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a “Quark Model” meson:

but hybrids are also predicted:

and would shed light on
Gluonic eXcitations

must have “conventional” quantum numbers:

JPC    =    0−+    (η,π)      [S = 0; L = 0; J = 0]
               0++   (f0,a0)     [S = 1; L = 1; J = 0]
               1++   (f1,a1)     [S = 1; L = 1; J = 1]
               1+−   (h1,b1)    [S = 0; L = 1; J = 1]
               1−−   (ω,ρ)      [S = 1; L = 0; J = 1]

etc.
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a “Quark Model” meson:

but hybrids are also predicted:

and would shed light on
Gluonic eXcitations

must have “conventional” quantum numbers:

JPC    =    0−+    (η,π)      [S = 0; L = 0; J = 0]
               0++   (f0,a0)     [S = 1; L = 1; J = 0]
               1++   (f1,a1)     [S = 1; L = 1; J = 1]
               1+−   (h1,b1)    [S = 0; L = 1; J = 1]
               1−−   (ω,ρ)      [S = 1; L = 0; J = 1]

etc.

can have “exotic” quantum numbers:

JPC    =   1−+   (η1,π1)  (for example)

⇒  unambiguous signature for a 
state beyond the quark model!
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hybrid meson production

simplest S = 0 hybrids have JPC = 1++ or 1−−
(i.e. they mix with quark model states)

but simplest S = 1 hybrids can have JPC = 1−+

(i.e. they can be exotic)

PION BEAM

PHOTON BEAM

⇒ photoproduction should be more favorable 
for exotic meson production?
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distinguish quantum numbers using 
angular distributions of decay products

for example:

if X− has JPC = 2++ and decays to ρ0π− in a D-wave,
then you expect these angular distributions:

π−p → X−p → π+π−π−p



add an arc

add Hall D
and GlueX

add 5+5
accelerating

modules

Use 9 GeV polarized photons on a proton target 
to produce hybrid mesons with exotic JPC:

•  part of the JLab 12 GeV upgrade
     (in Newport News, Virginia)

•  data expected in 2014

•  use 12 GeV electrons and a 
   diamond radiator to produce 
   9 GeV polarized photons

•  107 − 108 γ/s on 
   proton target

Overview of the GlueX Experiment

•  produce hybrid mesons with exotic JPC:

•  use “amplitude analyses” to distinguish JPC

11

distinguish quantum numbers using 
angular distributions of decay products

for example:

if X− has JPC = 2++ and decays to ρ0π− in a D-wave,
then you expect these angular distributions:

it’s called an “amplitude analysis” 
because distributions are added on 

the amplitude level:

A(Ω) = Resonance Angles 
×  Isobar Angles 
×  Isobar Breit Wigner

V are complex fit parameters

π−p → X−p → π+π−π−p
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distinguish quantum numbers using 
angular distributions of decay products

for example:

if X− has JPC = 2++ and decays to ρ0π− in a D-wave,
then you expect these angular distributions:

it’s called an “amplitude analysis” 
because distributions are added on 

the amplitude level:

π−p → X−p → π+π−π−p

A(Ω) = Resonance Angles 
×  Isobar Angles 
×  Isobar Breit Wigner

V are complex fit parameters

decomposition of 3π from E852
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the GlueX detector

• designed to have: 
• uniform acceptance
• good resolution
• ability to handle “high” 

multiplicities (up to ~8 particles)

• tracking
• Central Drift Chamber (CDC)
• Forward Drift Chamber (FDC)
• momentum resolution 1−3%

• calorimetry
• Forward Calorimeter (FCAL)
• Barrel Calorimeter (BCAL)
• energy resolution ~6%/√E + 2%

• pid
• Time of Flight (TOF)
• timing from BCAL
• dE/dx from tracking chambers
• future Cerenkov Detector?
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the GlueX detector

• designed to have: 
• uniform acceptance
• good resolution
• ability to handle “high” 

multiplicities (up to ~8 particles)

• tracking
• Central Drift Chamber (CDC)
• Forward Drift Chamber (FDC)
• momentum resolution 1−3%

• calorimetry
• Forward Calorimeter (FCAL)
• Barrel Calorimeter (BCAL)
• energy resolution ~6%/√E + 2%

• pid
• Time of Flight (TOF)
• timing from BCAL
• dE/dx from tracking chambers
• future Cerenkov Detector?

γp → f1π0p → 8γp

acceptance ≈ 8-10%

simulation of a *very* difficult channel
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Modules 5-12

9
Z. Papandreou & GlueX-Regina Team, 

GlueX Collaboration Meeting, September 9, 2010

Mod 09

Mod 05 Mod 06 Mod 07 Mod 08

Mod 10 Mod 11 Mod 12

Wednesday, September 8, 2010

photos of 8 of 48 modules of the Barrel Calorimeter (lead and scintillating fibers)
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arXiv:0808.1543

PRL99, 182004 (2007)

Belle

e+e− → π+π−J/ψ

e+e− → π+π−J/ψ

•  discovered by BaBar 
in e+e− → π+π−J/ψ

•  e+e− annihilation 
requires JPC = 1−−

•  confirmed by CLEO 
and Belle

•  latest BaBar results: 

M = 4252 ± 6 +2−3 MeV

•  no expected 1−− 
charmonium states in 
this region

•  models predict 1−− 
hybrids between 4200 
and 5000 MeV

Possible charmonium 
hybrid meson?

some properties of the Y(4260)
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bottomonium and strangeonium partners of the Y(4260)?

PRD 82, 091106(R) (2010)Yb(10890)?

• anomalously large 
e+e− → ππϒ(1S) 
seen at 10890 MeV

• inconsistent with 
ϒ(5S)

PRD 74, 091103 (2006)

e+e− → 
        φf0(980)

π+π−
π0π0

BaBarYs(2175)?

• peak at 2175 MeV in
e+e− → ππφ

• consistent state seen by 
BES in J/ψ → η(φππ)

to the resonance shapes. The fits are repeated, and
the variations on the shape parameters are included as the
systematic uncertainties. In addition to the uncertainties on
the cross sections, the beam energy around the!ð10 860Þ is
measured byM!ðnSÞ þ"M in the!ðnSÞ!þ!$ events, and
an uncertainty of %1 MeV (comprising the uncertainties
of M!ðnSÞ given in Ref. [14] and of "M in Ref. [6]) is
included. For the scan data, a common energy shift is also
obtained from the fit to !ðnSÞ!þ!$ events. The relative
beam energies are further checked using the Mð"þ"$Þ
distributions of "-pair samples.

We also determine the resonance parameters for the
!ð10 860Þ using b #b hadronic events from the energy scan
at

ffiffiffi
s

p
between 10.80 and 11.02 GeV. We measure the

fraction Rb ¼ #b=#
0
"", where #b ¼ NR2<0:2

b ðsÞ=L$bðsÞ
is the eþe$ ! b #b hadronic cross section. The number of

eþe$ ! b #b events with R2 < 0:2 (NR2<0:2
b ) is estimated by

subtraction of non-b #b events scaled from a data set col-
lected at

ffiffiffi
s

p ’ 10:52 GeV, where R2 denotes the ratio of
the second to zeroth Fox-Wolframmoments [15]. Selection
criteria for hadronic events are described in Ref. [16].

The acceptance for eþe$ ! b #b [$bðsÞ)] is found to vary
slightly from 68.1% to 70.5% over the range of scan
energies. The line shape used to model our data is
given by jAnrj2 þ jA0 þ A10 860e

i%10860BWð"10 860;$10 860Þ
þA11 020e

i%11020BWð"11 020;$11 020Þj2; this parametrization
is the same as that used in Ref. [17]. We perform a &2

fit to our Rb measurements as shown in Fig. 3(a).
The shapes for !ð11 020Þ (%11020, "11020, and $11020) are
fixed to the values in Ref. [17], since our data points
are not able to constrain the !ð11 020Þ parameters.
The resulting shape parameters for the !ð10 860Þ are
%10 860 ¼ 2:33þ0:26

$0:24 rad, "10 860 ¼ 10 879% 3 MeV=c2,
and $10 860 ¼ 46þ9

$7 MeV=c2. These values are consistent
with those obtained in Ref. [17]. The quality of the fit is
&2 ¼ 4:4 for 9 degrees of freedom (corresponding to a
confidence level of 88%).
Figure 3(b) shows the ratio between #½eþe$ !

!ðnSÞ!þ!$( and #½eþe$ ! b #b( as a function of
ffiffiffi
s

p
.

As shown in Fig. 3(c), an alternative fit applied to the
!ðnSÞ!þ!$ cross sections and Rb measurements, simul-
taneously, with common floated values of " ¼ "!!! ¼
"10 860 and $ ¼ $!!! ¼ $10 860 increases the &2 by 8.7
and the degrees of freedom by two. This corresponds to a
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FIG. 2 (color online). The energy-dependent cross sections for
eþe$ ! !ðnSÞ!þ!$ (n ¼ 1; 2; 3) processes normalized to
the leading-order eþe$ ! "þ"$ cross sections. The results
of the fits are shown as smooth curves. The vertical dashed
line indicates the energy at which the hadronic cross section is
maximal.

TABLE II. Cross sections at peak (#peak), mean ("), width
($), phase (%), and the amplitude for the constant component
(R0) from the fit to the energy-dependent eþe$ ! !ð1SÞ!þ!$,
!ð2SÞ!þ!$, and !ð3SÞ!þ!$ cross sections. Normalization of
the resonance term in the fitting model is represented by #peak.

There are two solutions for % and R0 with identical &2. The first
uncertainty is statistical, and the second is systematic.

!ð1SÞ!þ!$#peak (pb) 2:78þ0:42
$0:34 % 0:23

!ð2SÞ!þ!$#peak (pb) 4:82þ0:77
$0:62 % 0:66

!ð3SÞ!þ!$#peak (pb) 1:71þ0:35
$0:31 % 0:24

" (MeV=c2) 10888:4þ2:7
$2:6 % 1:2

$ (MeV=c2) 30:7þ8:3
$7:0 % 3:1

Solution I Solution II
% (rad) 1:97% 0:26% 0:06$1:74% 0:11% 0:02

R0 (ðGeVÞ$2) 1:98þ0:72
$0:60 % 0:20 0:87þ0:29

$0:22 % 0:09
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#½eþe$ ! !ðnSÞ!þ!$( and #½eþe$ ! b #b( as a function offfiffiffi
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p
; (c) the energy-dependent cross section ratios for eþe$ !

!ðnSÞ!þ!$ events, the result of fits with resonant parameters
from Rb or PDG averages are superimposed. The horizontal
dotted line in (a) is the noninterfering jAnrj2 contribution in the
fit. The vertical dashed line indicates the energy at which the
hadronic cross section is maximal.
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the charmonium renaissance and GlueX

advantage of charmonium states:
clean, narrow, obvious states

disadvantage of charmonium states:
conventional JPC

 ⇒ sets the stage for GlueX and exotic JPC!
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BaBar’s program to measure R exclusively

10

Discovery of the X, Y, Z States1/4

•  The X,Y, and Z states have brought about an unexpected renaissance in meson 

spectroscopy.

•  Start with the X(3872) in B decays.

•  Then the Y(4008), Y(4260), Y(4350), Y(4660) in Initial State Radiation.

•  The discoveries have extended beyond the charmonium region into bottomonium 

(the Y(10890)) and strangeonium (the Y(2175)).

•  It is difficult to fit these new states into the traditional charmonium (or bottomonium or 

strangeonium) spectra.  ! Molecules?  ! Tetraquarks?  ! Hybrid Mesons?

e+

e!

V hadrons

ISR
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18

Light Quark Vectors

A Collection of BaBar e+e! ! V Cross Sections

"+ "! "+ "! "+ "! "+ "! "+ "! "0 "0
!  BaBar ISR

!  Older Experiments

KS K+ "!

K+ K! "0K+ K! "+ "!# "+ "!$ "+ "!

PRD70,072004(2004)

PRD73,052003(2006)

PRD76,012008(2007)

PRD76,092005(2007)

PRD77,092002(2008)

2/4
a collection of e+e− ISR plots from BaBar
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BaBar’s program to measure R exclusively
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Light Quark Vectors

M(!(1420)) = 1350 ± 20 ± 20 MeV/c2

M(!(1650)) = 1660 ± 10 ± 2 MeV/c2

M(!(1420)) = 1380 ± 20 ± 70 MeV/c2

M(!(1650)) = 1667 ± 13 ± 6 MeV/c2

!(1420)

!(1650)

!(1420)

!(1650)

Use e+e" ! V to extract properties of vector excitations.

! #+ #"#+ #+ #0

2/4

properties of light quark vector states

⇒ valuable input for GlueX
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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$j tjmin, 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 systemwith 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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analysis of π−Pb → π+π−π−Pb at COMPASS 

• indication of an exotic (1−+) decaying to ρπ with phase motion

• a factor of ~11 smaller than a2(1320)
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density matrix of rank 4, future higher statistics experi-
ments are needed [31].

It is important to note that we see no clear evidence for
the a1ð1260Þ in the possible decay mode of the ð!"ÞS wave
[Fig. 5(c)]. This observation agrees with Condo et al. [21].
The event enhancement observed around 1.3 GeV in the
noninterfering, flat background waves [Fig. 4(b)] is likely
leakage coming from the a2 and may demonstrate that the
rank of the spin-density matrix is larger than 2.

We do not observe resonant structure in the exotic
1#þð!"ÞP partial wave [Fig. 5(d)]. To determine if the
1#þ wave was necessary to better fit our data, we com-
pared PWA fits with and without the 1#þ wave using the
likelihood ratio (LR) test [32,33]. Using LR statistics, we
find that the PWA set of waves including the 1#þ wave fits
the data significantly better than a model without the 1#þ

wave. While no clear resonant structure was observed in
the 1#þ intensity distribution [Fig. 5(d)], this distribution
was used to estimate an upper limit to the "1ð1600Þ cross
section using the method of Helene [34]. Using the mass of
1597 MeV and the width of 340 MeV as measured by
Ref. [12], we estimated an upper limit for the "1ð1600Þ
of 13.5 nb at a 95% confidence level, less than 2% of the
a2ð1320Þ. Therefore, our results do not agree with the
predicted strengths for photoproduction of a 1#þ

gluonic-hybrid meson [6,8,15–17]. Based on Ref. [8], the
"1ð1600Þ is expected to be produced with a strength near
10% of the a2ð1320Þ. Reference [17] predicts a factor of 5–

10 larger ratio of exotic meson to a2 in photoproduction
than hadroproduction. This would imply the "1ð1600Þ
cross section to be on the order of 50% of a2, more than
25 times higher than what we observed. It is possible that
the "1ð1600Þ reported by Ref. [10] is not a gluonic-hybrid
meson, but rather of other nature. Alternatively, the calcu-
lated photoproduction cross section of gluonic exotic me-
sons might be overestimated.
This work was supported in part by the U.S. Department

of Energy, the U.S. National Science Foundation, the
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Centre National de la Recherche Scientifique, the French
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density matrix of rank 4, future higher statistics experi-
ments are needed [31].

It is important to note that we see no clear evidence for
the a1ð1260Þ in the possible decay mode of the ð!"ÞS wave
[Fig. 5(c)]. This observation agrees with Condo et al. [21].
The event enhancement observed around 1.3 GeV in the
noninterfering, flat background waves [Fig. 4(b)] is likely
leakage coming from the a2 and may demonstrate that the
rank of the spin-density matrix is larger than 2.

We do not observe resonant structure in the exotic
1#þð!"ÞP partial wave [Fig. 5(d)]. To determine if the
1#þ wave was necessary to better fit our data, we com-
pared PWA fits with and without the 1#þ wave using the
likelihood ratio (LR) test [32,33]. Using LR statistics, we
find that the PWA set of waves including the 1#þ wave fits
the data significantly better than a model without the 1#þ

wave. While no clear resonant structure was observed in
the 1#þ intensity distribution [Fig. 5(d)], this distribution
was used to estimate an upper limit to the "1ð1600Þ cross
section using the method of Helene [34]. Using the mass of
1597 MeV and the width of 340 MeV as measured by
Ref. [12], we estimated an upper limit for the "1ð1600Þ
of 13.5 nb at a 95% confidence level, less than 2% of the
a2ð1320Þ. Therefore, our results do not agree with the
predicted strengths for photoproduction of a 1#þ

gluonic-hybrid meson [6,8,15–17]. Based on Ref. [8], the
"1ð1600Þ is expected to be produced with a strength near
10% of the a2ð1320Þ. Reference [17] predicts a factor of 5–

10 larger ratio of exotic meson to a2 in photoproduction
than hadroproduction. This would imply the "1ð1600Þ
cross section to be on the order of 50% of a2, more than
25 times higher than what we observed. It is possible that
the "1ð1600Þ reported by Ref. [10] is not a gluonic-hybrid
meson, but rather of other nature. Alternatively, the calcu-
lated photoproduction cross section of gluonic exotic me-
sons might be overestimated.
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(the vertical and horizontal arrows indicate the mass and width
of the "1ð1600Þ as reported by Ref. [10]).
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analysis of γp → π+π+π−n at CLAS

• no indication of the exotic decaying to ρπ in photoproduction

• ratio of exotic to a2(1320) production (times BF’s to ρπ) 
is < 2% (95% CL)

density matrix of rank 4, future higher statistics experi-
ments are needed [31].
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the 1#þ intensity distribution [Fig. 5(d)], this distribution
was used to estimate an upper limit to the "1ð1600Þ cross
section using the method of Helene [34]. Using the mass of
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"1ð1600Þ is expected to be produced with a strength near
10% of the a2ð1320Þ. Reference [17] predicts a factor of 5–

10 larger ratio of exotic meson to a2 in photoproduction
than hadroproduction. This would imply the "1ð1600Þ
cross section to be on the order of 50% of a2, more than
25 times higher than what we observed. It is possible that
the "1ð1600Þ reported by Ref. [10] is not a gluonic-hybrid
meson, but rather of other nature. Alternatively, the calcu-
lated photoproduction cross section of gluonic exotic me-
sons might be overestimated.
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⇒  dialogue between pion production and photoproduction has begun



The Context of the GlueX Experiment
Theoretical Context

(advances in lattice QCD)

Technological Context
(advances in amplitude analysis)

Experimental Context
(advances in spectroscopy)

Y(4260)

1.  discovery of the 
     X, Y, Z states 
     in charmonium

2.  mapping the 
     light quark vectors
     with ISR

3.  progress in searches
     for exotic mesons
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⇒ opportune timing for GlueX!
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how does GlueX become a test of QCD?

1.  QCD predicts mesons with exotic JPC?
(i.e. they should exist?)

2.  QCD predicts they should be produced 
in photoproduction?  

(i.e. they should be produced?)

3.  QCD predicts they have reasonable 
widths and decays?

(i.e. they should be detected?)

traditionally the domain of models, but 
lattice QCD is now being applied...
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2.  QCD predicts they should be produced 
in photoproduction?  

(i.e. they should be produced?)

3.  QCD predicts they have reasonable 
widths and decays?

(i.e. they should be detected?)

traditionally the domain of models, but 
lattice QCD is now being applied...

YES

43

[The Hadron Spectrum Collaboration] PRD 82, 034508 (2010)

exotic JPC

light quark spectroscopy from lattice QCD
(unquenched, u,d,s quarks have the strange quark mass)
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(i.e. they should exist?)
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in photoproduction?  

(i.e. they should be produced?)

3.  QCD predicts they have reasonable 
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lattice QCD is now being applied...
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44

[The Hadron Spectrum Collaboration] PRD 82, 034508 (2010)

exotic meson spectroscopy from lattice QCD
(exotic meson mass as a function of pion mass)



The Context of the GlueX Experiment
Experimental Context

(advances in spectroscopy)

Technological Context
(advances in amplitude analysis)

Y(4260)

Theoretical Context
(advances in lattice QCD)

YES

how does GlueX become a test of QCD?

1.  QCD predicts mesons with exotic JPC?
(i.e. they should exist?)

2.  QCD predicts they should be produced 
in photoproduction?  

(i.e. they should be produced?)

3.  QCD predicts they have reasonable 
widths and decays?

(i.e. they should be detected?)

traditionally the domain of models, but 
lattice QCD is now being applied...

LIKELY
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[The Hadron Spectrum Collaboration]

1.  calculate radiative transitions in charmonium 
(PRD 73, 074507 (2006))

2.  extend to radiative transitions with exotic 
mesons (related to photoproduction) 
(PRD 79, 094504 (2009))

   Γ(ηc1 → γJ/ψ) = 

    (115 ± 16) keV

    is much larger than

    Γ(J/ψ → γηc) = 

    (2.51 ± 0.08) keV

3.  extend to light quarks (in progress)

looks promising!
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YES

LIKELY

how does GlueX become a test of QCD?

1.  QCD predicts mesons with exotic JPC?
(i.e. they should exist?)

2.  QCD predicts they should be produced 
in photoproduction?  

(i.e. they should be produced?)

3.  QCD predicts they have reasonable 
widths and decays?

(i.e. they should be detected?)

traditionally the domain of models, but 
lattice QCD is now being applied...

SOME PROGRESS
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[The Hadron Spectrum Collaboration]

(widths and decays are difficult in lattice QCD)

(arXiv:1011.6352) 

phase shift calculations in lattice QCD
(I = 2 ππ → ππ)
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(i.e. they should exist?)

2.  QCD predicts they should be produced 
in photoproduction?  

(i.e. they should be produced?)
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traditionally the domain of models, but 
lattice QCD is now being applied...
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⇒ progress!
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distinguish quantum numbers using 
angular distributions of decay products

for example:

if X− has JPC = 2++ and decays to ρ0π− in a D-wave,
then you expect these angular distributions:

π−p → X−p → π+π−π−p
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it’s called an “amplitude analysis” 
because distributions are added on 

the amplitude level:

A(Ω) = Resonance Angles 
×  Isobar Angles 
×  Isobar Breit Wigner

V are complex fit parameters

distinguish quantum numbers using 
angular distributions of decay products

for example:

if X− has JPC = 2++ and decays to ρ0π− in a D-wave,
then you expect these angular distributions:

π−p → X−p → π+π−π−p
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it’s called an “amplitude analysis” 
because distributions are added on 

the amplitude level:

A(Ω) = Resonance Angles 
×  Isobar Angles 
×  Isobar Breit Wigner

V are complex fit parameters

fit I(Ω) (modified by detector acceptance)
to data using an unbinned extended likelihood

the likelihood simplifies to two sums:

doing an “amplitude analysis” means finding the 
V, or any free parameters within A, that 
minimize this function

ideal function for parallelization!
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fit I(Ω) (modified by detector acceptance)
to data using an unbinned extended likelihood

the likelihood simplifies to two sums:

doing an “amplitude analysis” means finding the 
V, or any free parameters within A, that 
minimize this function

ideal function for parallelization!

a progression of strategies
(NSF Physics at the Information Frontier Grant)

1.  Open Science Grid
✘ latencies, if you lose one node 
you lose the fit, etc.

2.  Clusters of CPU’s
✘ good progress, but we can do 
better

3.  Clusters of GPU’s
✓ revolutionary speed gains!
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a progression of strategies
(NSF Physics at the Information Frontier Grant)

1.  Open Science Grid
✘ latencies, if you lose one node 
you lose the fit, etc.

2.  Clusters of CPU’s
✘ good progress, but we can do 
better

3.  Clusters of GPU’s
✓ revolutionary speed gains!
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a progression of strategies
(NSF Physics at the Information Frontier Grant)

1.  Open Science Grid
✘ latencies, if you lose one node 
you lose the fit, etc.

2.  Clusters of CPU’s
✘ good progress, but we can do 
better

3.  Clusters of GPU’s
✓ revolutionary speed gains!

GPU’s provide massive parallelization 
(100’s of computing cores)
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1.  Open Science Grid
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you lose the fit, etc.

2.  Clusters of CPU’s
✘ good progress, but we can do 
better

3.  Clusters of GPU’s
✓ revolutionary speed gains!

M. R. Shepherd

Amplitude Analysis on GPUs, Parallelism

January 6, 2011
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M. R. Shepherd

Amplitude Analysis on GPUs, Parallelism

January 6, 2011

Compute Intensive Amplitudes

• Same fit with one change: instead of hard-
coding the value of ! for the Breit-
Wigner function, compute it using the first 
1000 terms of the arctan Taylor expansion

• Increases the time to compute a Breit-
Wigner by factor of 100

• Now the fit time is dominated by the 
computational complexity of the 
amplitude

• Fit converges to same minimum in roughly 
the same number of iterations

• More compute intensive amplitudes, i.e., more 
sophisticated phenomenological models, are 
an excellent match to GPU accelerated fitting

17

Fit Configuration
Time to Converge 

(seconds)

Single CPU 4855

Single CPU + 1 GPU 57

CPU Master +
4 ( CPU + GPU )

16

The difference between CPU only and 
GPU-accelerated fits is enormous:  fit 
time goes from one hour and twenty 

minutes down to twenty seconds!

fits to GlueX Monte Carlo 
(with computationally intensive amplitudes)
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a progression of strategies
(NSF Physics at the Information Frontier Grant)

1.  Open Science Grid
✘ latencies, if you lose one node 
you lose the fit, etc.

2.  Clusters of CPU’s
✘ good progress, but we can do 
better

3.  Clusters of GPU’s
✓ revolutionary speed gains!

amplitude analysis software (AmpTools)

• currently being used for a CLEO-c 
analysis and GlueX and CLAS-12 
simulations (will be released soon)

• revolutionary speed gains with GPU’s!

• accommodates more sophisticated 
phenomenology 

• physicists (theorists and experimentalists) 
write amplitudes

⇒ will meet the needs of GlueX
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summary

• the GlueX experiment will use 
9 GeV polarized photons on a 
proton target to search for 
hybrid mesons with exotic JPC

• construction has begun

• expecting first data/commissioning 
in 2014

• the context of GlueX is opportune!


