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QCD and Spectroscopy

• Features of QCD

• six flavors of quarks with various masses

• strongly interacting quarks and gluons

• asymptotic freedom

• confinement
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• Features of QCD

• six flavors of quarks with various masses

• strongly interacting quarks and gluons

• asymptotic freedom

• confinement

• Observations about hadrons in nature

• spectrum dominated by colorless “quark 
model” states

• gluonic degrees of freedom suppressed or 
difficult to observe

• structure and spectrum of hadrons 
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• six flavors of quarks with various masses

• strongly interacting quarks and gluons

• asymptotic freedom

• confinement

• Observations about hadrons in nature

• spectrum dominated by colorless “quark 
model” states

• gluonic degrees of freedom suppressed or 
difficult to observe

• structure and spectrum of hadrons 
containing light quarks exhibit complexity 
(and simplicity)
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QCD and Spectroscopy
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QCD and Spectroscopy
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Meson Quantum Numbers

5

q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …
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Light Quark Mesons from Lattice QCD
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C. SU ð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)

lightest
hybrids
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A Model for Hybrids
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q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …
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A Model for Hybrids
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q
q

J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …

q

q

g

(JPC)g = 1+-

color-octet 
qq pair

Lightest Hybrids

Sqq = 0Sqq = 1

JPC: 0-+, 1-+, 2-+ 1- -

mass ≈ 1.0-1.5 GeV

gluonic component:

“exotic hybrid”
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Hybrids, Tetraquarks, and Pentaquarks

• QCD seems to permit a particle zoo — nature prefers just a few species.  

• if true, why?

8
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• QCD seems to permit a particle zoo — nature prefers just a few species.  

• if true, why?

• An interesting history of hybrid searches

• reports:  VES, E852, Crystal Barrel, COMPASS, … 

• no clear spectrum of states

• GlueX is unique:  intensity and production mechanism

8
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conventional quantum numbers

• GlueX is complementary:  exploration of light quarks
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Hybrids, Tetraquarks, and Pentaquarks

• QCD seems to permit a particle zoo — nature prefers just a few species.  

• if true, why?

• An interesting history of hybrid searches

• reports:  VES, E852, Crystal Barrel, COMPASS, … 

• no clear spectrum of states

• GlueX is unique:  intensity and production mechanism

• An interesting contemporary landscape

• strong evidence for new types of mesons in heavy quark systems

• clear tetraquark and pentaquark candidates; perhaps hybrids with 
conventional quantum numbers

• GlueX is complementary:  exploration of light quarks

• State of the art theory input is essential to constrain models and allow experimental 
extraction of meaningful observables
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The GlueX Experiment
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GlueX in Hall D at 12 GeV JLab

• GlueX + Hall D beamline features:

• beam species:  polarized photon; peak polarization 
at 9 GeV (assuming 12 GeV electron beam)

• design intensity:  200 kHz hadronic interaction 
rate around 9 GeV 

• energy optimized for production of mesons with 
masses up to 3 GeV 

10

add an arc

add Hall D
and GlueX

add 5+5
accelerating

modules
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barrel
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time-of
-flight
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target

tagger magnet

tagger to detector distance
is not to scale

diamond
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GlueX

central drift
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forward drift
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start
counter

Spring 2018:  40 kHz event rate — about 600 MB/s
(several PB raw data collected to date)
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(for scale)

Typical data rate:
2-4 lines of equations 

per minute
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Figure 22: PARA setting at Eγ = 8.65 GeV.
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Figure 23: PERP setting at Eγ = 8.65 GeV.
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Figure 24: PARA setting at Eγ = 8.75 GeV.
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Figure 25: PERP setting at Eγ = 8.75 GeV.
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Figure 26: PARA setting at Eγ = 8.85 GeV.
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Figure 27: PERP setting at Eγ = 8.85 GeV.
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Collaboration Meeting 10.6.16 Justin Stevens,

Beam asymmetry: method
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Single Pseudoscalar Production Asymmetry

15

π0, ηγ

p p

t

Exchange JPC

Gordon Conference Justin Stevens, 18

Early                   physics: ɣp→π0p

Mathieu et al. PRD 92, 074013

1�� : !, ⇢

1+� : b, h

Exchange JPC

t

• Angle between polarization plane 
and reaction plane is sensitive to 
parity of exchange 
 
 

• Asymmetry Σ can have a t 
dependence

• Constrains t-channel 
backgrounds for s-channel 
baryon resonance production
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Single Pseudoscalar Production Asymmetry

17

• Correlated uncertainty due to 
polarization:  < 5%

• GlueX π0 production asymmetry

• more precise than SLAC

• no dip around t = 0.5 (GeV/c)2

• First measurements of η 
production asymmetry

• A test of high energy t-channel 
production models

• Similar production mechanism 
expected for exotics

GlueX Collaboration, Phys. Rev. C 95, 042201(R)
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Photoproduction of η and η’

18

PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries

25

�p ! ⌘0p

�p ! ⌘p

Neutral pseudoscalars: Σ~1, dominated by vector exchange

t

⌘, ⌘0

1�� : !, ⇢

• Expect: 

• V. Mathieu et al. [JPAC], PLB 774, 362 (2017)

• Verifies our understanding of structure of η 
and η’ and production dynamics

⌃⌘

⌃⌘0
⇡ 1

contribution
from Φ or h?
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Pseudoscalar beam asymmetries
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Photoproduction of π-

19

PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries

26

Charged pseudoscalars: more complicated -t dependence

t

⇡�

�++

⇡, ⇢, a2, ...

PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries

26

Charged pseudoscalars: more complicated -t dependence

t

⇡�

�++

⇡, ⇢, a2, ...

J. Nys et al. [JPAC],  PLB 779, 77 (2017)
B.-G. Yu and K.-J. Kong,  PLB 769, 262 (2017)• Charge exchange process

• Dominated by π exchange at 
low t
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γp→J/ψ p

20

• Physics objectives:

• production dynamics encoded 
in the shape of cross section at 
threshold

• s-channel production of 
pentaquark candidates 
observed by LHCb

Justin Stevens,PANDA Collaboration Meeting

J/ψ photoproduction at

41

�p ! pe+e� LHCb

Pentaquark

Justin Stevens,PANDA Collaboration Meeting

⇤b ! J/ pK�

Charm Quarks at JLab

39

5-quark 
bound state

Hadronic 
molecule

LHCb 2015
Justin Stevens,PANDA Collaboration Meeting

J/ψ photoproduction at

41

�p ! pe+e� LHCb

Pentaquark
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J/ψ photoproduction at

41

�p ! pe+e� LHCb

Pentaquark

• Preliminary results from GlueX:

• sensitivity to shape at threshold

• ability to set limits on Pc production

• Compare with Pc production predictions

• M. Karliner and J.L. Rosner, PLB 752, 329 (2016)

• A. Blin et al. [JPAC], PRD 94 034002 (2016)

γp→J/ψp Cross Section

procedure is as follows. First we explored the parameter
space with 105 fits using MINUIT [34] in order to identify the
region where the absolute minimum lies. The starting
values of the parameters were randomly selected in a very
wide range. Once the parameter-space region where the
absolute minimum lies has been identified, we use this
information to randomly seed the starting values of the
parameters for our fits. We generate 104 data sets for each
one of the two JPr options (3=2− and 5=2þ) and three
smearings (σs ¼ 0, 60, and 120 MeV) by randomly
sampling the experimental points and the pentaquark mass
and width according to their uncertainties. The mass of the
Pcð4450Þ (Mr ¼ 4449.8 % 3.2 MeV) is sampled according

to a Gaussian distribution, while the width, in order to
avoid negative values, is sampled according to a Gamma
distribution,

HðxjΓr; σrÞ ¼
!
xΓr

σ2r

"Γ2r
σ2r
exp ð−xΓr=σ2rÞ
xΓðΓ2

r=σ2rÞ
; ð12Þ

where Γr ¼ 39 MeV is the pentaquark width and σr ¼
24 MeV its uncertainty. The experimental data point with
the lowest photon energy and t¼ tmin (see Figs. 2 and 3) is
also sampled according to a gamma distribution to avoid a
negative value of the differential cross section, while the
rest of the experimental data points are sampled according
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FIG. 3. Comparing data (circles) with the fit results at a 1σ (68%) C.L., as discussed in the text, for near-threshold differential cross
section data [25,28] in the forward direction. Note that the vertical axes have different scales.
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FIG. 2. Comparing data (solid circles) with the fit results at a 1σ (68%) C.L., as discussed in the text, for near-threshold differential
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A. N. HILLER BLIN et al. PHYSICAL REVIEW D 94, 034002 (2016)
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from:  A. Blin et al. [JPAC], PRD 94 034002 (2016)
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• GlueX is well-positioned to 
make new discoveries

• example:  3+ orders of 
magnitude over previous in 
ππ channel 

• GlueX future:  about 10x more 
data and enhanced sensitivity 
to final states with strange 
quarks (mesons and baryons)

PANDA Collaboration Meeting Justin Stevens,

Early spectroscopy opportunities

27

ρ’?

SLAC:                          

PRL 53, 751 (1984)

E� = 20 GeV

�p ! ⇡+⇡�p

Enhancement consistent with earlier SLAC measurement, 
but ~100x more statistics with early GlueX data


Polarization observables will provide further insight into 
the nature of this enhancement

VOLUME 53, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1984
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FIG. 1. The vr +m invariant mass distribution
corrected for all losses. The solid curve is the prediction
of the Soding model with only the p(770) resonance.
The dashed curve shows the effect of adding a second
resonance of mass 1.55 GeVe and width 0.28 GeV/e .

cept those in a narrow forward region dominated by
e+e conversions) triggered the recording of

hadronic interactions. A kinematic fit with three
constraints was used to select the yp m+m p
events. Backgrounds were studied and found to be
negligible after rejection of the events (1.4%) which
had a better fit to yp m+m m p, K+K p, or
ppp. The data were corrected for experimental
detection and selection losses as a function of the
production and decay variables of the m+m sys-
tem. An important feature of the experiment is
that it has good acceptance for all decay angles of
m+ m pairs with masses between 0.4 and 2.5
GeV/c2.
The final data sample consists of 20908

yp 7r+m p interactions. This represents a cross
section of 11.1+0.9 p, b. A small, well-isolated sig-
nal of 5(1232) production was observed and re-
moved by rejecting 133 events with m + & 1.4

P7T
GeV/c2 The m+m mass distribution of the
remaining events, presented in Fig. 1, shows that
this channel is dominated by p(770) production.
The experimental mass resolution varies from 0.008
to 0.013 GeV/c standard deviation for m+m
masses between that of the p and 2.0 GeV/c . This
is much smaller than the natural widths of the reso-
nances studied in this experiment. We will briefly
discuss the production and decay characteristics of
the p(770) and then show that a second resonance
at a 7r+7r mass of 1.55 GeV/c is required to
describe the data.
The cross section for the reaction yp pp is

known to vary slowly with center-of-mass energy

752

I.O 2.0
rn „(GeV/c')

3.0

FIG. 2. Variation of the four-momentum slope param-
eter, b, with m-+m mass. The curves are Soding model
predictions with one (solid curve) and two (dashed
curve) resonances as described in the text.

and rapidly with the square of the four-momentum
transferred (t' = t —t;„)from the photon to the p.
The variation with m+ m mass of the slope param-
eter, b, from fits of the form Ae ' to the experi-
mental distribution drr/dt', is shown in Fig. 2. We
will return to a discussion of the dependence of b
on the m-+sr mass, but note here that the slope is
7.5 + 0.2 (GeV/c) 2 at the p mass peak. This
value is typical of elastic processes, and suggests
that the p is produced by the diffractive, vector-
meson dominance mechanism shown in Fig. 3(a).

/7T
/

7T

/7T
/

FIG. 3. (a) Diffractive production of the p(770). (b)
Nonresonant ~+m production via a Drell amplitude as
suggested by Soding. (c),(d) Diffractive p' production
amplitudes.

K. Abe et al., PRL 53, 751 (1984)

SLAC Hybrid Facility Photon 
Collaboration

20 GeV Polarized γ  
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Theory/Experiment Strategy (Discussion)

• What constitutes discovery of hybrids?  (Is there a “smoking gun”?)

• Need a collection of observations such that the simplest explanation of all requires 
invoking the existence of hybrids.
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Theory/Experiment Strategy (Discussion)

• What constitutes discovery of hybrids?  (Is there a “smoking gun”?)

• Need a collection of observations such that the simplest explanation of all requires 
invoking the existence of hybrids.

• What can be measured?

• bumps in an invariant mass spectrum

• intensity and phase difference for a various JPC values

• product of production cross section and branching fraction

• production features:  asymmetry, spin density matrix elements, …

• What input is needed from theory?

• how to establish existence of resonances and resonance parameters from bumps, 
intensities, and phase differences

• comparative information is perhaps more useful and easier to calculate:

• hybrid masses relative to known states:  number, hierarchy, degeneracies

• comparative information about total width

• partial widths of specific decays compared to known states

• production mechanisms when compared with known states
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Summary
• Use spectroscopy to understand the degrees of freedom present when 

hadrons are constructed in QCD

• how are these degrees of freedom linked to interactions in the QCD 
Lagrangian?
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Summary
• Use spectroscopy to understand the degrees of freedom present when 

hadrons are constructed in QCD

• how are these degrees of freedom linked to interactions in the QCD 
Lagrangian?

• The last ten years have been very exciting

• candidates for hybrids, pentaquarks, tetraquarks

• most activity in the heavy quark sector

• GlueX is well positioned to carry this momentum into the future

• unique opportunity to study of the light quark meson spectrum in 
photoproduction

• large existing data set:  some preliminary results already;  well-positioned 
to launch core spectroscopy program

• theory input is absolutely essential in order to realize the goals of the 
experiment
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