A) +qu (7-8—297-A—mf) qr
f X )
quark interaction via gluon exchange ' g (7“) { { """ { """"
08 %} +} +
gluon = spring +
t T I confinement 06 A JLab CLAS (PLB 665 349)
A JLab Hall A/CLAS (PLB 650 244)
04 X o,/
L How can we understand that ? o
r u\_/:O'PAL
02 O «,/=worlddata
pQCDevol.eq. -~ GDH limit
InteraCtion Strength depends 0O o 0.2 03 04 05 06 0.7 0s 09 " !
Of the eXChanged parti‘:le mass Yy —y—r Y ——r—r— d'l'“’ 0S.0
— dynamical gluon mass generation - gluon mass vs distance
- Aguilar, Ibanez,VM and Papavassiliou 2o
PRD85 (2012) _—
| 1
P //
- ',""// - c0.0
e
7~
e
—————— - 00.0
ro.0

" distance between quarks



Exotic Matter

quarks can appear in 3 colors
gluons can appear in 8 colors
Observable states are white
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“color” charge: resonances are “white”

Ordinary matter




Exotic Matter 5

quarks can appear in 3 colors
gluons can appear in 8 colors

Observable states are white §m< %mé
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“color” charge: resonances are “white” Theory predicts ‘exotic’ resonances

Ordinary matter Exotic matter
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Exotic Mesons °
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Stable Matter
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Stable Matter

stable matter is made of light quark

up (7 >> 10" 104
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Exotic Matter
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Exotic Matter
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‘Hadron Spectroscopy Experiments :

Light Quarks Sector Heavy Quarks Sector
Beam Fragmentation Three body decays
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Extracting Resonance Properties
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amplitude analysis
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amplitude analysis
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Review of Particle Physics

(masses, widths and couplings)
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amplitude analysis

constituent models,
lattice QCD,
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interpretation
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Extracting Resonance Properties 0

lattice QCD,

interpretation

Review of Particle Physics

constituent models,

. DSEq..
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amplitude analysis
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Parametrizing data constrained
by S-Matrix principles:

® unitarity

® crossing symmetry

® analyticity
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Joint Physics Analysis Center
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(masses, widths and couplings)
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The Scattering-Matrix 1

analyticity & complex energy plane

® Unitarity
(cons. of probability)

® Analyticity
(causality)

® crossing symmetry
(CPT invariance)

resonance pole

VM et al arXiv:1412.6393


http://arxiv.org/abs/arXiv:1412.6393

The Scattering-Matrix 1

analyticity & complex energy plane

® Unitarity
(cons. of probability)

® Analyticity
(causality)

® crossing symmetry
(CPT invariance)

resonance pole

Procedure:

Amplitudes are

It?;?;g\ollire 1. fitted on data
P » 2. checked constrains (proba. cons, causality, CPT inv.)

3. continued on sheet i

VM et al arXiv:1412.6393


http://arxiv.org/abs/arXiv:1412.6393

Eta-Pi @COMPASS

E(beam) = 190 GeV

COMPASS Phys. Lett. B740 (2015)
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'Example: Breit-Wigner s
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'Example: Breit-Wigner
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Eta-Pi@COMPASS

A. Jackura et al (JPAC) and COMPASS,
arXiv:1707.02848
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m =Re /s, [GeV]
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GlueX stands for Gluonic Excitations

Golden channels:

First data taken in 2016
Second run in 2017

New results presented
iIn October 2017

First publication
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GuoX -

GlueX stands for Gluonic Excitations
/ \ o

Golden channels:

First data taken in 2016 ~p — wop, np, n’p P — J/lbp

Second run in 2017 0 0 0 0
VP — WP, PP, PP P TP, TP

New results presented B

in October 2017 vp— T ATT T AY

First publication YD — 7T0p, np GlueX, VM and J. Nys PRC (2017)
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Pseudoscalar Meson Beam Asymmetry

20

2 2
p+wl“—1b+h
Y. —
() p+wl?+ b+ h|?
= ()

by — ’yn(/) not known

Beam asymmetry Difference probes
strange exchanges contribution and
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deviation from quark model

blue and green models represent
the estimation of systematic errors

See GlueX Preliminary results
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1_6 by T. Beatie
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VM et al. (JPAC) PLB774 (2017) 362
arXiv:1704.07684
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Pseudoscalar Meson Beam Asymmetry 2

VM et al. (JPAC) PLB774 (2017) 362
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presented at APS meeting Oct 2017 v 77(') v 77(’)
Courtesy of T. Beatie - ’

Strong deviation from 1 would
suggest deviation from factorization
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INDIANA UNIVERSITY Jefferson Lab —

BLOOMINGTON ®Thomas Jefferson National Accelerator Facility

WASHINGTON. DC

Joint Physics Analysis Center

HOME PROJECTS PUBLICATIONS LINKS

U.S. DEPARTMENT OF * National Science

EN ERGY : Foundation
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JPAC acknowledges support from DOE and NSF

NEWS

Photoproduction:

. High energy model for 7 A photoproduction beam asymmetry: (in construction)

. High energy model for p, w, ¢ photoproduction spin density matrix elements: (in construction)
. High energy model for ' photoproduction beam asymmetry: vp — n('] P page

. High energy model for 7 photoproduction: yp — 7p page

. High energy model for 70 photoproduction: vp — 0 P page

. High energy model for J /v photoproduction: yp — J /4 page

QN AW N e

lp Interactive webpage:

INDIANA UNIVERSITY

http://www.indiana.edu/~jpac/index.html

i -
~
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Simulation Results

Beam energy in the lab frame (target rest frame): Download the output file: EtaP-BA.txt

E, in GeV 9.00 C Download the plots: BA.png ,kVA .png , ratio.png
EtaP/Eta Beam Asymmelry
Natural exchanges (vector exchanges): [show/hide] 1 |
. . - | BA(Eta)
P gp,n,: 0.479 v gP'I"Y' 0.401 v 000 I BA(EtaPrime)
gip - 13.49 : b1,: 0.00 | |
p A p A 0.98 |-
Y1 ¢ 0.00 : Yi2: 0.00 : |
0.97 |
W Gumy - 0.136 : Qum'~ - 0.127 : 0.96 |
. 0.00 : . 0.00 :
lw L. 0.95 |
Y11+ 0.00 : Y19+ 0.00 : |
’ ’ 0.94 |
sy - 0.210 : ot 0.217 : 0.93 L— ‘ : ~ ‘ : A = L
¢ Gom 'y 1 -09 -08 -07 -06 -05 -04 -03 -02 -01 O
gis - 0.00 : b14: 0.00 . t (GeV~2)
fyip'l: 0.00 - 7‘1#2; 0.00 - Beam Asymmetry Ratio
' ’ 1.0035 . , . -
BA(EtaPrime)/BA(Eta)
Unnatural exchanges (axial exchanges):[show/hide] 1.003
Unnatural exchanges (pseudo-tensor exchanges):[show/hide] 1.0025 |
Resources -
o Publications: [Matl7a) 1.0015 |
o C/C++: C/C++ file
o Input file: param.txt , EtaBA.txt . 1.001
o Qutput files: EtaP-BA.txt .
o Contact person: Vincent Mathieu et |
o Last update: May 2017

1 L L i i i A H L i A -
-1 -09 -08 -07 06 -05 -04 -03 -02 -0.1 0

Format of the input and output files: [show/hide] t (GeVA2)


http://www.indiana.edu/~jpac/index.html
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2000+ connection in home page since May 2016
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] i
W= ab

United States
Germany
Russia

United Kingdom
Mexico

Belgium

Spain

Italy

Brazil

China

788 (38.61%) n.

190

m7m

15

108

67

8

(9.31%) 12.
(8.38%) 13.
(7.40%) 14.
(5.29%) 15.
(4.12%) 16.
(3.28%) 17.
(2.74%) ?8 18.
(1.96%) 19.
(1.91%) 20.

2000+ connection in home page since May 2016

Poland

(not set)

.

i“l

Austria
Switzerland
Japan

Saudi Arabia
Iraq

France
Netherlands

Canada

19
17
| 13
| 13

1

.
- .

(1.86%)

(1.81%)

(1.37%)

(1.27%)

(1.18%)

(0.93%)

(0.83%)

(0.64%)

This page has been accessed 2015 times.
Designed by Vincent Mathieu

(0.64%)

(0.54%)



Heavy Quark Physics
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Events/10 MeV/e?
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NxXXXP(

uUpP CHARM TOP
mass 2,3 MeV/c 1,275 Gev/c 173,07 Gev/c?
charge % % %
- RN RN
DOWN STRANGE BOTTOM
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- Y
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Exotic matter with heavy quarks

MD ~ 1.9 GeV
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Introduction to Heavy Quark Exotica

P’(23S:)
N<"(2'So)
Xe2(13P2)
he(1°P1) Xe1(19P1)
- Xeo(13Pg)
- predicted, discovered
JIP(1381) predicted, undiscovered
(s e
0+ 1= 1+ O++ 1++ 2++

JPC

R. Mitchell Hadron 2017- Salamanca



Introduction to Heavy Quark Exotica

charmonium Q: What are heavy quark exotica?
. B A: Phenomena in the heavy quark sector that
7 [ nel4'So) do not easily fit into the naive quark model picture
) i e of mesons and baryons.
42 — Xco(33Pg)
YD) Q: Why are they interesting?
% (35S A: They can be used to explore novel phenomena
T s | oo
O [z@E00)] he(2'P1) hybrid mesons, tetraquarks, pentaquarks,
2 3.8 - T Xeo(23Po) molecules, hadroquarkonium, thresholds
. P’(23S1)
3 | (028 Q: Why are they called XYZ?
Xc2(13P2) A: Mostly historical reasons.
he(1%P1) Xe1 (13P1) B ,
ut now there are patterns:
3.4 - Xeo{1Po) Z: electrically charged (I = 1).
Y: JPC = 1—, made directly in ete-.
32 | T X: whatever is leftover.
: But there are many exceptions!
Jp(17S) predicted, undiscovered [The PDG will soon name them by IJPC.]
Q: How many have been found?
0-+ 1-- 1+ 0+ 14+ D4s A Many.
JPC

R. Mitchell Hadron 2017- Salamanca
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Summary 33

Several hadronic experiments are currently undergoing

There are hints of exotic resonances
but detailed analysis are required

OMP.

lp [ Interactive webpage: ~  http://www.indiana.edu/~jpac/index.html ] @;

INDIANA UNIVERSITY
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Fta-Pi @COMPASS

High energy beam: p, , = 190 GeV
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Contamination by Target Fragmentation

How do we select beam fragmentation ?

p

[Van Hove 1969]
[JPAC PRD91 (2015) 034007] 37
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Contamination by Target Fragmentation

How do we select beam fragmentation ? =g Boost in the rest frame
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4; | target
beam sf
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[Van Hove 1969] Easy way to cut!
[JPAC PRD91 (2015) 034007] 37




Contamination by Target Fragmentation

How do we select beam fragmentation ? =g Boost in the rest frame

p
Ui
4= | target
beam sf
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]7;’ Plab = 190 GeV

[Van Hove 1969]
[JPAC PRD91 (2015) 034007] vo37
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Gottfried-dackson Frame

COMPASS Phys. Lett. B740 (2015)
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Reflectivity Basis
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Reflectivity Basis
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Analytic Structure of Partial Wave
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Barrier Factors
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Barrier Factors




Barrier Factors

D(s) should NOT have zero on the first sheet
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~GlueX (8.5 GeV) + SLAC (16 GeV) Data

B.G Yu (Korea Aerospace U.), arxiv:1611.09629v5 (16 GeV)
J. Nys (JPAC), arxiv: 1710.09394v1 (8.5 GeV)

| | | | g r‘["f—m
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™
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1.2
-1 (GeVA2)

(error bars on points: statistical only)

-+ Black: GlueX data

Red: SLAC data (16 GeV)
Phys. Rev. D 20, 1553 (1979)

Z. Zarling

APS meeting

Division of Nuclear Physics
Oct 27th 2017
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Quark Mass Difference 51

fit Dalitz distribution
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Workshop@Mexico DF 52
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2nd Workshop on Future Directions in Spectroscopy Analysis (FDSA2017)

-
— . *

.

November 7-11, 2017. Museum of Light, Mexico City, Mexico
Local Organizing Committee Selected Topics:

Amplitude Analysis for Hadron Reactions

Hadron Spectroscopy

Lattice Predictions for Masses and Decays

Hadronic Amplitudes for Beyond Standard Model Physics

Regge Phenomenology

Three-Body Decays

Quark Models

Effective QCD Models

Tetraquarks, Pentaquarks, Exotics, Molecular States and Glueballs
Physics at BaBar, Belle, BES III, CLAS12, CMS, COMPASS, GlueX, LHCb and PANDA
Hadron Physics Through Schwinger-Dyson Equations

In general, topics of interest to the Hadron Physics Community

Registration

Scientific Program

Scientific Advisory Committee




Bound States of Gluons

gluon has mass and strong interaction = string
» bound states of gluons ?

/
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: YM glueball

J. Dudek PRD84 (2011)
J. Dudek et al. PRD83 (2011) Morningstar and Peardon 1999
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‘Nuclear Strong Interactions
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asymptotic freedom confinement

strong coupling

Theory predicts ‘exotic’ resonances

Ordinary matter Exotic matter

@D (09 @9 (09 (@9



56

o(yp — J/y elastic) ARBITRARY UNITS

Preliminary

2-gluon exchange
- | arbitrary normalization
-| Brodsky etal. PL. 2001

| ® 'GIueX'preliminaw“" .

8 10 12 14 16 18 20 22

Using 2016 Data



