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Gluon Interactions in QCD

• QCD has interesting 
properties	



• gluon-gluon interactions	



• confinement	



!

• How do we experimentally 
explore the strong coupling 
regime of QCD?
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Probing Strong Interactions
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nuclear mattermelt it put it under a 
microscope

12 18. Structure functions

that might be expected from the neglect of higher orders), see also [64]. The ABM
analysis [47], which uses a FFNS, finds αs(M2

Z) = 0.1134 ± 0.0011 at NNLO.

Spin-dependent (or polarized) PDFs have been obtained through NLO global analyses
which include measurements of the g1 structure function in inclusive polarized DIS,
‘flavour-tagged’ semi-inclusive DIS data, and results from polarized pp scattering at
RHIC. Recent NLO analyses are given in Refs. [65–68]. Improved parton-to-hadron
fragmentation functions, needed to describe the semi-inclusive DIS data, can be found
in [69–71]. Fig. 18.5 shows several global analyses at a scale of 2.5 GeV2 along with
the data from semi-inclusive DIS. A recent determination [72], using the NNPDF
methodology, concentrates just on the inclusive polarized DIS data, and finds the errors
on the polarized gluon PDF have been underestimated in the earlier analyses.
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Figure 18.4: The bands are x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF2.3 global
analysis [45] at scales µ2 = 10 GeV2 and µ2 = 104 GeV2, with αs(M2

Z) = 0.118.
The analogous results obtained in the NNLO MSTW analysis [43] can be found in
Ref. [62].

Comprehensive sets of PDFs are available as program-callable functions from the
HepData website [78], which includes comparison graphics of PDFs, and from the
LHAPDF library [79], which can be linked directly into a user’s programme to provide
access to recent PDFs in a standard format.
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Questions for Hadron Spectroscopy

• What role do gluons play in the structure of matter?	



• What are the fundamental degrees of freedom that 
make up hadrons?	



• Does QCD predict experimentally observable gluonic 
excitations?	



• Can we observe evidence for gluonic degrees of 
freedom in the spectrum of meson states?
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Conventional and Hybrid Mesons
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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

“constituent gluon”

“exotic hybrid”
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Lattice QCD Predictions
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Majority of experimental data to date is related to one state, the π1.
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Searches for the π1
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In order to shed new light on these questions, the
COMPASS Collaboration, operating a large-acceptance
and high-resolution spectrometer [17] situated at the
CERN Super Proton Synchrotron (SPS), is gathering
high-statistics event samples of diffractive reactions of
hadronic probes into final states containing both charged
and neutral particles. Diffractive dissociation is a reaction
of the type aþ b ! cþ d with c ! 1þ 2þ " " " þ n,
where a is the incoming beam particle, b the target, c the
diffractively produced object decaying into n particles, and
d the target recoil particle, with 4-momenta pa . . .pd,
respectively. The production kinematics is described by
two variables: s and t0 ¼ jtj$ jtjmin, where s ¼
ðpa þ pbÞ2 is the square of the total center of mass energy,
t ¼ ðpa $ pcÞ2 is the square of the four momentum trans-
ferred from the incoming beam to the outgoing system c,
and jtjmin is the minimum value of jtj which is allowed by
kinematics for a given mass mc.

First studies of diffractive reactions of 190 GeV=c !$

on a 3 mm lead target were carried out by COMPASS in
2004. The !$!$!þ final state was chosen because the
disputed !1ð1600Þ meson with exotic JPC had previously
been reported in this channel. The trigger selected events
with one incoming particle and at least two outgoing
charged particles. In the offline analysis, a primary vertex
inside the target with 3 outgoing charged particles is re-
quired. Since the recoil particle was not detected, the
following procedure is applied in order to select exclusive
events. The beam energy Ea is very well approximated by
the measured total energy Ec of the 3! system with a small
correction arising from the target recoil, which can be
calculated from the measured scattering angle " ¼
ffð ~pa; ~pcÞ, assuming that the target particle remained intact
throughout the scattering process. Then an exclusivity cut
is applied, requiring Ea to be within (4 GeV of the mean
beam energy. Events with a wide range of t0 from zero up to
a few GeV2=c2 were recorded. For the analysis presented
in this letter we restrict ourselves to the range where
candidates for spin-exotic states have been reported in
the past: 0:1 GeV2=c2 < t0 < 1:0 GeV2=c2, far beyond
the region of coherent scattering on the Pb nucleus.
Figure 1 shows the invariant mass of the corresponding
events. In our sample of 420 000 events in the mass range
between 0.5 and 2:5 GeV=c2, the well-known resonances
a1ð1260Þ, a2ð1320Þ, and !2ð1670Þ are clearly visible in the
3! mass spectrum.

A partial wave analysis (PWA) of this data set was
performed using a program which was originally devel-
oped at Illinois [18], and later modified at Protvino and
Munich. An independent cross-check of the results was
performed using a different PWA program developed at
Brookhaven [19] and adapted for COMPASS [20]. At highffiffiffi
s

p
, the reaction can be assumed to proceed via t-channel

Reggeon exchange, thus justifying the factorization of the
total cross section into a resonance and a recoil vertex

without final state interaction. The exchanged Reggeon
may excite the incident pion (JP ¼ 0$) to a state X with
different JP, limited only by conservation laws for strong
interactions. For the ð3!Þ$ final state I ) 1; we assume
I ¼ 1 since no flavor-exotic mesons have been found.
Since in additionG ¼ $1 for a system with an odd number
of pions, C ¼ þ1 follows from Eq. (1). We take the
phenomenological approach of the isobar model, in which
all multiparticle final states can be described by sequential
two-body decays into intermediate resonances (isobars),
which eventually decay into the final state observed in the
experiment. All known isovector and isoscalar !! reso-
nances have been included in our fit: ð!!ÞS [comprising
the broad #ð600Þ and f0ð1370Þ], $ð770Þ, f0ð980Þ,
f2ð1270Þ, and $3ð1690Þ [8]. It is possible that there exists
a direct three-body decay into ð3!Þ$ without an intermedi-
ate di-pion resonance; in the isobar model, such a decay
mode without angular correlations is represented by
#ð600Þ þ !$ with L ¼ 0 and JP ¼ 0$. Possible compli-
cations to the isobar model from unitarity constraints are
not an issue here; such effects enter in the formulation of
the model only when all possible decay modes are simul-
taneously fit, which may include the final states containing
!0, %, %0, !, K !K, or N !N. The spin-parity composition of
the excited state X is studied in the Gottfried-Jackson
frame, which is the center of mass frame of X with the
z axis along the beam direction, and the y axis perpendicu-
lar to the production plane, formed by the momentum
vectors of the target and the recoil particle.
The PWA is done in two steps. In the first step, a fit of the

probability density in 3! phase space is performed in
40 MeV=c2 bins of the 3! invariant mass m (fit in mass
bins). No dependence of the production strength for a given
wave on the mass of the 3! system is introduced at this
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FIG. 1 (color online). Invariant mass of the 3! system for
0:1 GeV2=c2 < t0 < 1:0 GeV2=c2 (histogram), and intensity of
the background wave with a flat distribution in three-body phase
space (triangles), obtained from a partial wave analysis in
40 MeV=c2 bins of the 3! mass and rescaled to the binning of
the histogram. Both the invariant mass spectrum and the back-
ground distribution are not acceptance corrected.
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!2ð1670Þ, with very similar masses and widths, causing the
relative phase difference to be almost constant. In contrast
to this the phase difference to the 1þþ wave, shown in
Fig. 3(a), clearly shows an increase around 1:7 GeV=c2. As
the a1ð1260Þ is no longer resonating at this mass, this
observation can be regarded as an independent verification
of the resonating nature of the 1$þ wave.

The solid lines in Fig. 2 show the total intensity from the
mass-dependent fit for the corresponding waves. For the
1þþ0þ"!S wave shown in Fig. 2(a) it is well known that
there is a significant contribution of nonresonant produc-
tion through the Deck effect [24], indicated by the dotted
line. Its interference with the a1ð1260Þ (dashed line) shifts
the peak in the data to a slightly lower value than the peak

position of the resonance. The 2$þ0þf2!Swave shown in
Fig. 2(b) is well described by a single resonance, the
!2ð1670Þ. The 2þþ1þ"!D wave displayed in Fig. 2(c) is
dominated by the a2ð1320Þ with a small contribution from
the a2ð1700Þ, whose parameters have been fixed to Particle
Data Group (PDG) values [25] because of the limited
statistics. The intensity of the exotic 1$þ1þ"!P wave,
shown in Fig. 2(d), is well described by a Breit-Wigner
resonance with constant width at 1:66 GeV=c2 (dashed
line), which we interpret as the !1ð1600Þ, and a nonreso-
nant background (dotted line) at lower masses. The reso-
nant component of the exotic wave is strongly constrained
by the mass-dependent phase differences to the
1þþ0þ"!S and the 2$þ0þf2!S waves, which are well
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FIG. 3 (color online). Phase differences of the exotic 1$þ1þ"!P wave to the 1þþ0þ"!S (a) and the 2$þ0þf2!S (b) waves. The
data points represent the result of the fit in mass bins; the lines are the result of the mass-dependent fit.
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FIG. 2 (color online). Intensities of major waves 1þþ0þ"!S (a), 2$þ0þf2!S (b), and 2þþ1þ"!D (c), as well as the intensity of the
exotic wave 1$þ1þ"!P (d), as determined in the fit in mass bins (data points with error bars). The lines represent the result of the
mass-dependent fit (see text).
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COMPASS Collab.,	


PRL 104, 241803 (2010)	



190 GeV π on Pb

π1→ρπ
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fitting [15], some 70 000 events consistent with the
php1p2p2 !h ! gg" final state were found. These
events satisfied energy-momentum conservation at the
production and h decay vertices with a confidence level
C.L. . 0.05 as well as the requirement that the difference
between the azimuthal angles of the fitted proton direction
and the measured proton track be less than 10±. As seen
from the hp1p2 effective mass distribution (uncorrected
for acceptance) in Fig. 1(a) the h0 signal lies over an
approximately 10% non-h0 background. The second peak
in the hp1p2 mass spectrum is due to production of the
f1!1285" and h!1295" resonances.

The next level of selection identified 6040 events con-
sistent with the ph0p2 !h0 ! hp1p2, h ! gg" final
state. These events satisfy energy-momentum conser-
vation at the production, h0 and h decay vertices with
C.L. . 0.05 as well as topological and fiducial volume
cuts. The resulting uncorrected h0p2 mass spectrum
[Fig. 1(b)] has a broad peak near 1.6 GeV#c2 and struc-
ture around 1.3 GeV#c2.

The acceptance-corrected distribution of the four-
momentum transfer jtj is shown in Fig. 2(a). The ampli-
tude analysis discussed below was made for the data in the
range 0.09 , jtj , 2.5 GeV2#c2. Because of the very low

FIG. 2. (a) The acceptance-corrected jtj distribution fitted with
the function f!t" ! aebjtj (solid line). (b)–(d) The results of the
mass-independent PWA (horizontal lines with error bars) and a
typical mass-dependent fit (solid curve) using 0.05 GeV#c2 mass
bins. Only P1 and D1 partial waves and their phase difference
are shown. The range of the ambiguous solutions is plotted
with black rectangles. (b) The !P1 2 D1" phase difference.
(c) The intensity distribution of the P1 partial wave. (d) The
intensity distribution of the D1 partial wave. The solid curves
in (b)– (d) show a mass-dependent fit (fit 1) to the P1 and D1

wave intensities and the !P1 2 D1" phase difference.

acceptance in the region jtj , 0.09 GeV2#c2, the 275
events in that region were not used. In the interval 0.25 ,
jtj , 1.0 GeV2#c2 the jtj distribution has an exponential
behavior and can be fitted with the function f!t" ! aebjtj

with b ! 22.93 6 0.11 !GeV#c"22. The magnitude of b
is significantly less than that observed for the hp2 final
state [11,12], where b $ 25 !GeV#c"22 (see the discus-
sion below).

A mass-independent partial-wave analysis (PWA)
[12,16,17] of the data was used to study the spin-parity
structure of the h0p2 system. The partial waves are pa-
rametrized by a set of five numbers: JPCme , where J is the
angular momentum, P the parity, and C the C parity of
the h0p2 system; m is the absolute value of the angular
momentum projection; and e is the reflectivity (coincid-
ing with the naturality of the exchanged particle [18]).
We will use simplified notation in which each partial wave
is denoted by a letter, indicating the h0p2 system’s an-
gular momentum in standard spectroscopic notation, and
a subscript, which can take the values 0, 1, or 2, for
me ! 02, 11, or 12, respectively. We assume that the
contribution from partial waves with m . 1 is small and
can be neglected [12,19].

Mass-independent PWA fits shown in this paper are car-
ried out in 0.05 and 0.10 GeV#c2 mass bins from 1.1 to
2.5 GeV#c2 and all use the S0, P2, P0, P1, D2, D0, D1,
and G1 partial waves. For each partial wave the complex
production amplitudes are determined from an extended
maximum likelihood fit [17]. The spin-flip and spin-non-
flip contributions to the baryon vertex lead to a production
spin-density matrix with maximal rank two. A rank two
mass-independent PWA in a system of two pseudoscalars
cannot be performed because of the presence of a con-
tinuous mathematical ambiguity. Rank two fits were done
when additional assumptions for the amplitudes were intro-
duced (assumptions regarding the t dependence and mass
dependence of the amplitudes) to resolve the continuous
ambiguity problem, and they gave results consistent with
those from the rank one fits. The PWA fits presented in
this paper are with spin-density matrix of rank one.

The experimental acceptance was determined by com-
parison of the data with a Monte Carlo event sample. The
Monte Carlo events were generated with isotropic angular
distributions in the Gottfried-Jackson frame. The detector
simulation was based on the E852 detector simulation
package SAGEN [11,12]. The experimental acceptance was
incorporated into the PWA by means of Monte Carlo nor-
malization integrals [12]. The quality of the fits was deter-
mined by a x2 comparison of the experimental multipole
moments with those predicted by the results of the PWA
fit [19].

Results of the PWA are shown in Fig. 2 for the
0.05 GeV#c2 fits and Fig. 3 for the 0.10 GeV#c2 fits. The
former are intended to show detail in the high statistics
low-mass region and the latter are used to study the high-
mass region. The unnatural-parity-exchange waves (not

3978

E852 π-p→η’π-p    [PRL 86, 3977 (2001)]	


18  GeV π on p

π1→η’π
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• OZI-rule and decay modes help 
one infer quark flavor

Isoscalar Exotic Hybrids
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The Heavy Quarkonium Context

• Many new XYZ states in charmonium and 
bottomonium	



• see Ryan Mitchell’s talk on Friday 
morning	



• Interpretation?	



• hybrids with conventional meson 
quantum numbers?	



• DD or BB interactions?	



• tetraquarks?	



• Can we establish a correspondence 
between light and heavy meson spectra?
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The BaBar Collaboration [PRL 95, 142001 (2005)]

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.

)2) (GeV/c�J/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/c�J/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/c�J/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/c�J/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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Y(2175):  peculiar strangeonium?

• BaBar:  e+e− → φππ reports 
1-- state Y(2175)	



• Belle, BES (in J/ψ decay) confirm	



• decay mode similar to  
Y(4260) → J/ψππ	



• Questions	



• is Y(2175) supernumerary?	



• does Y(2175) behave like Y(4260)?	



• what does it mean?
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Recap

• QCD at low energy is strong:  gluon-gluon interactions	



• Recent advances in first-principles QCD calculations	



• Experimental goals	



• search for light quark hybrids	



• study how they decay	



• compare with heavy quarks	



• ...?
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12 GeV Upgrade to JLab

• Upgrade maximum electron energy from  
6 GeV to 12 GeV with addition of cryomodules	



• Add new experimental hall:  Hall D	



• starts operation in 2015	



• Upgrade experimental facilities in other halls	



• $339M total project cost now well over halfway 
complete:  CD-4B now Spring 2017
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• core physics motivation:	



• light hybrid spectroscopy	



• other opportunities:  Γγγ via Primakoff, 
baryon spectroscopy, charged pion 
polarizability, η factory, ...	



• ≈115 physicists;  21 institutions	



• collaboration founded around 1998
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Hall D Experimental Complex	


April 2012
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GlueX - A. Dzierba - 11/10/2006 18

collimated

ta
gg

in
g 

ra
ng

e

uncollimated

provides linear polarization and with collimation reduces

! backgrounds from low-energy incoherent photons

12 GeV electrons

Coherent Bremsstrahlung

Beamline Design

• some models predict enhanced hybrid photoproduction	



• no restrictions on produced JPC	



• need 9 GeV tagged linearly polarized photons	



• coherent bremsstrahlung scattering of 12 GeV e- off 
of a 20 µm thick diamond wafer
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The Tagger Area
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Broadband	


Hodoscope	



(3.0 - 11.8 GeV)	


1-2% typical 

resolution on Eγ	


(sampling)

Tagger	


Microscope	



(8.4 - 9.0 GeV)	


0.1% resolution	



on Eγ

Instrumentation
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Tracking

560 cm

342 cm

48 cm

185 cm

BCAL 

CDC

Central Drift Chamber
FDC

Forward Drift Chambers

GlueX Detector

Forward

 Calorimeter

Solenoid

390 cm long
 inner radius: 65 cm   outer radius: 90 cm

240 cm diameter 
45 cm thick

30-cm target
CL

Future
Particle ID

photon
beam

10.8 
o

14.7 
o

118.1 
o

126.4 
o

FCAL
 Barrel Calorimeter

Goals	


!
coverage:  1o≤θ≤140o	



resolution:  σ/p = 1-3%	



Axial B-Field:  2.0 T
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Central Drift Chamber

• 28 layers:  16 stereo (±6o),12 axial	



• design position resolution: 150 µm r/Φ, 2 mm z
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Forward Drift Chamber

• u/v cathode strip readout on 
each side of anode wires	



• 200 µm resolution 	



• 4 x 6-layer packages; 60° rotation 
for each subsequent layer
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Calorimetry

560 cm

342 cm

48 cm

185 cm

BCAL 

CDC

Central Drift Chamber
FDC

Forward Drift Chambers

GlueX Detector

Forward

 Calorimeter

Solenoid

390 cm long
 inner radius: 65 cm   outer radius: 90 cm

240 cm diameter 
45 cm thick

30-cm target
CL

Future
Particle ID

photon
beam

10.8 
o

14.7 
o

118.1 
o

126.4 
o

FCAL
 Barrel Calorimeter

Goals	


!
coverage:  2o≤θ≤120o	



 

average approximate 
resolution:  	


σ/E = 6%/√E + 2%	


!

low energy threshold:	


forward:  50 MeV	


barrel:  60 MeV	
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Barrel Calorimeter

• Pb-SciFi calorimeter based on KLOE design;  
48 4-m long modules	



• large area (1.2 cm x 1.2 cm) Silicon 
photomultiplier readout (Hamamatsu)	



• resolution:  σ/E = 5%/√E + 1%
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Forward Calorimeter

• 2800 4 cm x 4 cm x 45 cm lead glass blocks; 
(glass from the E852 experiment at BNL)	



• readout:  1” FEU 84-3 PMTs	



• σ/E = 6%/√E + 2%: 
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Particle ID/Timing
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BCAL Timing
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Particle ID and Timing
• Start counter:  thin scintillator with 

approximately 300 ps resolution (strong 
position dependence)	



• SiPM readout	



• Forward TOF:  two-scintillator planes;  
70 ps resolution; 4σ K/π up to 2 GeV/c	



• conventional PMT readout
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Data Rates

• Design rate: 108 γ/s tagged photons on target in 
the polarization peak; initial running at 107 γ/s	



• Fully pipelined, zero-deadtime readout electronics	



• level one trigger:  200 kHz	



• level three output:  300 MB/s  
(20 kHz of “interesting physics” selected with 
software trigger)	



• Expected statistics in initial, low intensity run:	



• 1 x 108 events:  γp→π+π-π+n	



• 5 x 106 events:  γp→ωπ-π+p	



• 105 - 106 events:  γp→η’π+n	



• an order of magnitude more data later
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72 Channel	


125 MHz 12-bit Flash ADC
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Analysis Procedure
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Typical Channel:  γp→π+π-π+n

• π+π-π+n topology	



• neutron undetected	



• 2% of total hadronic cross section	



• overall 28% efficiency at 95% purity	



• Use as a test of detector sensitivity to small 
amplitudes
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Other Reactions of Interest

• Pythia-based non-resonant cross section predictions	



• PAC-approved full intensity physics run (~2017)	



• 90% signal purity
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21

TABLE VIII. pythia-predicted numbers of events for various exclusive final states in a mass range appropriate for searching
for various mesons. Estimates are based of 200 PAC days at 80% uptime at an average intensity of 5 ⇥ 107�/s. Events per
10 MeV/c2 is an estimate of the number of events available for an amplitude analysis in each mass bin.

Meson of Reaction Mass Range [MeV/c2] Signal Events per

Interest (X) Topology Mmin

X Mmax

X Yield [106] 10 MeV/c2 [104]

h0
2

(2600) �p ! (K
1

(1400)K)Xp 2415 2785 1.5 4.0

K
1

! K⇤⇡

K⇤ ! K⇡

⌘0
1

(2300) �p ! (K⇤KS)Xp 2000 2600 0.46 1.5

K⇤ ! K±⇡⌥

KS ! ⇡+⇡�

�
3

(1850) �p ! (K+K�)Xp 1720 1980 5.3 21

Y (2175) �p ! (�f
0

(980))Xp 2060 2290 0.12 0.52

� ! K+K�

f
0

(980) ! K+K�

3. ⌅ yields

Existing knowledge of ⌅ photoproduction can be used
to estimate the expected yields of ⌅ states. Recent CLAS
data for the ⌅(1320) are consistent with t-slope values
ranging from 1.11 to 2.64 (GeV/c)�2 for photon ener-
gies between 2.75 and 3.85 GeV [24]. Values for excited
Cascades are not well known, but a recent unpublished
CLAS analysis of a high-statistics data sample (JLab pro-
posal E05-017) indicates that the t-slope value flattens
out above 4 GeV at a value of about 1.7 (GeV/c)�2 [54].
We have used a value of 1.4 (GeV/c)�2 for the ⌅�(1320)
and 1.7 (GeV/c)�2 for the ⌅�(1820) in our simulations
at 9 GeV. The most recent published CLAS analysis [24]
has determined a total cross section of about 15 nb and
2 nb for the ⌅�(1320) and ⌅�(1530), respectively, at
E� = 5 GeV. An unpublished analysis shows that the
total cross section levels out above 3.5 GeV, but the en-
ergy range is limited at 5.4 GeV [54]. A total number
of about 20,000 ⌅�(1320) events was observed for the
energy range E� 2 [2.69, 5.44] GeV.

The BDT analysis carried out using K

+
K

+
K

�⇤
pythia signal events suggests that the proposed GlueX
run will result in a yield of about 90,000 of these events
with 90% purity for K�⇤ invariant mass in the ⌅(1820)
mass region. Estimates using Eq. (9) lead us to expect
yields of about 800, 000 ⌅�(1320) and 100, 000 ⌅�(1530)
events. Such high statistics samples of exclusively recon-
structed ⌅ final states greatly enhance the possibility of
determining the spin and parity of excited states.

In summary, we request a production run consisting

of 200 days of beam time at an average intensity of
5 ⇥ 107 �/s for production Phase IV running of the
GlueX experiment. It is anticipated that the Phase IV
intensity will start around 107 �/s, our Phase III in-
tensity, and increase toward the GlueX design goal of
108 �/s as we understand the detector capability for these
high rates based on the data acquired at 107 �/s. The
data sample acquired will provide an order of magnitude
improvement in statistical precision over the initial Phase
II and III running of GlueX, which will allow an initial
study of high-mass states containing strange quarks and
an exploration of the ⌅ spectrum.

VI. SUMMARY

We propose an expansion of the present baseline
GlueX experimental program to include an order-of-
magnitude higher statistics by increasing the average
tagged photon intensity by a factor of five and the beam
time by a factor of two. The increase in intensity ne-
cessitates the implementation of the GlueX level-three
software trigger. The program requires 200 days of beam
time with 9 GeV tagged photons at an average intensity
of 5⇥ 107 �/s. We have demonstrated that the baseline
GlueX detector design is capable of reconstructing par-
ticular final state topologies that include kaons. While
the acceptance and purity may be limited without the ad-
dition of supplemental kaon identification hardware, the
proposed run will provide a level of statistical precision
su�cient to make an initial study of meson states with
an ss̄ component and to search for excited doubly-strange
⌅-baryon states.

[1] J. J. Dudek, Phys. Rev. D 84, 074023 (2011). [2] GlueX Collaboration, “Mapping the Spectrum of Light
Quark Mesons and Gluonic Excitations with Linearly Po-

complementary to non-strange topology (η1):  f1η

complementary to non-strange topology (h2):  b1π
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Upcoming Milestones

• Installation mostly complete by 
Spring 2014	



• Fall 2014:  first commissioning beam 
in Hall D (“readiness milestone”)	



• 2015-2017:  initial “low intensity” 
physics running	



• Spring 2017:  12 GeV upgrade 
officially complete	



• 2017-?:  high intensity running and 
possible particle identification 
upgrades
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Summary

• Many exciting developments in meson spectroscopy	



• “understanding” requires theory + experiment	



• studying a spectrum of states is essential	



• extraordinary recent results in bottomonium and charmonium	



• may provide insight for light quark studies	



• The GlueX experiment	



• is in advanced stages of construction and installation	



• is poised to explore light meson photoproduction with 
unprecedented statistical precision in the next few years
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