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• understanding photoproduction 
mechanisms

• opportunistic searches for exotic 
states:  Pc → J/ψp

• Looking Forward

• towards searches for exotic hybrids

• future data collection with enhanced 
particle identification capability
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• Key thing to search for:  mesons with quantum 
numbers forbidden by  configurationqq̄
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• Hadrons (and their properties) emerge from 
interaction of quarks and gluons as described 
by QCD.

• Role of gluons?

• mass of hadrons

• spin?

• allowable quantum numbers?

• Key thing to search for:  mesons with quantum 
numbers forbidden by  configurationqq̄

• The “1980s picture” seems to work really well 
for describing the spectrum of mesons.

• Why?  Are there exceptions?
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
∑

ϵ

∣∣∣∣
∑

L,M

Aϵ
LMψϵ

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π − data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ − results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π − in Fig. 4 are those for ηπ − , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π − with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π − π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]− 1, from the η′π − threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π − and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.

exotic  
amplitude
(P wave)

1−+

COMPASS Collab., PLB 740, 303 (2015)

π-

p p

η’
π-
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A. Rodas et al. [Joint Physics Analysis Center], PRL 122, 042002 (2019)
[using data from COMPASS Collab., PLB 740, 303 (2015)]

Coupled-channel analysis that enforces unitarity and analyticity of the S matrix. 

π1(1600)?

π1(1400)?

Two   states are reported in the literature (see PDG review).π1

P CJ A
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A. Rodas et al. [Joint Physics Analysis Center], PRL 122, 042002 (2019)

the physical region is thus unavoidable. It is, however,
possible to isolate the physical poles by testing their
stability against different parametrizations and data resam-
pling. We select the resonance poles in the m ∈ ½1; 2" and
Γ ∈ ½0; 1" GeV region, where customarilym ¼ Re

ffiffiffiffiffi
sP

p
and

Γ ¼ −2Im ffiffiffiffiffi
sP

p
. We find two poles in theDwave, identified

as the a2ð1320Þ and a02ð1700Þ, and a single pole in the P
wave, which we call π1. The pole positions are shown in
Fig. 2, and the resonance parameters in Table I. To estimate
the statistical significance of the π1 pole, we perform fits
using a pure background model for the P wave, i.e., setting
gP;1
ηð0Þπ

¼ 0 in Eq. (4). The best solution having no poles in

our reference region has a χ2 almost 50 times larger, which
rejects the possibility for the P-wave peaks to be generated
by nonresonant production. We also considered solutions
having two isolated P-wave poles in the reference region,
which would correspond to the scenario discussed in the
PDG [58]. The χ2 for this case is equivalent to the single
pole solution. One of the poles is compatible with the
previous determination, while the second is unstable; i.e., it
can appear in a large region of the s plane depending on the
initial values of the fit parameters. Moreover, the behavior
of the ηπ phase required by the fit is rather peculiar. A 180°
jump (due to a zero in the amplitude) appears above
1.8 GeV, where no data exist. We conclude there is no
evidence for a second pole.

Systematic uncertainties.—Unlike the COMPASS mass
independent fit, the pole extraction carries systematic
uncertainties associated with the reaction model. To assess
these, we vary the parameters and functional forms which
were kept fixed in the previous fits. We can separate these
in two categories: (i) variations of the numerator function
nJkðsÞ in Eq. (1), which is expected to be smooth in the
region of the data, and (ii) variations of the function ρNðs0Þ,
which determines the imaginary part of the denominator in
Eq. (2). As for the latter, we investigate whether the specific
form we chose biases the determination of the poles. Upon
variation of the parameters and of the functional forms, the
shape of the dispersive integral in Eq. (2) is altered, but the
fit quality is unaffected. The pole positions change roughly
within 2σ, as one can see in Fig. 2. As for the numerator
nJkðsÞ, we varied the effective value of teff and the order
of the polynomial expansion. Given the flexibility of the
numerator parametrization, these variations effectively
absorb the model dependence related to the production
mechanism. None of these cause important changes in
pole locations. Our final estimate for the uncertainties is
reported in Table I, while the detailed summary is given in
the Supplemental Material [56].
Conclusions.—We performed the first coupled-channel

analysis of the P andD waves in the ηð0Þπ system measured
at COMPASS [33]. We used an amplitude parametrization
constrained by unitarity and analyticity. We find two poles
in the D wave, which we identify as the a2ð1320Þ and the
a02ð1700Þ, with resonance parameters consistent with the
single-channel analysis [40]. In the P wave, we find a
single exotic π1 in the region constrained by data.
This determination is compatible with the existence of a
single isovector hybrid meson with quantum numbers
JPC ¼ 1−þ , as suggested by lattice QCD [13–15]. Its mass
and width are determined to be 1564 ' 24 ' 86 and
492 ' 54 ' 102 MeV, respectively. The statistical uncer-
tainties are estimated via the bootstrap technique, while the
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FIG. 2. Positions of the poles identified as the a2ð1320Þ, π1, and a02ð1700Þ. The inset shows the position of the a2ð1320Þ. The green
and yellow ellipses show the 1σ and 2σ confidence levels, respectively. The gray ellipses in the background show, within 2σ, variation of
the pole position upon changing the functional form and the parameters of the model, as discussed in the text.

TABLE I. Resonance parameters. The first error is statistical,
the second systematic.

Poles Mass (MeV) Width (MeV)

a2ð1320Þ 1306.0 ' 0.8 ' 1.3 114.4 ' 1.6 ' 0.0
a02ð1700Þ 1722 ' 15 ' 67 247 ' 17 ' 63
π1 1564 ' 24 ' 86 492 ' 54 ' 102

PHYSICAL REVIEW LETTERS 122, 042002 (2019)

042002-4
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pling. We select the resonance poles in the m ∈ ½1; 2" and
Γ ∈ ½0; 1" GeV region, where customarilym ¼ Re

ffiffiffiffiffi
sP

p
and

Γ ¼ −2Im ffiffiffiffiffi
sP

p
. We find two poles in theDwave, identified

as the a2ð1320Þ and a02ð1700Þ, and a single pole in the P
wave, which we call π1. The pole positions are shown in
Fig. 2, and the resonance parameters in Table I. To estimate
the statistical significance of the π1 pole, we perform fits
using a pure background model for the P wave, i.e., setting
gP;1
ηð0Þπ

¼ 0 in Eq. (4). The best solution having no poles in

our reference region has a χ2 almost 50 times larger, which
rejects the possibility for the P-wave peaks to be generated
by nonresonant production. We also considered solutions
having two isolated P-wave poles in the reference region,
which would correspond to the scenario discussed in the
PDG [58]. The χ2 for this case is equivalent to the single
pole solution. One of the poles is compatible with the
previous determination, while the second is unstable; i.e., it
can appear in a large region of the s plane depending on the
initial values of the fit parameters. Moreover, the behavior
of the ηπ phase required by the fit is rather peculiar. A 180°
jump (due to a zero in the amplitude) appears above
1.8 GeV, where no data exist. We conclude there is no
evidence for a second pole.

Systematic uncertainties.—Unlike the COMPASS mass
independent fit, the pole extraction carries systematic
uncertainties associated with the reaction model. To assess
these, we vary the parameters and functional forms which
were kept fixed in the previous fits. We can separate these
in two categories: (i) variations of the numerator function
nJkðsÞ in Eq. (1), which is expected to be smooth in the
region of the data, and (ii) variations of the function ρNðs0Þ,
which determines the imaginary part of the denominator in
Eq. (2). As for the latter, we investigate whether the specific
form we chose biases the determination of the poles. Upon
variation of the parameters and of the functional forms, the
shape of the dispersive integral in Eq. (2) is altered, but the
fit quality is unaffected. The pole positions change roughly
within 2σ, as one can see in Fig. 2. As for the numerator
nJkðsÞ, we varied the effective value of teff and the order
of the polynomial expansion. Given the flexibility of the
numerator parametrization, these variations effectively
absorb the model dependence related to the production
mechanism. None of these cause important changes in
pole locations. Our final estimate for the uncertainties is
reported in Table I, while the detailed summary is given in
the Supplemental Material [56].
Conclusions.—We performed the first coupled-channel

analysis of the P andD waves in the ηð0Þπ system measured
at COMPASS [33]. We used an amplitude parametrization
constrained by unitarity and analyticity. We find two poles
in the D wave, which we identify as the a2ð1320Þ and the
a02ð1700Þ, with resonance parameters consistent with the
single-channel analysis [40]. In the P wave, we find a
single exotic π1 in the region constrained by data.
This determination is compatible with the existence of a
single isovector hybrid meson with quantum numbers
JPC ¼ 1−þ , as suggested by lattice QCD [13–15]. Its mass
and width are determined to be 1564 ' 24 ' 86 and
492 ' 54 ' 102 MeV, respectively. The statistical uncer-
tainties are estimated via the bootstrap technique, while the
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FIG. 2. Positions of the poles identified as the a2ð1320Þ, π1, and a02ð1700Þ. The inset shows the position of the a2ð1320Þ. The green
and yellow ellipses show the 1σ and 2σ confidence levels, respectively. The gray ellipses in the background show, within 2σ, variation of
the pole position upon changing the functional form and the parameters of the model, as discussed in the text.

TABLE I. Resonance parameters. The first error is statistical,
the second systematic.

Poles Mass (MeV) Width (MeV)

a2ð1320Þ 1306.0 ' 0.8 ' 1.3 114.4 ' 1.6 ' 0.0
a02ð1700Þ 1722 ' 15 ' 67 247 ' 17 ' 63
π1 1564 ' 24 ' 86 492 ' 54 ' 102

PHYSICAL REVIEW LETTERS 122, 042002 (2019)
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Are all existing observations
consistent with a single pole
associated with the lightest

isovector exotic hybrid?
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Light Quark Mesons from Lattice QCD

 7

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

500

1000

1500

2000

2500

3000

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)

It is difficult to assert the existence of 
and claim understanding of a new 
species of hadron if we only have 

evidence of one organism. 

 1−+



M. R. Shepherd 
HADRON19, Guilin 

August 18, 2019
120+ members from 29 institutions



M. R. Shepherd 
HADRON19, Guilin 

August 18, 2019
 9

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

start
counterCoverage:   , all  

Tracking:   

Calorimetry:   
Liquid Hydrogen Target

1∘ < θ < 120∘ ϕ
σp /p ≈ 1% − 5 %

σE /E ≈ 6 % / E + 2 %



M. R. Shepherd 
HADRON19, Guilin 

August 18, 2019

The Hall D Photon Beamline
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GlueX Status and Early Results
• Spring 2016:  initial production run

• first beam asymmetry results from  of 
data collected with  in the coherent peak

2.0 pb−1

Eγ

 12
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GlueX Status and Early Results
• Spring 2016:  initial production run

• first beam asymmetry results from  of 
data collected with  in the coherent peak

2.0 pb−1

Eγ

• Spring 2017:  

• collected 10x more data than used in initial 
results

• coherent peak luminosity:   

• observation of 

21 pb−1

J/ψ → e+e−
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γp → J/ψp
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GlueX Status and Early Results
• Spring 2016:  initial production run

• first beam asymmetry results from  of 
data collected with  in the coherent peak

2.0 pb−1

Eγ

• Spring 2017:  

• collected 10x more data than used in initial 
results

• coherent peak luminosity:   

• observation of 

21 pb−1

J/ψ → e+e−

• Spring 2018 luminosity:  58 pb−1

• Estimated Fall 2018 luminosity 29 pb−1

• Spring 2019:

• commissioning of DIRC particle ID system

• dedicated Primakoff running:  precision 
measurement of Γ(η → γγ)

 12

γp → J/ψp

See talk by
Alex Somov at 5:00 PM  
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Asymmetry of Pseudoscalar Production

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

•
•
•

ϕ
JP

σ(ϕ) = σ0[1 − PγΣ cos(2ϕ)]

Σ = + 1 ⟹ 0+,1−,2+, …
Σ = − 1 ⟹ 0−,1+,2−, …
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Asymmetry of Pseudoscalar Production

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

•
•
•

ϕ
JP

σ(ϕ) = σ0[1 − PγΣ cos(2ϕ)]

Σ = + 1 ⟹ 0+,1−,2+, …
Σ = − 1 ⟹ 0−,1+,2−, …

• Asymmetry Σ depends on a t in 
general

• Goal:  understand and develop 
models for photoproduction of 
known mesons

• learn about available production 
mechanisms

• leverage in search for hybrid 
mesons

 13
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Single Pseudoscalar Production Asymmetry

• Correlated uncertainty due to 
polarization:  < 5%

• GlueX   production asymmetry

• more precise than SLAC

• no dip around t = 0.5 (GeV/c)2

• First measurements of   production 
asymmetry

• A test of high energy t-channel 
production models

π0

η

 14

GlueX Collaboration, PRC 95, 042201(R) (2015)

See new results for �  and �  in 
talk by David Mack at 4:15 PM

(arXiv: 1908:05563)  

η η′�
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Photoproduction of π-
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PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries

26

Charged pseudoscalars: more complicated -t dependence
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PANDA Collaboration Meeting Justin Stevens,

Pseudoscalar beam asymmetries
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Charged pseudoscalars: more complicated -t dependence
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⇡, ⇢, 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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• Physics objectives:

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

• differential cross section sensitive to 
gluonic content of proton

Justin Stevens,PANDA Collaboration Meeting

J/ψ photoproduction at

41

�p ! pe+e� LHCb

Pentaquark
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• Physics objectives:

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

• differential cross section sensitive to 
gluonic content of proton

• search for s-channel production of 
pentaquark candidates observed by 
LHCb

     S. Dobbs — HADRON 2019 — Aug. 18, 2019 — Photoproduction and Search for LHCb Pc+ States

• Can also study coupling of 
J/ψ+p resonances to photon 
• Kinematic effects from decay will not 

be reproduced
• Pc’s produced at E(ɣ) ≈ 9.5—10.3 GeV
• Assuming VMD, primary uncertainty is 

B(Pc → J/ψ p)

LHCb Pc States & J/ψ Photoproduction
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Looking Forward:  The Road to Hybrid Searches

• Initial GlueX run complete in Fall 2018

• 2.8 x 1011 events (5 PB raw data) collected

• 70% of data are available for analysis — 
reconstruction complete in the fall
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• Initial GlueX run complete in Fall 2018

• 2.8 x 1011 events (5 PB raw data) collected

• 70% of data are available for analysis — 
reconstruction complete in the fall

• Systematic analysis strategy

• Understand photoproduction mechanisms of 
known mesons first

• Understand detector acceptance through 
measurement of vector meson spin-density matrix 
elements

• Conduct first partial wave analyses on two-body 
final states like η(’)π

• Learn to exploit unique photoproduction data
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Looking Forward:  The Road to Hybrid Searches

• Initial GlueX run complete in Fall 2018

• 2.8 x 1011 events (5 PB raw data) collected

• 70% of data are available for analysis — 
reconstruction complete in the fall

• Systematic analysis strategy

• Understand photoproduction mechanisms of 
known mesons first

• Understand detector acceptance through 
measurement of vector meson spin-density matrix 
elements

• Conduct first partial wave analyses on two-body 
final states like η(’)π

• Learn to exploit unique photoproduction data

• Simultaneously collect additional data with improved 
detector capability and intensity
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The  Systemη(′�)π

• Analysis of  is a high priority 
for GlueX

⃗γp → η(′ �)πp

• Expect statistical precision that meets or 
exceeds that of COMPASS in existing data

• Multiple charge combinations and decay 
modes accessible

• access different physics

• systematic cross checks of acceptance

 18
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The  Systemη(′�)π

• Analysis of  is a high priority 
for GlueX

⃗γp → η(′ �)πp

• Expect statistical precision that meets or 
exceeds that of COMPASS in existing data

• Multiple charge combinations and decay 
modes accessible

• access different physics

• systematic cross checks of acceptance

• Linear beam polarization provides 
additional observables with enhanced 
sensitivity

• Collaboration with Joint Physics 
Analysis Center (JPAC) to develop 
analysis techniques

 18
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FIG. 5. Beam asymmetry ⌃y evaluated with the model described in the text at E� = 9 GeV and integrated in t. The dashed-
dotted red line is the model without the exotic P -wave. The presence of the P -wave around m⌘⇡0 ⇠ 1.5 GeV is manifest in the
full model.

and are less sensitive to variation in the parameter ⌧ . This conclusion is valid as long as the opening angle remains
small. For larger values ⌧ > 30�, the observable is no longer sensitive to the P -wave, as can be seen on Fig. 6. At this
point, it is worth stressing that the asymmetry ⌃y can also be computed from the measured intensities, Eq. (23).

V. CONCLUSIONS

The paper presents a simple model to illustrate moments of the angular distribution of the ⌘⇡
0 photoproduction

with a linearly polarized beam. The model features S-, P -, D-waves produced by natural exchanges, whose parameters
were guided by s-channel helicity conservation. The main motivation behind the ⌘⇡

0 channel is the studies of exotic
mesons, whose lightest candidate is expected in the P -wave. We showed that a non-zero P -wave would be directly
observable from its interference with even waves in moments with odd angular momenta. It was also shown that some
specific linear combination of moments, depending on the maximum angular momentum waves contributing to the
⌘⇡

0 system, allow to isolate the P -wave.
For a given wave content, kinematical relations between the moments are derived. For instance, we demonstrated

the relation ImH
2(LM) = �H

1(LM) for M > 1, when the wave set contains only positive m components. We
demonstrated how the relations between the partial waves and the moments can be read out directly from the
moments. By comparing the experimental moments with their expression in term of partial waves, it will be possible
to deduce the dominant waves needed to describe the ⌘⇡

0 system.
Another set of observables currently under extraction by the GlueX collaboration are the beam asymmetries. We

proposed a definition of the beam asymmetry, ⌃D, in which the decay angles of the meson are integrated over a
region D of the sphere. We show that when the decay angles are integrated over the whole sphere, the resulting beam
asymmetry ⌃4⇡ is not very sensitive to the presence of a P -wave. However, when the meson momenta are perpendicular
to the reaction plane, the beam asymmetry, called ⌃y, is sensitive to the parity of the wave. In particular, in the
mass region dominated by a wave of angular momentum ` produced by natural exchange, the beam asymmetry is
⌃y = (�1)`, at high energy. We concluded that the beam asymmetry along the y axis is an important observable
in the search for exotic mesons with the GlueX experiment. Finally we tested the sensitivity of ⌃y±⌧ , in which the
decay angles are binned within a opening angle of ⌧ around the y axis. We showed that the model with and without
the P -wave are clearly distinguishable with an opening angle up to ⌧ = 10�. But for large opening angle ⌧ > 30�, the
beam asymmetry ⌃y±⌧ is no longer sensitive to the P -wave.

The illustration of the observables depends on the model presented in Sect. II. The interested reader has the
possibility to change the model parameters and the kinematical variables in the online version of the model [23, 24].
The online version also o↵ers the possibility to calculate the moments at a specific t, instead of integrating over t.

V. Mathieu et al. [JPAC], arXiv:1906.04841

See talk by Colin Gleason on Wednesday 21-Aug at 11:10 AM 
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
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nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing
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where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
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and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .
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from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
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nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing
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where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
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and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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and a two-body partial-wave factor that depends on the primary 
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ
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The magnitudes and phases of the complex numbers Aϵ
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tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
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amplitudes ψϵ
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in a bin is
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where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
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ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read
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Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
∑

ϵ

∣∣∣∣
∑

L,M

Aϵ
LMψϵ

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
∑

ϵ

∣∣∣∣
∑

L,M

Aϵ
LMψϵ

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
n∑

k=1

ln I(τk), (3)

where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read

ψϵ
LM(τ ) = fη(pπ− , pπ+ , pπ0) × Y M

L (ϑGJ,0)

×
{

sin MϕGJ for ϵ = +1

cos MϕGJ for ϵ = −1
(4)

and analogously for η′(π−π+η)π− . There are no M = 0, and 
therefore no L = 0 waves for ϵ = +1. The fits require a weak 

COMPASS Collab., PLB 740, 303 (2015)

 19

The  Systemη(′�)π

COMPASS ⌘0⇡ Comparison

306 COMPASS Collaboration / Physics Letters B 740 (2015) 303–311

Fig. 1. Invariant mass spectra (not acceptance corrected) for (a) ηπ− and (b) η′π− . Acceptances (continuous lines) refer to the kinematic ranges of the present analysis.

Fig. 2. Data (not acceptance corrected) as a function of the invariant ηπ− (a) and η′π− (b) masses and of the cosine of the decay angle in the respective Gottfried–Jackson 
frames where cosϑGJ = 1 corresponds η(′) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

indicates coherent contributions from larger angular momenta. 
Forward/backward asymmetries (only weakly affected by accep-
tance) occur for all masses in both channels, which indicates 
interference of odd and even partial waves. In the η′π− data, the 
a2(1320) is close to the threshold energy of this channel (1.1 GeV), 
and the signal is not dominant, see also Fig. 1 (b). A forward/back-
ward asymmetric interference pattern, indicating coherent D- and 
P -wave contributions with mass-dependent relative phase, gov-
erns the η′π− mass range up to 2 GeV/c2. In the a4(2040) region, 
well-localised interference is recognised. As for ηπ− , narrow for-
ward/backward peaking occurs at higher mass, but in this case the 
forward/backward asymmetry is visibly larger over the whole mass 
range of η′π− .

The data were subjected to a partial-wave analysis (PWA) using 
a program developed at Illinois and VES [21–23]. Independent fits 
were carried out in 40 MeV/c2 wide bins of the four-body mass 
from threshold up to 3 GeV/c2 (so-called mass-independent PWA). 
Momentum transfers were limited to the range given above.

An η(′)π− partial-wave is characterised by the angular mo-
mentum L, the absolute value of the magnetic quantum number 
M = |m| and the reflectivity ϵ = ± 1, which is the eigenvalue of re-
flection about the production plane. Positive (negative) ϵ is chosen 
to correspond to natural (unnatural) spin-parity of the exchanged 
Reggeon with J P

tr = 1− or 2+ or 3− . . . (0− or 1+ or 2− . . . ) trans-
fer to the beam particle [18,24]. These two classes are incoherent.

In each mass bin, the differential cross section as a function of 
four-body kinematic variables τ is taken to be proportional to a 
model intensity I(τ ) which is expressed in terms of partial-wave 
amplitudes ψϵ

LM(τ ),

I(τ ) =
∑

ϵ

∣∣∣∣
∑

L,M

Aϵ
LMψϵ

LM(τ )

∣∣∣∣
2

+ non-η(′) background. (1)

The magnitudes and phases of the complex numbers Aϵ
LM consti-

tute the free parameters of the fit. The expected number of events 
in a bin is

N̄ ∝
∫

I(τ )a(τ )dτ , (2)

where dτ is the four-body phase space element and a(τ ) desig-
nates the efficiency of detector and selection. Following the ex-
tended likelihood approach [25,24], fits are carried out maximis-
ing

ln L ∼ −N̄ +
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where the sum runs over all observed events in the mass bin. 
In this way, the acceptance-corrected model intensity is fit to the 
data.

The partial-wave amplitudes are composed of two parts: a fac-
tor fη ( fη′ ) that describes both the Dalitz plot distribution of the 
successive η (η′) decay [26] and the experimental peak shape, 
and a two-body partial-wave factor that depends on the primary 
η(′)π− decay angles. In this way, the four-body analysis is re-
duced to quasi-two-body. The partial-wave factor for the two spin-
less mesons is expressed by spherical harmonics. Thus, the full 
η(π−π+π0)π− partial-wave amplitudes read
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×
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To ensure that the observed f1ð1285Þ, !ð1405Þ and the
structure around 1:87 GeV=c2 originate from the process
of J=c ! !a#0 ð980Þ"$ rather than peaking backgrounds,
potential background channels are studied using both data
and MC samples. The non-! and/or non-a0ð980Þ processes
are estimated by the weighted sums of horizontal and
vertical side bands, with the entries in the diagonal side
bands subtracted to compensate for the double counting of
background components. The definitions of the two-
dimensional side bands are illustrated in Fig. 3. The
weighting factors for the events in the horizontal, vertical,
and the diagonal side bands are measured to be 0.48, 1.58,

and 0.76, respectively, which are determined from the
results of a two-dimensional fit to the mass spectrum
of M!ð"þ "& "0Þ versus Ma0ð980Þð!"Þ. Here the two-
dimensional probability density functions (PDFs) for
J=c ! !a0ð980Þ", ! but non-a0ð980Þ, non-! but
a0ð980Þ, non-! and non-a0ð980Þ processes are constructed
by the product of one-dimensional functions, where the
resonant peaks are parametrized by Breit-Wigner functions
and the nonresonant parts are described by floating poly-
nomials. To account for the difference of the background
shape between the signal region and side bands due to the
varying phase space, the obtained background !"þ "&

mass distribution is multiplied by a correction curve de-
termined from an MC sample of 2 ' 106 events of the
phase-space process J=c ! "þ "& "0!"þ "& .
The background channel J=c ! b1ð1235Þa0ð980Þ,

where the b1ð1235Þ decays to !" and a0ð980Þ decays to
!", is studied by performing a two-dimensional fit to the
Mð!"Þ versus Mð!"Þ mass distribution with two-
dimensional PDFs defined in similar fashion. We also
studied an inclusive MC sample of 2 ' 108 J=c decays
generated according to the Particle Data Group (PDG)
decay table and Lund-charm model [22]. No background-
induced peaks are observed around 1:87 GeV=c2. The
inclusive MC sample is also used for the validation of the
background estimation method described above, which is
able to well reproduce the input background components.
Figure 4 shows the results of a fit to the !"þ "& mass

spectrum where either !"þ or !"& are in the a0ð980Þ
mass window. Here the three signal peaks are parametrized
by Breit-Wigner functions convolved with a Gaussian
resolution function and multiplied by an efficiency curve,
which are both determined from signal MC samples
and fixed in the fit. The background consists of three
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FIG. 2 (color online). Invariant-mass distributions for the se-
lected events: (a) and (b) are the invariant-mass spectra of
!"þ "& and !"# after the application of all the event-selection
criteria; (c) is the !"þ "& mass spectrum for events with an
a0ð980Þ in the !"# final state; (d) is the !"þ "& invariant-mass
distribution for events with no a0ð980Þ in the !"# system. The
histograms in (a) and (c) are the phase-space MC events of
J=c ! !!"þ "& after the same event selection and with
arbitrary normalization.
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FIG. 3 (color online). Definition of the signal and two-
dimensional side bands.

)2c(GeV/-π+ηπM
1.2 1.4 1.6 1.8 2.0 2.2

E
ve

nt
s 

/ (
20

 M
eV

/c
2 )

0

100

200

300

400

500

600

700

800

900

FIG. 4 (color online). Results of the fit to the Mð!"þ "& Þ
mass distribution for events with either the !"þ or !"& in the
a0ð980Þ mass window. The dotted curve shows the contribution
of non-! and/or non-a0ð980Þ background, the dashed line also
includes the contribution from J=c ! b1ð1235Þa0ð980Þ, and the
dot-dashed curve indicates the total background with the non-
resonant J=c ! !a#0 ð980Þ"$ included. #2=d:o :f: is 1.27 for
this fit.

PRL 107, 182001 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 OCTOBER 2011

182001-4

M. Ablikim et al. [BESIII], PRL 107, 182001 (2011)

η′�

f1(1285)
η(1405)

X(1870)

J/ψ → ωηππ



M. R. Shepherd 
HADRON19, Guilin 

August 18, 2019

Complementary Production

• What do differences in production tell us 
about nature of hadrons?

• Consider  produced against an  in 
 decay

•
• naively “glue rich”

ηπ+π− ω
J/ψ

C = +

• Compare with  in photoproduction

• any  allowed

ηπ+π−

C

 20

To ensure that the observed f1ð1285Þ, !ð1405Þ and the
structure around 1:87 GeV=c2 originate from the process
of J=c ! !a#0 ð980Þ"$ rather than peaking backgrounds,
potential background channels are studied using both data
and MC samples. The non-! and/or non-a0ð980Þ processes
are estimated by the weighted sums of horizontal and
vertical side bands, with the entries in the diagonal side
bands subtracted to compensate for the double counting of
background components. The definitions of the two-
dimensional side bands are illustrated in Fig. 3. The
weighting factors for the events in the horizontal, vertical,
and the diagonal side bands are measured to be 0.48, 1.58,

and 0.76, respectively, which are determined from the
results of a two-dimensional fit to the mass spectrum
of M!ð"þ "& "0Þ versus Ma0ð980Þð!"Þ. Here the two-
dimensional probability density functions (PDFs) for
J=c ! !a0ð980Þ", ! but non-a0ð980Þ, non-! but
a0ð980Þ, non-! and non-a0ð980Þ processes are constructed
by the product of one-dimensional functions, where the
resonant peaks are parametrized by Breit-Wigner functions
and the nonresonant parts are described by floating poly-
nomials. To account for the difference of the background
shape between the signal region and side bands due to the
varying phase space, the obtained background !"þ "&
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termined from an MC sample of 2 ' 106 events of the
phase-space process J=c ! "þ "& "0!"þ "& .
The background channel J=c ! b1ð1235Þa0ð980Þ,

where the b1ð1235Þ decays to !" and a0ð980Þ decays to
!", is studied by performing a two-dimensional fit to the
Mð!"Þ versus Mð!"Þ mass distribution with two-
dimensional PDFs defined in similar fashion. We also
studied an inclusive MC sample of 2 ' 108 J=c decays
generated according to the Particle Data Group (PDG)
decay table and Lund-charm model [22]. No background-
induced peaks are observed around 1:87 GeV=c2. The
inclusive MC sample is also used for the validation of the
background estimation method described above, which is
able to well reproduce the input background components.
Figure 4 shows the results of a fit to the !"þ "& mass

spectrum where either !"þ or !"& are in the a0ð980Þ
mass window. Here the three signal peaks are parametrized
by Breit-Wigner functions convolved with a Gaussian
resolution function and multiplied by an efficiency curve,
which are both determined from signal MC samples
and fixed in the fit. The background consists of three
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criteria; (c) is the !"þ "& mass spectrum for events with an
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histograms in (a) and (c) are the phase-space MC events of
J=c ! !!"þ "& after the same event selection and with
arbitrary normalization.
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Complementary Production

• What do differences in production tell us 
about nature of hadrons?

• Consider  produced against an  in 
 decay

•
• naively “glue rich”

ηπ+π− ω
J/ψ

C = +

• Compare with  in photoproduction

• any  allowed

ηπ+π−

C

• For  states, the  appears to be 
suppressed with respect to the  in 
photoproduction.

• what does it mean?

0−+ η(1405)
η′�
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To ensure that the observed f1ð1285Þ, !ð1405Þ and the
structure around 1:87 GeV=c2 originate from the process
of J=c ! !a#0 ð980Þ"$ rather than peaking backgrounds,
potential background channels are studied using both data
and MC samples. The non-! and/or non-a0ð980Þ processes
are estimated by the weighted sums of horizontal and
vertical side bands, with the entries in the diagonal side
bands subtracted to compensate for the double counting of
background components. The definitions of the two-
dimensional side bands are illustrated in Fig. 3. The
weighting factors for the events in the horizontal, vertical,
and the diagonal side bands are measured to be 0.48, 1.58,

and 0.76, respectively, which are determined from the
results of a two-dimensional fit to the mass spectrum
of M!ð"þ "& "0Þ versus Ma0ð980Þð!"Þ. Here the two-
dimensional probability density functions (PDFs) for
J=c ! !a0ð980Þ", ! but non-a0ð980Þ, non-! but
a0ð980Þ, non-! and non-a0ð980Þ processes are constructed
by the product of one-dimensional functions, where the
resonant peaks are parametrized by Breit-Wigner functions
and the nonresonant parts are described by floating poly-
nomials. To account for the difference of the background
shape between the signal region and side bands due to the
varying phase space, the obtained background !"þ "&

mass distribution is multiplied by a correction curve de-
termined from an MC sample of 2 ' 106 events of the
phase-space process J=c ! "þ "& "0!"þ "& .
The background channel J=c ! b1ð1235Þa0ð980Þ,

where the b1ð1235Þ decays to !" and a0ð980Þ decays to
!", is studied by performing a two-dimensional fit to the
Mð!"Þ versus Mð!"Þ mass distribution with two-
dimensional PDFs defined in similar fashion. We also
studied an inclusive MC sample of 2 ' 108 J=c decays
generated according to the Particle Data Group (PDG)
decay table and Lund-charm model [22]. No background-
induced peaks are observed around 1:87 GeV=c2. The
inclusive MC sample is also used for the validation of the
background estimation method described above, which is
able to well reproduce the input background components.
Figure 4 shows the results of a fit to the !"þ "& mass

spectrum where either !"þ or !"& are in the a0ð980Þ
mass window. Here the three signal peaks are parametrized
by Breit-Wigner functions convolved with a Gaussian
resolution function and multiplied by an efficiency curve,
which are both determined from signal MC samples
and fixed in the fit. The background consists of three

)2c(GeV/-π+πηM
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

0

200
400

600

800
1000

1200
1400

1600 (a)

)2c(GeV/±ηπM
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

0

1000

2000

3000

4000

5000 (b)

)2c(GeV/-π+πηM
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

0
100
200
300
400
500
600
700
800
900 (c)

)2c(GeV/-π+ηπM
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

0

200

400

600

800

1000 (d)

E
ve

nt
s 

/ (
20

 M
eV

/c
2 )

E
ve

nt
s 

/ (
20

 M
eV

/c
2 )

FIG. 2 (color online). Invariant-mass distributions for the se-
lected events: (a) and (b) are the invariant-mass spectra of
!"þ "& and !"# after the application of all the event-selection
criteria; (c) is the !"þ "& mass spectrum for events with an
a0ð980Þ in the !"# final state; (d) is the !"þ "& invariant-mass
distribution for events with no a0ð980Þ in the !"# system. The
histograms in (a) and (c) are the phase-space MC events of
J=c ! !!"þ "& after the same event selection and with
arbitrary normalization.

)2c(GeV/0π-π+πM
0.65 0.70 0.75 0.80 0.85 0.90

)2 c
(G

eV
/

ηπ
M

0.7

0.8

0.9

1.0

1.1

1.2

1.3
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FIG. 4 (color online). Results of the fit to the Mð!"þ "& Þ
mass distribution for events with either the !"þ or !"& in the
a0ð980Þ mass window. The dotted curve shows the contribution
of non-! and/or non-a0ð980Þ background, the dashed line also
includes the contribution from J=c ! b1ð1235Þa0ð980Þ, and the
dot-dashed curve indicates the total background with the non-
resonant J=c ! !a#0 ð980Þ"$ included. #2=d:o :f: is 1.27 for
this fit.
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obtained in the η → γγ mode gave the reasonable value
P ðχ2Þ ¼ 10%. So, the addition of the new data obtained in
the η → 3π0 mode strongly increases the significance of the
ρð1700Þ signal.
The reasonable quality of the fit with “proper” ϕρð1700Þ

can be obtained in the model with an additional resonance
(Model 3 in Table III). The mass and width of this
resonance are fixed at the Particle Data Group (PDG)
values mρð2150Þ ¼ 2155 MeV=c2 and Γρð2150Þ ¼ 320 MeV.
The phase ϕρð2150Þ is set to zero. The result of the fit is
shown in Fig. 5 by the dotted curve. More precise data are
needed to choose between Models 1 and 3.
The parameters gV in the fit can be replaced by the

products of the branching fractions

B ðV → ρηÞB ðV → eþ e−Þ ¼ α2

9

g2VmV

Γ2
V

P fðm2
VÞ: ð7Þ

The following values of the products are obtained

B ðρð1450Þ → ρηÞB ðρð1450Þ → eþ e−Þ × 107

¼ ð6.9 % 0.3Þ=ð7.3 % 0.3Þ;
B ðρð1700Þ → ρηÞB ðρð1700Þ → eþ e−Þ × 108

¼ 4.6þ 3.0
−1.9Þ=ð8.3þ 3.8

−3.1Þ; ð8Þ

for Models 1 and 3, respectively. It is interesting that the
parameters of the ρð1450Þ and ρð1700Þ resonances

obtained in the two models with different relative phases
of the ρð1700Þ amplitude are rather close to each other.

VIII. SUMMARY

In this paper, the cross section for the process eþ e− →
ηπþ π− has been measured in the c.m. energy range from
1.07 to 2.00 GeV in the decay mode η → 3π0. In the range
1.22–2.00 GeV the measured cross section is found to be in
good agreement with the previous SNDmeasurement in the
η → γγ decay mode [1]. Therefore, the two measurements
have been combined. These combined results shown in the
last column of in Table II supersede the cross-section
results published in Ref. [1].
The cross-section energy dependence has been fitted in

the VMDmodel with 2, 3, and 4ρ-like states. The quality of
the fit with two resonances, ρð770Þ and ρð1450Þ, is quite
poor, P ðχ2Þ ¼ 2%, while the fits with the additional
ρð1700Þ resonance describe data well. The ρð1700Þ con-
tribution appears as a shoulder on the ρð1450Þ peak near
1.75 GeV.
The SND data on the eþ e− → ηπþ π− cross section are in

agreement with the previous most precise data obtained by
the BABAR Collaboration [5], but have better accuracy.
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FIG. 5. The eþ e− → ηπþ π− Born cross section measured by
SND and BABAR [5]. The solid, dashed, and dotted curves are the
results of the VMD fit with parameters listed in Table III for
Models 1, 2, and 3, respectively.

TABLE III. Parameters of the VMD model.

Parameter Model 1 Model 2 Model 3

gρð1450Þ (GeV−1) 0.44 % 0.5 0.56 % 0.2 0.45 % 0.3
ϕρð1450Þ π π π
mρð1450Þ (MeV=c2) 1520 % 10 1510 % 10 1500 % 10

Γρð1450Þ (MeV) 320 % 30 390 % 10 280 % 20

gρð1700Þ (GeV−1) 0.024þ 0.019
−0.011 & & & 0.025þ 0.014

−0.009
ϕρð1700Þ π & & & 0
mρð1700Þ (MeV=c2) 1750 % 10 & & & 1840 % 10

Γρð1700Þ (MeV) 135 % 50 & & & 132 % 40

gρð2150Þ (GeV−1) & & & & & & 0.084 % 0.008
χ2=ν 33=33 55=36 29=32

M. N. ACHASOV et al. PHYS. REV. D 97, 012008 (2018)

012008-6

SND, PRD 97, 012008 (2018); BaBar PRD 76, 092005 (2007)

e+e− → ηπ+π−

γp → ηπ+π−p



M. R. Shepherd 
HADRON19, Guilin 

August 18, 2019

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
]2) [GeV/c-π+πηM(

0

10

20

30

40

50
310×

2
C

an
di

da
te

s 
/ 2

0 
M

eV
/c

Complementary Production

• Naively expect enhanced 
photoproductuction of vector  
mesons

• vector meson dominance

(1−−)

• In  collisions…

• only  states are produced

•  system described by 
interference of  and 

e+e−

1−−

ηπ+π−

ρ(1450) ρ(1700)

• Do data from GlueX provide a 
consistent picture of these states?

• GlueX data should permit an 
exploration of the  system with 
unprecedented statistical precision 
(including searches for  and  hybrids)

ηππ

η1 b2

 21

obtained in the η → γγ mode gave the reasonable value
P ðχ2Þ ¼ 10%. So, the addition of the new data obtained in
the η → 3π0 mode strongly increases the significance of the
ρð1700Þ signal.
The reasonable quality of the fit with “proper” ϕρð1700Þ

can be obtained in the model with an additional resonance
(Model 3 in Table III). The mass and width of this
resonance are fixed at the Particle Data Group (PDG)
values mρð2150Þ ¼ 2155 MeV=c2 and Γρð2150Þ ¼ 320 MeV.
The phase ϕρð2150Þ is set to zero. The result of the fit is
shown in Fig. 5 by the dotted curve. More precise data are
needed to choose between Models 1 and 3.
The parameters gV in the fit can be replaced by the
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¼ 4.6þ 3.0
−1.9Þ=ð8.3þ 3.8
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for Models 1 and 3, respectively. It is interesting that the
parameters of the ρð1450Þ and ρð1700Þ resonances

obtained in the two models with different relative phases
of the ρð1700Þ amplitude are rather close to each other.

VIII. SUMMARY

In this paper, the cross section for the process eþ e− →
ηπþ π− has been measured in the c.m. energy range from
1.07 to 2.00 GeV in the decay mode η → 3π0. In the range
1.22–2.00 GeV the measured cross section is found to be in
good agreement with the previous SNDmeasurement in the
η → γγ decay mode [1]. Therefore, the two measurements
have been combined. These combined results shown in the
last column of in Table II supersede the cross-section
results published in Ref. [1].
The cross-section energy dependence has been fitted in

the VMDmodel with 2, 3, and 4ρ-like states. The quality of
the fit with two resonances, ρð770Þ and ρð1450Þ, is quite
poor, P ðχ2Þ ¼ 2%, while the fits with the additional
ρð1700Þ resonance describe data well. The ρð1700Þ con-
tribution appears as a shoulder on the ρð1450Þ peak near
1.75 GeV.
The SND data on the eþ e− → ηπþ π− cross section are in

agreement with the previous most precise data obtained by
the BABAR Collaboration [5], but have better accuracy.
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FIG. 5. The eþ e− → ηπþ π− Born cross section measured by
SND and BABAR [5]. The solid, dashed, and dotted curves are the
results of the VMD fit with parameters listed in Table III for
Models 1, 2, and 3, respectively.

TABLE III. Parameters of the VMD model.

Parameter Model 1 Model 2 Model 3

gρð1450Þ (GeV−1) 0.44 % 0.5 0.56 % 0.2 0.45 % 0.3
ϕρð1450Þ π π π
mρð1450Þ (MeV=c2) 1520 % 10 1510 % 10 1500 % 10

Γρð1450Þ (MeV) 320 % 30 390 % 10 280 % 20

gρð1700Þ (GeV−1) 0.024þ 0.019
−0.011 & & & 0.025þ 0.014

−0.009
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mρð1700Þ (MeV=c2) 1750 % 10 & & & 1840 % 10

Γρð1700Þ (MeV) 135 % 50 & & & 132 % 40
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The Near Future

• Upgrade PID using synthetic quartz radiators 
from the BaBar DIRC

• new multi-anode PMT photon camera

• partially commissioned in 2019

• Start a new data taking campaign in fall 2019

• factor of 4-5 more data

• emphasis on   states and strange baryonsss̄

 22

Feb 22, 2019                                               Roman Dzhygadlo                    17/24

Hit Pattern 

geant4

[3.8,4.2] GeV/c pions from beam

Hit positions on the radiator wall:
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Summary
• The GlueX Collaboration has collected a unique data set for exploring the spectrum of 

light hadrons with high statistical precision.

• What role do gluons play in determining the properties of hadrons?

• complementary energy regime to XYZ spectroscopy:  how do gluonic degrees of 
freedom evolve with quark mass?
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light hadrons with high statistical precision.

• What role do gluons play in determining the properties of hadrons?

• complementary energy regime to XYZ spectroscopy:  how do gluonic degrees of 
freedom evolve with quark mass?

• Key feature of the GlueX experiment:  linearly polarized photon beam

• access to production mechanisms  (results:  PRC 95, 042201(2015); arXiv:1908.05563) 

• enhanced sensitivity for hybrid searches

• complementary production environment to existing data:  -beam,  decay,  
 decay,  annihilation,  annihilation, etc. (results on :  PRL 123, 072001 (2019))

π B
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Summary
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light hadrons with high statistical precision.

• What role do gluons play in determining the properties of hadrons?

• complementary energy regime to XYZ spectroscopy:  how do gluonic degrees of 
freedom evolve with quark mass?

• Key feature of the GlueX experiment:  linearly polarized photon beam

• access to production mechanisms  (results:  PRC 95, 042201(2015); arXiv:1908.05563) 

• enhanced sensitivity for hybrid searches

• complementary production environment to existing data:  -beam,  decay,  
 decay,  annihilation,  annihilation, etc. (results on :  PRL 123, 072001 (2019))

π B
cc̄ pp̄ e+e− Pc

• A systematic approach to exotic searches is underway

• new understanding of production of conventional states

• building theoretical and experimental analysis framework

• the data and environment are new, but many of the challenges are not:   collaboration 
with other experiments and phenomenologists will be essential
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