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Searching for Multiphoton final states is a component of a 
wide meson photoproduction project, among which we will 

focus on 2γ and 4γ photoproduction

• The long-term aim at 
• Understand quark-gluon 

interactions
• Search for exotic hybrid mesons 

Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond

2•Almost 50 years at SLAC, DESY, 
and Cambridge

•Growing vigorously recently：
JLab, ELSA, and MAMI

•In the low energy regime: 
provide constraints on 
“background” to baryon 
resonance extraction

•In high regime
provides insight into dominant 
production mechanism

Hybrids: expected features and ways to detect
LQCD: Masses

1�+ ⇡1, ⌘1... ⇠2.0 – 2.4 GeV/c2

0+� b�, h�... ⇠2.3 – 2.5 GeV/c2

2+� b2, h2... ⇠2.4 – 2.6 GeV/c2

Models: Decays

�tot ⇠ 0.1� 0.5 GeV/c2

Final states: multiple ⇡± and �

No calculations for the decay widths, couplings or cross sections so far.

Photoproduction by linearly polarized photons

GlueX PAC30 Presentation - Alex Dzierba - 8/21/2006 19

Linear Polarization

Only linearly polarized photons

provide azimuthal angle dependence.

γ

pt pr

X

e
N:   JP =  0+,  1–, 2+, ...

U:   JP =  0–,  1+, 2–, ...

⇢�, !,�

P, ⇡, ⌘, ⇢,!,...

Exchange Final
particle states
P 0++ 2+�, 0+� b�, h, h0
⇡� 0�+ 2+� b�2 , h2, h02
⇡± 0�+ 1�+ ⇡±1
! 1�� 1�+ ⇡1, ⌘1, ⌘01

Can couple to all 3 exotic nonets

How to detect the hybrids?

Detect the final states (exclusive reactions)
Identify the QN using the Partial Wave Analysis (PWA)
Photon linear polarization - a filter on naturality - helps

E.Chudakov Trento, April 2017 Early results from GlueX 7 / 24

The high-energy photoproduction 
is a vital step to the final aim

See Alexander A. talk 
Light Meson Spectroscopy at GlueX Meson photoproduction

Introduction
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Linearly polarised photon beam at

Linearly polarized photons via coherent bremsstrahlung from 
diamond radiator off liquid hydrogen peaking at 9 GeV

4

Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond
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JPAC Regge Model
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1�� : !, ⇢

1+� : b, h

Exchange JPC

t

Mathieu et al. PRD 92, 074013 (2015)

Data at different 
beam energies

Beam asymmetry Σ provides insight 
into dominant production mechanism

No previous measurements for ɣp→ηp
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SLAC: PRD 4, 1937 (1971)
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There are no previous measurements 
of the Σ asymmetry for ɣp→ηp 

with Eγ > 3 GeV

2γ processes at GlueX 
Pseudoscalar mesons π0/η Photoproduction
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ω Backgrounds

• Continuum background between π0 and η is negligible.
• The largest background is ɣp→ωp, ω→π0ɣ with a missing photon. To 

get the background shape, we simulated this reaction then 
normalized to the ω leakage peak.

• Our exclusive measurements and cuts ensure very low backgrounds: 
for the eta the dilution is only 0.38%, while for the π0 it is negligible.
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Final -t distributions
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SLAC: PRD 1, 27 (1970)

V. Mathieu (JPAC): PRD 92, 074013

SLAC Data
Beam Energies

Paper Figure 4
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Beam Asymmetry

PARA yield ~ (1 - PΣ cos(2ϕ))PERP yield ~ (1 + PΣ cos(2ϕ)) ASYM ≈ PΣ cos(2ϕ)

➢ Σ beam asymmetry: polarization observable
➢ Provides insight into helicity amplitudes

     of the interaction
➢ Use coherent peak data (8.4 < E (GeV) < 9.0)
➢ Polarized yield as a function of ϕ is

     proportional to PΣ
➢ Fit to ASYM eliminates possible 

     ϕ-dependent acceptance effects

➢ F
R
 = PERP/PARA yield normalization factor

B

8

�
proton

��
d�

d�
proton

/ 1� P⌃ cos 2( � )

�� = 0�
�� = 90�

Yk / Nk(1� Pk⌃ cos 2�
proton

)

Y? / N?(1 + P?⌃ cos 2�
proton

)

Beam Asymmetry: Method
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Repeat in bins of -t for both π0 and η



Introduction Results Outlook

⇡0 and ⌘ Beam Asymmetries
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First GlueX Publication!

No observed dip at �t = 0.5 (GeV/c)2

) Vector exchange dominates
Comparison with several theory models
Constrains background to baryon
resonance production
First measurement for ⌘ at this energy
Submitted to PRL [arXiv:1701.08123]

Measurement for ⌘0 with 2017 data

A. Austregesilo (aaustreg@jlab.org) — Latest Results from GlueX 11/19

Greater Precision

First Measurement

• Measured asymmetries 
consistent with previous SLAC 
data

• Our measured Σ asymmetries 
are close to 1, with little 
evidence of -t dependence

• Don’t observe prominent dip in 
beam asymmetry at -t = 0.5 
(GeV/c)2 as seen in the cross 
section

• Our data are consistent with 
the JPAC and Laget 
calculations

Beam Asymmetry: Results

PHYS REV C 95, 042201(R) (2017)
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PID By Z()") vs.Z()")

For all events

1. The backgrounds underπ\π\/π\η signal regions are small, and manyentries in
the plots are wrong combinations (three combinations to make two pairs of
photons out of 4 photons, all are shown in the plots).

2. There is a smallηη signal and an obvious π\ω_`abc(ω → γγγf`gg`ha ) background.

i<VJDRWA

Left: 3D Plot Right: 2D PlotExploring the nature of Light scalar mesons a0(980) and 
f0(980) photoproduction

with π0 π0 / π0 η as final states
can help to understand the chiral symmetry breaking 
mechanisms of QCD and the confinement of hadrons. 

4γ processes at GlueX 

Scalar mesons Photoproduction

11

• The dominant channels: 
π0 π0 & π0 η

• Light scalar mesons 
a0(980) and f0(980) 
photoproduction



• Theoretical method: Regge-cut phenomenology, which is 
well understood in pion photoproduction.

Phys. Rev. C 93, 025203 (2016)

• CB-ELSA and CLAS collaborations made some 
measurements for a0(980) and f0(980) photoproduction 
respectively at lower energies.

Eur. Phys. J. A 38, 173 (2008)

Phys. Rev. Lett. 102, 102001 (2009) 

• Published statistics for a0(980) and f0(980) 
photoproduction is low and in a limited energy range. 

The status of the study of the scalar 

mesons Photoproduction

12
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For A2A2 Channel

M(⇡0⇡0)GeV/c2

7

For A2A2 Channel

M(⇡0⌘)GeV/c2

13

24

Compare Z(i<s) with Previous Result

Notes on older expt
• a0(980) is obvious only in η π0 (including GlueX)
• a2(1320) is always evident (apparently in GlueX as well)
• An interesting bump around 1.6 GeV?
• Above 1.5 GeV/c2, the GlueX Spring 2016 run has 

several times the statistics of E852, and similar 
statistics to the COMPASS plot. 

Accidentals subtracted & E(beam)>6 GeV

E852 π-+pàη+π0+n
https://arxiv.org/abs/hep-ex/0612062

See also VES 2004 for spectrum and PWA

COMPASS π-+pàη+π-+p
https://arxiv.org/abs/1408.4286

i& &1<< ?

iqr → wi<X
w → iliqi<

For i<s More challenge on the background study 

17

Compare Z(i<i<) with Previous Results
J. Gunter et al., E852 Collaboration, 
https://arxiv.org/abs/hep-ex/0001038v1

Notes on older expt

• f2(1270) is a dominant feature (apparently in GlueX as well)

• The other dominant feature is scalar strength in a broad continuum, 

interfering with the f0(980) and f0(1500) in a t-dependent manner. 

Only J = 0, 2, 4 mesons allowed, of interest for scalar/glueball studies. Polarization 

measurements with GlueX might add an interesting new dimension. 

For i<i<

Accidentals subtracted & E(beam)>6 GeV

iqr → i<i<X
f0(980)

f2(1270)

a2(1320)
a0(980)

�p ! ⇡0⇡0p

�p ! ⇡0⌘p
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The baryon backgrounds

14

Baryon Backgrounds
Beam Energy<6 GeV Beam Energy>6 GeV

ALL

For i<i<
1. Baryon Background cut is indicated by the black dashed line.
2. Reference: Jon Zarling, π	π Final States at GlueX

N(1520)

kl(1232)

kl(1700)�
π0π0
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Moment analysis for di-pseudoscalar-

meson photoproduction 

Ið!aÞ ¼
ffiffiffiffiffiffiffi
4"

p XLmax

L¼0

XL

M¼0

h ~YLMiReYLMð!"Þ: (8)

The parametrization in terms of the moments directly gives
the quantities we are interested in (moments h ~YLMi).
However, the fit has to be restricted to make sure the
intensity is positive. As in the amplitude parametrization,
a cutoff Lmax in the maximum number of moments has to
be used. The number of fit parameters is given by ðLmax þ
1ÞðLmax þ 2Þ=2. As Lmax increases, moments with L close
to Lmax show a significant variation, while moments with
the lowest L remain unchanged.

The expected (acceptance-corrected) distribution is then
given by

Ið!aÞ ¼
ffiffiffiffiffiffiffi
4"

p X

L;M

½#LM ReYLMð!"Þ&h ~YLMi: (9)

The function to be minimized with respect to h ~YLMi (L >
0) is then given by

' 2 lnL ¼ '2
X"N

a¼1

lnIð!aÞ; (10)

with the coefficients #LMðE$;'t;M""Þ computed using
Monte Carlo events

#LM ¼
ffiffiffiffiffiffiffi
4"

p

"NGen

X"NRec

i

ReYLMð!iÞ
%L

; (11)

where %L ¼ 1 for L ¼ 0 and 1=2 for all other ðLMÞ. For
Lmax ( 4, the results are similar to what was obtained with
the previous method, showing the same stability against
Lmax truncation and a similar goodness of the fit. To check
the sensitivity of the likelihood fit to the parameter initial-
ization, the moments were extracted in three different
ways: (1) using a random initialization for all parameters;
(2) fixing the parameters up to L ¼ 2 to the ones obtained
from a fit with Lmax ¼ 2, and randomly initializing the
others; (3) starting with the parameters obtained in (2) and
then releasing all parameters. The three different methods
gave consistent results and the difference of the moments
obtained using the different procedures was used to evalu-
ate the systematic uncertainty related to the fit procedure.

3. Methods comparison and final results

The moments derived by the different procedures agreed
qualitatively. The most stable results were obtained by
using the first parametrization, although we do find occa-
sionally large bin-to-bin fluctuations. However, there are
no a priori reasons to prefer one of the two methods and we
consider the discrepancies between the fit results as a good
estimate of the systematic uncertainty associated with the
moments extraction. The final results are given as the
average of the first method (parametrization with ampli-
tudes) and the second method (parametrization with mo-

ments) with the three fit initializations

Yfinal ¼
1

4

X

i¼1;4 Methods

Yi; (12)

where Y stands for hYLMiðE$; t;M""Þ.
The total uncertainty on the final moments was eval-

uated adding in quadrature the statistical uncertainty,
&YMINUIT as given by MINUIT, and the two systematic
uncertainty contributions &Ysyst fit, related to the moment
extraction procedure, and &Ysyst norm, the systematic uncer-
tainty associated with the photon-flux normalization (see
Sec. II).

&Yfinal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
&Y2

MINUIT þ &Y2
syst fit þ &Y2

syst norm

q
; (13)

with

Mππ (GeV)

<Y
00

> 
(µ

b/
G

eV
3 )

0

10

20

30

40

0.4 0.6 0.8 1 1.2 1.4

Mππ (GeV)

<Y
10

> 
(µ

b/
G

eV
3 )

-6

-4

-2

0

0.4 0.6 0.8 1 1.2 1.4

Mππ (GeV)

<Y
11

> 
(µ

b/
G

eV
3 )

-4

-3

-2

-1

0

1

0.4 0.6 0.8 1 1.2 1.4

FIG. 4 (color online). Moments of the di-pion angular distri-
bution in 3:2<E$ < 3:4 GeV and 't ¼ 0:45) 0:05 GeV2

(black dots), 't ¼ 0:65) 0:05 GeV2 (red squares) and 't ¼
0:95) 0:05 GeV2 (blue trianges). The error bars include both
the statistical and systematic uncertainties as explained in the
text.

PHOTOPRODUCTION OF "þ"' MESON PAIRS ON . . . PHYSICAL REVIEW D 80, 072005 (2009)

072005-7

PHYSICAL REVIEW D 80, 072005 (2009) 

The moments of the di-pion angular distribution 
defined as 

Measured angular distribution corrected by the 
detector acceptance 

Results	can	be	used	as	the	input	of	a0(980)	beam	asymmetry	analysis

Extraction of the moments via likelihood fit of 
experimental data

Two approaches:
         parametrization with amplitudes/moments

< YLM > (E� , t,M⇡⌘) =
p
4⇡

Z
d⌦⇡

d�

dtdM⇡⌘d⌦⇡
YLM (⌦⇡)

           : the polar and azimuthal angles of the 𝜋0 
flight direction in the 𝜋0𝜂 helicity rest frame 
⌦⇡

         : is the spherical harmonic of degree 𝐿 
and order 𝑀 
YLM

CLAS
π + π -



• A broad meson photoproduction project at GlueX is under way, 
including beam asymmetries, cross sections and spin density 
matrix elements analysis. 

• The linearly polarized photon beam asymmetry Σ for π0/η 
photoproduction have measured.  

• A detailed survey of the multi-photon processes is performed 
deeply. 

• The moment analysis for di-pseudoscalar-meson 
photoproduction and the beam asymmetry studies of scalar 
mesons are in progress. 

Summary and Outlook
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Outline:

● Radiators of Interest
● X-ray Measurements at the Canadian Light Source
● Comparison of 50 micron vs. 20 micron diamond
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GlueX Detector

Photons: �E/E ⇠ 6%/
p
E � 2%

Tracks: �p/p ⇠ 1� 3%

Detector resolutions:

Receptance: 1∘-120∘

20
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Hybrid meson search strategy
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 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.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems 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 Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective 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 vol-
ume dependence of the ⌘ and ⌘0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in
Eqn 5.

JPC

exotics
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FIG. 11: Isoscalar (green/black) and isovector (blue) meson spectrum on the m⇡ = 391MeV, 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.

extrapolation might be the complex resonance pole posi-
tion, but we do not obtain this in our simple calculations
using only “single-hadron” operators.

We discuss the specific case of the 0�+ and 1�� sys-
tems 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 Section III B do not apply. Fig-
ure 17 shows the quality of the principal correlators from
which we extract the meson masses, in the form of an
e↵ective mass,

me↵ =
1

�t
log

�(t)

�(t+ �t)
, (16)

for the lightest quark mass and largest volume consid-
ered. The e↵ective 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 vol-
ume dependence of the ⌘ and ⌘0 mesons. We have already
commented on the unexplained sensitivity of the ⌘0 mass

to the spatial volume atm⇡ = 391MeV, and we note that
since only a 163 volume was used at m⇡ = 524MeV, the
mass shown there may be an underestimate.
Figure 19 shows the octet-singlet basis mixing angle,

✓ = ↵ � 54.74�, which by definition must be zero at the
SU(3)F point4 . While we have no particularly well mo-
tivated form to describe the quark mass dependence, it
is notable that the trend is for the data to approach a
phenomenologically reasonable value ⇠ �10� [1, 45–47].

F. The low-lying vector mesons: ⇢,!,�

Figure 20 shows the e↵ective masses of !,� and ⇢ prin-
cipal correlators on the m⇡ = 391MeV, 243⇥128 lattice.
The splitting between the ⇢ and ! is small but statisti-
cally significant, reflecting the small disconnected contri-
bution at large times in this channel. At the pion masses
presented in this paper, the ! and � mesons are kine-
matically stable against decay into their lowest thresh-
old channels, ⇡⇡⇡ and KK. In Figure 21 we show the
quark mass and volume dependence of the low lying vec-
tor mesons along with the relevant threshold energies.

4 Here we are using a convention where |⌘i = cos ✓|8i � sin ✓|1i,
|⌘0i = sin ✓|8i+cos ✓|1i with 8,1 having the sign conventions in
Eqn 5.
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!  Status: Detector commissioning and engineering runs completed 

!  Useful data obtained during these preliminary periods 
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2.4 Summary

Figure 2.12 shows the two photon invariant mass distribution on a log scale after each of the cuts
described in Sec. 2.3. The signal to background ratio improves dramatically after applying the “missing
mass o↵ the proton” cut. The remaining background from ! events will be discussed in Sec. 3.2.
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Figure 2.12: Invariant mass of two photons after each successive cut is applied in the combo selection.

The width of the ⇡

0 and ⌘ invariant mass peaks are 7 MeV and 21 MeV, respectively. We therefore
set the mass windows ±3� (|M

��

�M

⇡

0 | < 0.021 GeV and |M
��

�M

⌘

| < 0.064 GeV) to select the final
samples of ⇡0 and ⌘ events for further analysis. Figure 2.13 shows the �t distribution utilizing these
mass windows, where the ⇡0 distribution shows the characteristic dip around �t = 0.5 GeV2, as seen in
previous measurements at SLAC [4]. The ⌘ distribution however does not show any dip in the �t range
covered by our data, which is consistent with previous data as well [5].
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Figure 2.13: �t distribution for ⇡0 (left) and ⌘ (right) events passing the selection criteria discussed in
Ch. 2, plotted with the acceptance function, determined from ⇡

0 and ⌘ signal MC samples.
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• Loose timing cuts

• Proton requirements: 

• pproton > 250 MeV

• Originates from target region 

• CDC dE/dx contour 

• γp→pγγ cuts 

•  Δɸ, Missing Mass squared, Missing energy, beam energy 
(Eγ>4.0GeV), only two photons reconstructed, Missing mass off 
proton, coherent beam energy(8.4<Eγ<9.0GeV)
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