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PART .
Why Study QCD!?




The Standard Model

Standard Model forces

name mediator describes
strong gluons nucleons
weak WI/Z bosons nuclear decay

® The strong force is one of the three forces within the
Standard Model of particle physics

® These theories are the building blocks of the universe
that we understand so far



What Is QCD?

® The strong force is described by the theory of
Quantum Chromodynamics (QCD)

® This is universally accepted as the correct theory that
describes all aspects of the strong force:

= 1
Locp = Zlﬁ (i) —m) 1 — ZGZWGZV
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® The fundamental constituents are quarks that are
coupled together by gluons



Asymptotic Freedom

® |n QCD, the strength of the force weakens as we go to higher
energies (shorter distances)

® This is responsible for the different behaviors we see at the
keV, MeV, GeV, TeV scales
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But what about long distances = low energies!



QCD - An Overview

QCD is an SU(3) gauge theory and fits together as
one component of the Standard Model

But unlike the electromagnetic force, gluons will
couple to each other = complicated

At high energies, perturbative calculations are
possible, but not at low energies

Whether or not we can say we “understand” QCD
depends on your definition

Is there anything intelligent that we can say about the
behavior/dynamics of QCD that is not obvious!?



QCD at the GeV Scale

Energies allow the creation of new particles, which
allows us to study the interaction

Particles of the strong force = hadrons account for
most of our mass

Typical interaction energy of GeV - uncertainty
principle tells us that

AFEAt ~ h

Typical time scale of 102 s, length scale of 10> m



QCD Particles

® “Particles” are bound states of quarks and gluons

® The quarks and gluons are confined within the bound
states

® There are thought to be “constituent” quarks that
give the basic properties of states

® There is also the “sea” of quarks, and many many
gluons coupling to all of this!

‘ :
G- ~_ O

. reality
naive picture




Two Kinds of Hadrons

® Mesons are bosons, typically thought to
consist of a quark and antiquark (qq )

® pions (TT), kaons (K), etc. %%

® Baryons are fermions, typically
thought to consist of three

(anti)quarks (qqq or qqq )

® Protons and neutrons are the

simplest (and lowest energy
examples)
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An Experimentalist’s View

® We don’t know the internal specifics, but from far away, it looks

like this:
u u
AN
| u u

P U

/ .
d d T

® Put simply, from the initial and final state, let’s try to see what we
can say about these bound states of quarks and gluons and
understand their interactions
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The Known QCD States
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PART Il.
Hadronic Spectroscopy



Bringing Order to the Chaos



Bringing Order to the Chaos

® Hadron spectroscopy aims to organize the
spectrum of hadronic bound states

® Classify hadron states by
- quantum numbers (J,FC,S,L,1....)
- masses and widths
- dynamical features

® All of this gives us information on how these
states are formed, and how they interact with
each other



Atomic Spectroscopy

® Analysis of hydrogen spectrum led to the discovery of
quantum mechanics

® Studying the spectrum of atoms allows an

understanding of the constituents (electrons/atoms)
and forces (electromagnetic)

A
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Energy
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energy levels of hydrogen
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Greater Precision,

Greater Knowledge?

The Bohr model explains the main

2
structures: ) 1 o MeC
n — —_CV
2 ’TLQ

—

Further experimental, and theoretical

investigation leads to the fine, hyperfine »
structures (spin-orbit, spin-spin)

Even further experimental, and

quantum
mechanics

theory of spin

theoretical investigation leads to the »
Lamb shift (vacuum polarization)

renormalization

of QED/QFT

Precision studies lead to a better understanding,

new discoveries!!
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Spectrum of Hadrons

® All known particles are listed in the PDG

® Need to know how to read and sort this, sort of like
the table of elements

2
H He
3 4 5 6 7 8 9 10
Li | Be BN N ( O | F | Ne
1 12 13 14 15 16 17 18
Na | Mg SRS C| | Ar

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|{Ca|Sc|Ti|V |Cr(Mn|Fe|[Co|Ni|[Cu|Zn|Ga|Ge|As|Se | Br|Kr
37 38 39 40 4 42 43 44 45 46 47 48 49 50 51 52 53 54

1
Ro|Sr| Y [Zr [Nb|Mo|Tc|Ru|Rh|Pd|Ag|(Cd|In|Sn|Sb|Te| | |Xe

55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs | Ba Hf | Ta| W |Re|Os| Ir [Pt [Au|Hg| TI |Pb| Bi | Po | At |Rn

87 88 104 (105 (106 (107 (108 |109 |110 111 112 (113 |114 115 (116 |117 (118
Fr | Ra Rf |[Db | Sg [Bh |Hs | Mt | Ds [ Rg | Cn |Uut| FI {Uup| Lv |Uus|Uuo

. . . 57 58 59 60 61 62 63 64 65 66 67 68 69 70 7

from http://education.jlab.org/itselemental/ i le= e e o s hent el b D el e i B

89 90 91 92 93 94 95 96 97 98 99 100 (101|102 (103

Ac|Th|{Pa| U [Np|Pu|Am|Cm|Bk | Cf|Es |Fm|Md|No| Lr

® Start with ground states, then excited spectra

® Work with analogies between different families
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The Simplest Case

® Ground state octet baryons

® Made of up, down, strange quarks

® Flavor SU(3) — lowest baryon states will form an octet

N

complete symmetry

.
.
.
.
.
.
.
.
.
. — I
A —
.
.
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The Simplest Case

® Ground state octet baryons

® Flavor SU(3) — lowest baryon states will form an octet

® Hierarchy of splittings, similar for ground state mesons

P4§ss

broken symmetry

2
A\




The Simplest Case

® Ground state octet baryons

® Flavor SU(3) — lowest baryon states will form an octet

® Hierarchy of splittings, similar for ground state mesons

Mass
broken symmetry =
~200 MeV
large splittings: 2
strangeness S A
~200 MeV
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The Simplest Case

® Ground state octet baryons

® Flavor SU(3) — lowest baryon states will form an octet

® Hierarchy of splittings, similar for ground state mesons

Mass
A
broken symmetry —
~200 MeV
large splittings: 2
[~80 MeV
strangeness S A
~200 MeV
medium splittings: N

different isospin /



The Simplest Case

® Ground state octet baryons

® Flavor SU(3) — lowest baryon states will form an octet

® Hierarchy of splittings, similar for ground state mesons

Mass
A
— ] ~7 MeV
broken symmetry
~200 MeV
S ~8 MeV
large splittings: [ 2 |
~80 MeV \
strangeness S A
~200 MeV
medium splittings: N | ~1 Mev¥

different isospin /
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Difficulties at Higher Masses

® At higher energies (masses), the states have much larger
widths, resulting in overlaps

® Also, dynamical considerations (multiple decay channels,
cascading decays) complicate the picture

® | eads to difficulty in unambiguous interpretation

figure of overlapping resonances

20



Theory and Models

® Experiment has the final say, but that’s not all
® We rely on theory for

- guidance, predictions

- organization of known results

® Theories are usually based on QCD, but need
empirical modeling

® How do we tie all of the experimental data with the
underlying theory of QCD?



The Constituent Quark
Model

® Successful theory describing many of low-energy states

® The “Standard Model” of low energy QCD - any theory
will be compared against it

® However, it is an empirical theory - how far can we go
beyond it?



The Constituent Quark
Model

® Successful theory describing many of low-energy states

® The “Standard Model” of low energy QCD - any theory
will be compared against it

® However, it is an empirical theory - how far can we go
beyond it?

Modern experiments with large statistics could make
significant contributions to our understanding
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Lattice QCD

® Discretize space-time, full QCD calculations on this

lattice

® No empirical assumptions, but takes tremendous
computing power

® Now at the stage where it can make predictions

negative parity positive parity
) - ;
e —i 1 gl
- -% o  LrrLh =
. T o o > i—
si - : "=§ . _— . D S L N
........... - = H E | . S 3 =®3 ™ =\: E I O/\E
P2 imm i el e =P "=”° Y
from PRD83’ I I |502(R) (20' I) _E -o E ------------- 9§ ------------- | -§/ ] E- Qz:
20}: : N — o E
........... . _Qr:/ - ?{ ;E"".
o (S RS T
= [ Z
T T : —, =< ot~ 17t 2t
O 4 —_— = o & . -
= s = - hon-qq
_ - - eXotICS
7' - f= m, = 396 MeV
. - = i lar ==
redicts lowmassZ | = soscalar 7=
P o E mesons E
States We” 0.5-F isovector mmm
T YM glueball
0—-|— 1~ 2=~ 3~ Y/ — 2—+ 4—+ 1+— 1++ 2++ 3++ 4++ 3+—
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PART lII.
The GlueX Experiment



Jefferson Lab

Located in Newport News,
VA

Currently upgrading

electron accelerator from 6
GeV to |12 GeV

CEBAF accelerator

Upgrades to the three

existing experimental Halls
A B, C

https://www.jlab.org
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Jefferson Lab

Located in Newport News,
VA

Currently upgrading
electron accelerator from 6

GeV to |12 GeV

CEBAF accelerator
provides e” bunch ever
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The GlueX Experiment

® Main experiment in Hall D http://www.gluex.org
Jeffersonlab » _ °
® Flagship experiment of the =

JLab 12 GeV era

lead-glass calorimeter

barrel time-of
calorimeter -flight —_

photon beam ‘ ‘ N
diamond -___/f’// ’ .‘
wafer \
. wir:tuddog
® Will use a photon beam /’«UI' ' T B e
electron tagger magnet beam \ | I’ l': SUPQKOC\:“\K"HQ
eam r L mag
on a proton target ’ Rl wivevp Wb

® Main goal is hadronic
spectroscopy - both

mesons and bal”)’OnS Other experiments such as pion polarizability

are also planned. See |LAB PAC report:
http://www.jlab.org/exp_prog/PACpage/PAC40/PAC40_ Final Report.pdf
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Photoproduction

® The photon is something we completely understand

— Use a well-known object to probe something less
well-known

® Not studied at these energies in as much detail as a
hadron probe (1T or p), may lead to new discoveries

mmm/\l <
<§ N
000000) s —>



Why |2 GeV Beam!

® For QCD, this is the energy scale where the interesting
things happen, and you want to observe the behavior as
a function of energy

® Bremsstrahlung beam - radiate photons from electron

x 105
beam S
diamond >
. e” out & 4000 -
radiator S
23500 ~ - me-T :
uncollimated -
; coherent peak:
= 8 3000 | : P .
_ N - ~40% linear polarization
e beam in TS 2500 |- —
g 2000 - [T
1500 |-
1000 3
500 collimated cg; \’/\/\u\"
hodoscope g
ol vt vt VS

for e~ detection 6 7 8 9 10 11 12

photon energy (GeV)
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GlueX Detectors

® We need to cover the most area reasonably possible

Tracking
® Solenoid magnetic field of |.3T Bt o lecu b
bends trajectory of charged particles barrel  time-of
calorimeter -flight

start

® Central Drift Chamber (CDC) and  counter
Forward Drift Chamber (FDC)

. - . target
provide tracking information

photon beam

diamond
wafer / F D C
/? g superconductin
electron tagger magnet beam N P bl g
beam tagger to detector distance ]l

is notto scale
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GlueX Detectors

® We need to cover the most area reasonably possible
Calorimetry

Barrel Calorimeter (BCAL) and :
. BCA tmre-of
Forward Calorimeter (FCAL) flight

start
provide photon reconstruction counter

FCAL

target

photon beam

diamond forward drift
wafer / chambers
central drift
chamber
REErDn superconductin
slactran tagger magnet beam P i g
beam tagger to detector distance il iy

is notto scale
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GlueX Detectors

® We need to cover the most area reasonably possible
Particle ldentification

® Time of flight wall (TOF) and Start Torwara calorimerar
Counter (ST) around target provide ca,:fi:::'ter TOF
timing information to distinguish ST
charged particles by their flight time

target
® Further upgrades involving a DIRC

are in progress

photon beam

diamond E forward drift
wafer / chambers
central drift
. chamber
SiGctron superconductin
T - tagger magnet beam P 9

g magnet
beam tagger to detector distance

is notto scale
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GlueX Under Construction

® |nstallation of detectors has begun
® Will continue until the end of this summer
® Beam commissioning to start in late 2014

® Actual data taking in 2016



counts

GlueX Data Volumes

® Data volume - the more the merrier

20 counts |00 counts 20 5000 counts

i T EN MW’E?

| | | H O | | |
1 12 14 1.6 1.8 2 1 12 14 1.8 2 1 1.2 14 1.6 1.8 2
cosO cosO cosO

CO| ts

all with 20% backgrounds

® At full running, GlueX will take 5x107 y/s within the
coherent peak

® Need to write | GB/s, 3.2PB of raw data to tape/year!!

® Even more needed for simulated backgrounds,

analyses, etc. Truly benefiting from
advances in technology
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PART |V.
The Strangeness Frontier



What is Strangeness!

® Quarks come in different “flavors”, i.e., different types
® Replace the usual “up” “down” quark by “strange” quark

® The strong force conserves quark flavor, so that strange
quarks need to be produced in pairs

fgi@d -> ?fi@d

® Once the s and s quark separate into different hadrons, they can
only decay via the weak force

® “Strange” because they live “forever” - time scale of ns, or 10'>
times longer than strong scale! — detectable signal!



The Gift of Strangeness

® s quarks are heavier than u and d quarks, so it takes more
energy to create strange particles - but still easily accessible in

our strongly coupled energy regime

U
® Strange particles have given us:

- parity violation (OT puzzle)

- CP violation (neutral kaons) s ‘0000 3
- concept of flavor, SU(3)

- distinction of strong/weak interactions

- insights into weak decays

- searches for beyond SM physics

® Astrophysical interest too, can there be “strange matter’’?
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Polarization of Strange Baryons

® When a ground state strange baryon decays via the weak

force, there is interference between the S-wave and P-wave
decay amplitudes

® | eads to asymmetry in decay distribution, ‘self-analyzes”

polarization of particles = Polarizations are measurable!
(a lot more difficult to measure for non-strange baryons)

® More measurable observables

. o o . 1500—
ambiguities, explore dynamics

1000—

counts

baryon

spin direction 500

distribution of decay particles
is oC|+0PcosO
0 I I I

‘1 05 0 0.5
cosO

O:constant P: polarization

decay polar angle O

meson
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Studying Strange Baryons

Non-strange baryon spectrum (N and A) have been studied in
past with TT beam

Large overlap of states make it difficult to identify states
In general strange states have (much) smaller widths

Strange baryons must be produced in association with kaon(s)
to conserve strangeness — complicates analysis somewhat

—
pN
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Strangeness -| Baryons

® The strong interaction conserves strangeness soO we must
produce them in association with a state of S = +|

® [Easiest way is to create a meson (kaon)

® We have two light quarks (u or
configurations of 0 (Q) or1 (2)

d), they can be in isgspin

State J© Mass (MeV/c?) Width (MeV)| Status| Primary decay modes Last reported
A 1/2%  1115.683 0 orokk pr~, nm’ —

A(1405) 1/2 1405 50 Kook N CLAS (2013)
A(1520) 3/2 1519.5 15.6 Aookok NK,%r,Anm CLAS (2013)
A(1600) 1/2% 15601700 50-250 ok NK,%n Gopal (1980)
A(1670) 1/2= 16601680 25-50 Horkok NK,%r, An Manley (2002)
A(1690) 3/2~  1685-1695 50-70 wrkk | NK, S, Anm, o Koiso (1985) :
A(1800) 1/2~ 17201850 200400 | ¥+ NEK,Sr Manley (2002) confident about existence
A(1810) 1/27  1750-1850 50-250 Rk NK, N, NK(892) Gopal (1980)
A(1820) 5/27  1815-1825 70-90 wrkk | N S, %(1385)r  Gopal (1980)
A(1830) 5/2-  1810-1830 60-110 *rkk | NK,Ym,%(1385)r  Gopal (1980)
A(1890) 3/27  1850-1910 60-200 okl NK,%r Gopal (1980)
A(2000) 7?7 ~ 2000 ~ 150 * NK,%n Cameron (1978)
A(2020) 7/2F ~ 2020 ~ 150 * NK,¥m, Aw Gopal (1980)
A(2100) 7/2~  2090-2110 100-250 okokok NK,NK(892) Gopal (1980)
A(2110) 5/27  2090-2140 150-200 kK NK,Yr Gopal (1980) not so much
A(2325) 3/2~ ~ 2325 ~ 177 * NK,Aw Debellefon (1978)
A(2350) 9/27  2340-2370 100-250 Kotk NK,%n Debellefon (1978)
A(2585) 77 ~ 2585 ~ 300 o NK Abrams (1970) based on PDG summary
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Strangeness -| Baryons

® The strong interaction conserves strangeness soO we must
produce them in association with a state of S = +1|

® [Easiest way is to create a meson (kaon)

® We have two light quarks (u or d), they can be
configurations of 0 (A) or 1 (%)

State JP Mass (MeV/c?) Width (MeV)| Status Primary decay modes Last reported
) 1/2% 1190 0 otk weak or E&M decay —
¥(1385)  3/2% 1385 36-39 Hookox Am, Xm CLAS (2013)
32(1480) bumps _ ?” ~ 1480 ~ 80 * NK,Ar¥w Zychor (2006)
3(1560) bumps _ ?” ~ 1560 ~ 80 o Am, X Meadows (1980)
»(1580)  3/2° ~ 1580 ~ 15 * NK,Ar, Sr Carroll (1976)
¥(1620) 1/2~ ~ 1620 ~ 90 * NK,Ar, Yr Morris (1978)
¥(1660) 1/2% 16301690 40-200 ok NK,Ar, S Gao (2011)
»(1670)  3/2°  1665-1685 40-80 okokok NK,Ar, Ym0 Gao (2011)
¥(1670) bumps 7’ ~ 1670 70-130 not listed NK,An, Y7 Ferrersoria (1981)
3(1690) bumps _ 7’ ~ 1690 100-250 ok NK,Ar, Yr Goddard (1979)
»(1750) 1/2=  1730-1800 60-160 otk NK,%n Gopal (1980)
¥ (1770) 1/2% ~ 1770 ~ 70 * NK,Arm, %7 Gopal (1980)
»(1775)  5/27  1770-1780 105-135 Hokox NK,An, Y, %(1385)m, A(1520)7 Gopal (1980)
»(1840)  3/2% ~ 1840 90-120 * NK,An,Sm Gopal (1980)
»(1880) 1/2% ~ 1880 80-200 * NK,Am,Ym Gopal (1980)
$(1915)  5/2t  1900-1935 80-160 okokok NK,Ar,Sr Gopal (1980)
$(1940)  3/27  1900-1950 150-300 ok NK Gopal (1980)
$(2000) 1/2° ~ 2000 20-400 * NK,Ar, Y Gopal (1980)
(2030)  7/2t  2025-2040 150-200 ik INK A, S, 2(1385)m, A(1520) 7, A(1232) K Gopal (1980)
¥(2070) 5/2F ~ 2070 ~ 300 * NK,Yr Gopal (1980)
»(2080)  3/2% ~ 2080 180-250 ok NK,An Corden (1976)
¥(2100) 7/27 ~ 2100 70-130 * NK,Am,Ym Barbaro-Galtieri (1970)
$(2250) i 2210-2280 60-150 Aok NK,An Debellefon (1978)
¥(2455) bumps 77 ~ 2455 ~ 140 ok NK Abrams (1970)
»(2620) bumps 77 ~ 2620 ~ 220 ok NK Dibianca (1975)
»(3000) bumps  ?° ~ 3000 ~ 220 * NK,An Ehrlich (1966)
¥(3170) bumps  ?° ~ 3000 ~ 220 . AKKn,YSKKn,ZKn Aston (1985)

ospin

only a few scattered states that
we are confident about

mysterious “bumps” appear even at
low masses

based on PDG summary
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Even Stranger - The = States

We can replace TWO quarks in a 3-quark system to make =
(Cascade) states

® TJo produce these states now we need TWO S=+] particles
(kaons) created in association

® Has been studied using K- beam, but the excited spectrum is
not known well

U

s Wrypy s
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The Known = Spectrum

State J¥  Mass (MeV/c?) Width (MeV) Status Primary decay modes  Last reported
= B2 1320 0 EEEE —

=(1530) 3/2t 1530 9 KAk BaBar (2008)
=(1620) ?° ~ 1620 22 * Hassall (1981)
=(1690) 7’ 1690 < 30 s AK,XK,=Em BaBar (2008)
=(1820) 3/2~ 1823 24 G { Anisovich (2012)
=(1950) 77 1950 + 15 60 %+ 20 HEE AK,=Zn Adamovich (1999)
=(2030) >5/27  2025+5 3. | s Y>K,AK Jenkins (1983)

=(2120) ?° ~ 2120 < 20 * < Chliapnikov (1979)

=(2250) 77 ~ 2250 < 30 X =, AK7, 5K Biagi (1987)
=(2370) 77 ~ 2370 80 * AKm,Km Jenkins (1983)
=(2500) 77 ~ 2500 150 ¥ =m,AK,SK,Znm Jenkins (1983)

® - and =(1530) are well-known octet and decuplet states
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The Known = Spectrum

State J¥  Mass (MeV/c?) Width (MeV) |Status| Primary decay modes  Last reported
=  1/2t 1320 0 Hokk K Am -

=(1530) 3/2% 1530 9 Hok Ak = BaBar (2008)
=(1620) 77 ~ 1620 22 * = Hassall (1981)
=(1690) 7’ 1690 < 30 Hokk AK,XK,=n BaBar (2008)
=(1820) 3/2~ 1823 24 Hokok AK Anisovich (2012)
=(1950) 77 1950 + 15 60 %+ 20 HEE AK,=Zn Adamovich (1999)
=(2030) >5/27  2025+5 3. | s Y>K,AK Jenkins (1983)

=(2120) 77 ~ 2120 < 20 * AK Chliapnikov (1979)

=(2250) 77 ~ 2250 < 30 *ok =rm, AKm, S K7 Biagi (1987)
=(2370) 77 ~ 2370 80 *k AKm,SKn Jenkins (1983)
=(2500) 7?7 ~ 2500 150 * =r,AK,YK,=rm  Jenkins (1983)

® - and =(1530) are wellkknown octet and decuplet states

® Beyond these, almost everything is a mystery, including

existences
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The Known = Spectrum

State J¥  Mass (MeV/c?) Width (MeV) |Status| Primary decay modes  Last reported
= Lot 1320 0 ook Am —

=(1530) 3/2% 1530 9 Kokokok =7 BaBar (2008)
=(1620)| ?° ~ 1620 22 * =7 Hassall (1981)
=(1690) | 77 1690 < 30 Hokk AK,XK,Zn BaBar (2008)
=(1820) | 3/2~ 1823 24 HKk AK Anisovich (201 2)
=(1950) | 77 1950 £ 15 60 %+ 20 HEE AK,=Zn Adamovich (1999)
=(2030) [> 5/27] 2025+5 3. | s Y>K,AK Jenkins (1983)

=(2120)| ?° ~ 2120 < 20 x AK Chliapnikov (1979)

=(2250) | 77 ~ 2250 < 30 * =nm, AK7, SKn Biagi (1987)
=(2370) | 7?7 ~ 2370 80 E AKm, XK Jenkins (1983)
=(2500) | 77 ~ 2500 150 X =n,AK,XK,Zrm Jenkins (1983)

d =(1530) are wellkknown octet and decuplet states

® Beyond these, almost everything is a mystery, including

Istences

® Most states do not even have spin or parity information
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The Known = Spectrum

State J¥  Mass (MeV/c?) Width (MeV) |Status| Primary decay modes  Last reported
=  F A 1320 0 ik Am —

=(1530) 3/2T 1530 9 sl T BaBar (2008)
=(1620)| ?° ~ 1620 22 > =T Hassall (1981)
=(1690) | ?° 1690 < 30 Hokk AK,XK,=n BaBar (2008)
=(1820) | 3/2™ 1823 24 s AK Anisovich (2012)
=(1950) | 77 1950 + 15 60 + 20 RIS AK,ZEn Adamovich (1999)
=(2030) [> 5/27] 2025+5 3. | s Y>K,AK Jenkins (1983)
=(2120)| ?° ~ 2120 < 20 * AK Chliapnikov (1979)
=(2250) | 77 ~ 2250 =< Il s Z=nm, AKm,LKm Biagi (1987)
=(2370) | ?° ~ 2370 80 E AKm, XK Jenkins (1983)
=(2500) [ 77 2500 150 % =r,AK,XK,ZEnn Jenkins (1983)

® Most states do not even have spin or parity information

® Widths are small, detection may not be difficult

42



GlueX and = States

GlueX could make a very large contribution to our

knowledge of = states, enable a comparison to spectrum of
other baryons

Note that when = states decay, they will first live for “a very
long time” to weakly decay to ATT (total strangeness -1), then
the A again lives for “a very long time”

The vertex information can be exploited to detect the =
states and also discriminate against background =+2

Studies using simulated data are und
bt

S — S=0
cT=8.69 cm A ,

cT=7.89 cm
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Maximum Strangeness -

The () States
000000 S

Strangeness S=-3, (- states
Very little known about excited spectrum

Prediction and discovery in 1964 lead to
acceptance of quark model, establishment

of flavor SU(3)

GlueX could make contributions to our
understanding of these states
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Conclusions

QCD at the GeV scale is strongly coupled... and messy
at first glance

We need to use all of the information possible -
experiment, theory, lattice - to construct a coherent
picture of how this theory behaves

The challenge is: can we bring structure to the chaos!?

GlueX will take enormous amounts of data to explore
the hadron spectrum for both mesons and baryons

The “strangeness frontier’” will also be exciting!
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Slides



How is spectroscopy
done!



Determination of Spin
and Parity



2.0

Lattice QCD Predictions
for =, )

=—391

08

2.0

0.8

R. G. Edwards et al., PRD87,054506 (2013)
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= Studies

® - production, reconstruction in GlueX



Spectrum of () States

State JY Mass (MeV/c?) Width (MeV) Status Primary decay modes Last reported
Q- 3/27 1672.45 0? okl AT :%—, =, 2 ntr,E% v, Kamaev (2010)
Q(2250) 7’ 2252 + 9 55+ 18 Hokok =t K,2(1530)° K~ Aston (1987)
Q(2380) 7’ ~ 2380 26 + 23 ok Qm Hassall (1981)
Q(2470) 7’ 2474 4 12 72 & 33 ok Q nhr~ Aston (1988)
& 17 =28.21ns

® Ground state and three excited states

® Ground state decays to AK- (67.8%), =11 (23.6%), ="T1" (8.6%)

® No spin-parity information for excited states

® Decay modes will be QTT, QTr1T, =K, =KTT
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