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Searching for Exotic Mesons

• We would like to understand how QCD gives rise to the 
properties of hadrons

• Discovering a spectrum of exotic resonances has the potential to 
expose new “rules” that QCD follows when “building” hadrons

• drives desire for theoretical understanding of how these rules 
arise from QCD
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Searching for Exotic Mesons

• We would like to understand how QCD gives rise to the 
properties of hadrons

• Discovering a spectrum of exotic resonances has the potential to 
expose new “rules” that QCD follows when “building” hadrons

• drives desire for theoretical understanding of how these rules 
arise from QCD

• Mesons are particularly well suited for this adventure:

• notion of exotic JPC

• spectrum of “conventional” states is minimal

• light and heavy quark sectors are complementary
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Building Mesons

• Nature seems to prefer a very 
simple picture of mesons

• how is this encoded in QCD?

• QCD suggests other “exotic” 
possibilities:

• gluonic degrees of freedom 
(hybrids and glueballs)

• tetraquarks, …
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J = L + S   P = (-1)L+1    C = (-1)L+S

color singlet 
quark anti-quark

Allowed JPC:  0-+, 0++, 1- -, 1+-, 2++, …
Forbidden JPC:   0- -, 0+-, 1-+, 2+-, …
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Light Quark Mesons from Lattice QCD

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

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

D. Quark mass and volume dependence

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

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

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

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

in the next subsections.

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

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

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

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

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

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

094505-11

negative parity positive parity exotic

Dudek, Edwards, Guo,  and Thomas, PRD 88, 094505 (2013)
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A Lattice QCD Motivated Model
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5

q
q

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

color singlet 
quark anti-quark

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

q

q

g

(JPC)g = 1+-

color-octet 
qq pair

Lightest Hybrids

Sqq = 0Sqq = 1

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

mass ≈ 1.0-1.5 GeV

“gluonic field”

“exotic hybrid”
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Light Quark Exotic Mesons:  Experiment

• Long history

• reports of exotic JPC mesons have been around for over twenty years

• multiple experiments made significant contributions:  debate about 
analysis or interpretation but (often) consistency in experimental 
observables
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• Long history

• reports of exotic JPC mesons have been around for over twenty years

• multiple experiments made significant contributions:  debate about 
analysis or interpretation but (often) consistency in experimental 
observables

• Shifting experimental focus to exotic mesons (XYZ) in the heavy quark 
sector

• evidence:  100 talks and posters in tracks “Exotic States and 
Candidates,” “Meson Spectroscopy,” and “Analysis Tools” but only a few 
presenting results on light quark exotics
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Light Quark Exotic Mesons:  Experiment

• Long history

• reports of exotic JPC mesons have been around for over twenty years

• multiple experiments made significant contributions:  debate about 
analysis or interpretation but (often) consistency in experimental 
observables

• Shifting experimental focus to exotic mesons (XYZ) in the heavy quark 
sector

• evidence:  100 talks and posters in tracks “Exotic States and 
Candidates,” “Meson Spectroscopy,” and “Analysis Tools” but only a few 
presenting results on light quark exotics

• Significant recent developments suggest exciting future:

• a renewed focus on developing theoretical foundations of amplitude 
analysis

• unprecedented statistical precision from experiment

• new facilities coming online
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Reunification of Theory and Experiment 

• The hardest part about finding 
resonances with exotic properties is 
finding resonances.
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• The hardest part about finding 
resonances with exotic properties is 
finding resonances.

• Wish:  simple Breit-Wigner peak in an 
mass spectrum

• Reality:  a pole on an unphysical sheet in 
the complex energy plane (away from 
where experimental data exist)
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Reunification of Theory and Experiment 

• The hardest part about finding 
resonances with exotic properties is 
finding resonances.

• Wish:  simple Breit-Wigner peak in an 
mass spectrum

• Reality:  a pole on an unphysical sheet in 
the complex energy plane (away from 
where experimental data exist)

• Need to systematically fit experimental 
data in way that

• respects sacred principles

• yields physically meaningful (universal) 
values for parameters
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Reunification of Theory and Experiment 

• The hardest part about finding 
resonances with exotic properties is 
finding resonances.

• Wish:  simple Breit-Wigner peak in an 
mass spectrum

• Reality:  a pole on an unphysical sheet in 
the complex energy plane (away from 
where experimental data exist)

• Need to systematically fit experimental 
data in way that

• respects sacred principles

• yields physically meaningful (universal) 
values for parameters

• Requires dedicated theory/experiment 
collaboration (see, for example,  
V. Mathieu’s talk on Monday)
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Precision Brings Challenges

• Example from BESII and BESIII

• Search for resonances in the channel 
J/ψ➞γη’ππ

• Well-known enhancement at pp 
threshold in J/ψ➞γpp
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ered. The !"!"" invariant-mass distribution shows an #0

signal [Fig. 2(b)]. We require that jM"!"" "m$j<
0:2 GeV=c2 and jM!"!"" "m#0 j< 0:025 GeV=c2. If
more than one combination passes these criteria, the com-
bination with M!"!"" closest to m#0 is selected [13]. For
this channel, there is also a distinct peak near
1835 MeV=c2 in the "!""#0 invariant-mass spectrum
[Fig. 2(c)].

To ensure that the peak near 1835 MeV=c2 is not due to
background, we have made extensive studies of potential
background processes using both data and MC. Non-#0

processes are studied with #0 mass-sideband events. The

main background channel J= ! "0"!""#0 and other
background processes with multiphotons and/or with
kaons are reconstructed with the data. In addition, we
also checked for possible backgrounds with a MC sample
of 60# 106 J= decays generated by the LUND model
[14]. None of these background sources produce a peak
around 1835 MeV=c2 in the "!""#0 invariant-mass
spectrum.

Figure 3 shows the "!""#0 invariant-mass spectrum
for the combined J= ! !"!""#0$#0 ! "!""#% and
J= ! !"!""#0$#0 ! !$% samples [i.e., the sum of the
histograms in Figs. 1(c) and 2(c)]. This spectrum is fitted
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FIG. 1 (color online). Invariant-mass distributions for selected
J= ! !"!""#0$#0 ! "!""#;#! !!% candidate events.
(a) The invariant-mass distribution of !! pairs. (b) The
"!""# invariant-mass distribution. (c) The "!""#0

invariant-mass distributions; the open histogram is data and
the shaded histogram is J= ! !"!""#0 phase-space MC
events (with arbitrary normalization).
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FIG. 2 (color online). Invariant-mass distributions for the se-
lected J= ! !"!""#0$#0 ! !$% candidate events. (a) The
invariant-mass distribution for !! pairs. (b) The !"!""

invariant-mass distribution. (c) The "!""#0 invariant-mass
distributions; the open histogram is data and the shaded histo-
gram is from J= ! !"!""#0 phase-space MC events (with
arbitrary normalization).

PRL 95, 262001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2005

262001-3

BESII Collab., PRL 95, 262001 (2005)

BESII:
X(1835)

 at 6σ with 
58 x 106 J/ψ
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main background channel J= ! "0"!""#0 and other
background processes with multiphotons and/or with
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the shaded histogram is J= ! !"!""#0 phase-space MC
events (with arbitrary normalization).
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PRL 95, 262001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2005

262001-3

BESII Collab., PRL 95, 262001 (2005)

BESII:
X(1835)

 at 6σ with 
58 x 106 J/ψ

η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.

PRL 117, 042002 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
22 JULY 2016

042002-4

BESIII Collab., PRL 117, 042002 (2016)

Revisited with
BESIII using

1.09 x 109 J/ψ
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• Example from BESII and BESIII

• Search for resonances in the channel 
J/ψ➞γη’ππ

• Well-known enhancement at pp 
threshold in J/ψ➞γpp

• How many poles?  properties?
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ered. The !"!"" invariant-mass distribution shows an #0

signal [Fig. 2(b)]. We require that jM"!"" "m$j<
0:2 GeV=c2 and jM!"!"" "m#0 j< 0:025 GeV=c2. If
more than one combination passes these criteria, the com-
bination with M!"!"" closest to m#0 is selected [13]. For
this channel, there is also a distinct peak near
1835 MeV=c2 in the "!""#0 invariant-mass spectrum
[Fig. 2(c)].

To ensure that the peak near 1835 MeV=c2 is not due to
background, we have made extensive studies of potential
background processes using both data and MC. Non-#0

processes are studied with #0 mass-sideband events. The

main background channel J= ! "0"!""#0 and other
background processes with multiphotons and/or with
kaons are reconstructed with the data. In addition, we
also checked for possible backgrounds with a MC sample
of 60# 106 J= decays generated by the LUND model
[14]. None of these background sources produce a peak
around 1835 MeV=c2 in the "!""#0 invariant-mass
spectrum.

Figure 3 shows the "!""#0 invariant-mass spectrum
for the combined J= ! !"!""#0$#0 ! "!""#% and
J= ! !"!""#0$#0 ! !$% samples [i.e., the sum of the
histograms in Figs. 1(c) and 2(c)]. This spectrum is fitted
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FIG. 1 (color online). Invariant-mass distributions for selected
J= ! !"!""#0$#0 ! "!""#;#! !!% candidate events.
(a) The invariant-mass distribution of !! pairs. (b) The
"!""# invariant-mass distribution. (c) The "!""#0

invariant-mass distributions; the open histogram is data and
the shaded histogram is J= ! !"!""#0 phase-space MC
events (with arbitrary normalization).
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FIG. 2 (color online). Invariant-mass distributions for the se-
lected J= ! !"!""#0$#0 ! !$% candidate events. (a) The
invariant-mass distribution for !! pairs. (b) The !"!""

invariant-mass distribution. (c) The "!""#0 invariant-mass
distributions; the open histogram is data and the shaded histo-
gram is from J= ! !"!""#0 phase-space MC events (with
arbitrary normalization).

PRL 95, 262001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2005

262001-3

BESII Collab., PRL 95, 262001 (2005)

BESII:
X(1835)

 at 6σ with 
58 x 106 J/ψ

η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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Precision Brings Challenges

• Example from BESII and BESIII

• Search for resonances in the channel 
J/ψ➞γη’ππ

• Well-known enhancement at pp 
threshold in J/ψ➞γpp

• How many poles?  properties?
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ered. The !"!"" invariant-mass distribution shows an #0

signal [Fig. 2(b)]. We require that jM"!"" "m$j<
0:2 GeV=c2 and jM!"!"" "m#0 j< 0:025 GeV=c2. If
more than one combination passes these criteria, the com-
bination with M!"!"" closest to m#0 is selected [13]. For
this channel, there is also a distinct peak near
1835 MeV=c2 in the "!""#0 invariant-mass spectrum
[Fig. 2(c)].

To ensure that the peak near 1835 MeV=c2 is not due to
background, we have made extensive studies of potential
background processes using both data and MC. Non-#0

processes are studied with #0 mass-sideband events. The

main background channel J= ! "0"!""#0 and other
background processes with multiphotons and/or with
kaons are reconstructed with the data. In addition, we
also checked for possible backgrounds with a MC sample
of 60# 106 J= decays generated by the LUND model
[14]. None of these background sources produce a peak
around 1835 MeV=c2 in the "!""#0 invariant-mass
spectrum.

Figure 3 shows the "!""#0 invariant-mass spectrum
for the combined J= ! !"!""#0$#0 ! "!""#% and
J= ! !"!""#0$#0 ! !$% samples [i.e., the sum of the
histograms in Figs. 1(c) and 2(c)]. This spectrum is fitted
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FIG. 1 (color online). Invariant-mass distributions for selected
J= ! !"!""#0$#0 ! "!""#;#! !!% candidate events.
(a) The invariant-mass distribution of !! pairs. (b) The
"!""# invariant-mass distribution. (c) The "!""#0

invariant-mass distributions; the open histogram is data and
the shaded histogram is J= ! !"!""#0 phase-space MC
events (with arbitrary normalization).
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FIG. 2 (color online). Invariant-mass distributions for the se-
lected J= ! !"!""#0$#0 ! !$% candidate events. (a) The
invariant-mass distribution for !! pairs. (b) The !"!""

invariant-mass distribution. (c) The "!""#0 invariant-mass
distributions; the open histogram is data and the shaded histo-
gram is from J= ! !"!""#0 phase-space MC events (with
arbitrary normalization).
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η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

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

D. Quark mass and volume dependence

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

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

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

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

in the next subsections.

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

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

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

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

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

• See PDG for references:

• π1(1400)→ηπ
• π1(1600)→η’π and ρπ
• π1(2015)→f1π and ωππ

• Recent results most pertain to π1(1400) and 
π1(1600): 

• P-wave in η(’)π
• π1(1600) →ρπ
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Exotic JPC Candidates

• See PDG for references:

• π1(1400)→ηπ
• π1(1600)→η’π and ρπ
• π1(2015)→f1π and ωππ

• Recent results most pertain to π1(1400) and 
π1(1600): 

• P-wave in η(’)π
• π1(1600) →ρπ

• Begin with η(’)π system:

• isovector

• L-odd implies neutral member has exotic JPC:  
1-+, 3-+, …

• simple kinematics:  L is encoded in a single 
angular distribution
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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 ) =
!
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L,M
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LMψϵ
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+ 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 

π-p→η(’)π-p

11



M. R. Shepherd 
Hadron 2017, Salamanca 

September 28, 2017

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 

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 

π-p→η(’)π-p

11

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 

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 



M. R. Shepherd 
Hadron 2017, Salamanca 

September 28, 2017

π-p→η(’)π-p

• Partial wave decomposition

• black:  η’π
• red:  ηπ rescaled by 

kinematical factor

• Odd L waves (exotic) are 
enhanced in η’π when 
compared with ηπ
• resonant?

• Need well-constrained 
models to search for 
resonances

12

COMPASS Collaboration / Physics Letters B 740 (2015) 303–311 309

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.
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Analysis of ηπ D-wave 

• Extract pole positions in a fit to published 
partial waves using unitary parameterization

• Strong evidence for a2’

• Stepping stone to P-wave and η’π analyses  
(and others)
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Fig. 2: Intensity distribution and fits to the JPC = 2++ wave for different number of CDD poles, (a) using only
CDD• and (b) using CDD• and the CDD pole at s = c3. Red lines are fit results with I(s) given by Eq. (1). Data
is taken from Ref. [2]. The inset shows the a02 region. The error bands correspond to the 3s (99.7%) confidence
level.
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for a specific number of terms np. The curves for np = 4, 5, and 6 all coincide in the resonance region, as shown
in the inset.
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4 Results

This analysis allows us to extract the hp ! hp elastic amplitude in the D-wave. By construction, the
amplitude has a zero at s = c3. Figure 4 shows the real and imaginary parts of f̂ (s), with the 3s error
bands estimated by the bootstrap analysis. Resonance poles are extracted by analytically continuing the
denominator of the hp elastic amplitude to the second Riemann sheet (II) across the unitarity cut using
DII(s) = D(s)+2ir(s)N(s). By construction, no first-sheet poles are present. We find three second-sheet
poles in the energy range of (mp +mh)

p
s  3 GeV, two of which can be identified as resonances, as

shown in Fig. 5 for np = 6 and sR = {1.0,1.5,2.0,2.5} GeV2.

The mass and width are defined as m = Repsp and G = �2 Impsp, respectively, where sp is the pole
position in the s plane. Two of the poles found can be identified as the a2(1320) and a02(1700) resonances
in the PDG [11]. The lighter of the two corresponds to the a2(1320). For sR = 1.5 GeV2, the pole has
mass and width m = (1307±1) MeV and G = (112±1) MeV, respectively. The nominal value is the best
fit pole position, and the uncertainty is the statistical deviation determined from the bootstrap. Values of
sR between 1.0 and 2.5 GeV2 lead to pole deviations of at most Dm = 2 MeV and DG = 3 MeV. The
heavier pole corresponds to the excited a02(1700). For sR = 1.5 GeV2, the resonance has mass and width

A. Jackura et al. [JPAC and COMPASS Collaborations], arXiv:1707.02848
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Constraining η’π P-wave
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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 

COMPASS Collab., PLB 740, 303 (2015)
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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 ) =
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+ 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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Complementary Production:  χc1➞ ηππ
• Additional evidence for the of a2’

• No evidence for π1➞ ηπ
• CLEO reported P-wave η’π in χc1➞ η’ππ 

[CLEO Collab., PRD 84, 112009 (2011)]

• can be explored at BESIII with better 
statistical precision

15

similarly to the value used later in analysis. The parameter
s0 ¼ 1.5 ðGeV=c2Þ2 can be used to adjust the left-hand cut
in the complex plane, and the same value is used in all
components.

IV. RESULTS

We present results from the amplitude analysis of the full
decay ψð3686Þ → γχc1; χc1 → ηπþπ−, reconstructed in
three major η decay modes. The optimal solution to
describe the data is found by using amplitudes with
fractional contributions larger than 0.5% and significance
larger than 5σ. The significance for each amplitude α is
determined from the change in likelihood with respect to
the null hypothesis, ΔΛ ¼ −2 lnL0=Lα. The null hypoth-
esis for a given amplitude is found by excluding it from the
base-line fit, and the corresponding amplitude significance
is calculated taking into account the change in the number
of degrees of freedom, which is two (four) for J ¼ 0
(J > 0) amplitudes.
The most dominant amplitude in this reaction is

a0ð980Þπ, as evident from the ηπ projection of the

Dalitz plot, Fig. 3(c). Other amplitudes used in our base-
line fit include the SKK̄η, Sππη, f2ð1270Þη, f4ð2050Þη,
a2ð1320Þπ and a2ð1700Þπ, where masses and widths of
resonances described by BW functions are taken from the
PDG [2], while the a2ð1700Þ and a0ð980Þ parameters are
free parameters to be determined by the fit in this work. The
mass projections are shown in Fig. 6, and the corresponding
fractional contributions and significances are listed in
Table II. For amplitudes with spin J > 0 both orbital
momentum components are included.
The following components form the SππðsÞ amplitude:

SππðsÞ ¼ c0S0ðsÞ þ c1S1ππðsÞ þ c01S
01
ππðsÞ þ c02S

02
ππðsÞ: ð9Þ

As indicated earlier, the threshold used to construct theS1ðsÞ
term is sKK̄ ¼ 4m2

K . The threshold for the S
0iðsÞ components

(i ¼ 1, 2) is s0 ¼ 2.23 ½GeV=c2&2, which is close to themass
of the f0ð1500Þ, and it is responsible for the peaking of the
Sππη amplitude in this region, Fig. 6(b). In fact, the S0iðsÞ
components are used instead of the f0ð1500Þη amplitude,
which would be needed in the optimal solution if only

(a) (b)

FIG. 6. Projections in the (a) ηπ and (b) πþπ− invariant mass from data, compared with our base-line fit (solid curve) and
corresponding amplitudes (various dashed and dotted lines). All features of the data, including structures discussed in Sec. II B are
reproduced rather well.

(a) (b)

FIG. 5. The (a) phase and (b) intensity of the ππ S-wave components. Red (dashed) histograms represent the SKK̄ amplitude, blue
histograms (dot and dash-dotted) are obtained using Siππ ¼ ziKK̄S

0
ππ terms, while purple (long-dash-dotted and dash-three-dotted)

represent S0iππ ¼ zis0S
0
ππ terms.

AMPLITUDE ANALYSIS OF THE … PHYSICAL REVIEW D 95, 032002 (2017)

032002-9

their crossing in the plot shown in Fig. 3(b) visually
matches the excess of events in the upper left corner of
the Dalitz plot of Fig. 3(a).
The distributions of the square of the invariant mass are

shown in Fig. 3(c) for ηπ and 3(d) for πþπ−. Structures that
correspond to a0ð980Þ, a2ð1320Þ and f2ð1270Þ production
are evident, as well as a low-mass ππ peak, sometimes
referred to as the σ state. In each of these two distributions
there is a visible threshold effect. In the ππ distribution,
there is a structure above the KK̄ threshold, which is too
broad to result from the f0ð980Þ alone. In the ηπ distri-
bution, the broadening of the a0ð980Þ peak around
1.2 GeV2=c4 could be associated with the η0π threshold.
By examining various regions in the Dalitz space, we
conclude that the cross-channel contamination, or reflec-
tions, are not associated with these threshold effects in the
data. In order to eliminate background as the source of
these peculiar line shapes, background studies are

FIG. 2. Invariant mass of the χc1 candidates, after the η sideband
background is subtracted. Vertical bars indicate the region used to
select the χc1 candidates. See the text for the fit discussion.

(a) (b)

(c) (d)

FIG. 3. Dalitz plots obtained from selected χc1 candidates from (a) data and (b) exclusive MC, assuming the a2ð1700Þ is the only
structure produced. The (c) ηπ and (d) πþπ− projections show various structures, which can also be identified by arrows in the Dalitz plot
(a). Vertical dotted lines in plots (c) and (d) indicate the thresholds for producing the η0π or KK̄ in the ηπ or ππ space, respectively.

M. ABLIKIM et al. PHYSICAL REVIEW D 95, 032002 (2017)

032002-6

BESIII Collab., PRD 95, 032002 (2017)



M. R. Shepherd 
Hadron 2017, Salamanca 

September 28, 2017

π1→η(’)π Summary

• Recent COMPASS observations 
consistent with previous experiments

• ηπ P-wave peaking at 1400 MeV

• η’π P-wave peaking at 1600 MeV

• η’π signal dominates ηπ
• Significant η’π P-wave amplitude 

observed in complementary processes

16
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π1→η(’)π Summary

• Recent COMPASS observations 
consistent with previous experiments

• ηπ P-wave peaking at 1400 MeV

• η’π P-wave peaking at 1600 MeV

• η’π signal dominates ηπ
• Significant η’π P-wave amplitude 

observed in complementary processes

• Very interesting but not quite yet at 
the threshold of passing the duck test

• need to understand how peaks 
may be related to resonance poles

16

“When I see a bird that walks like a 
duck and swims like a duck and quacks 
like a duck, I call that bird a duck.”

— James Whitcomb Riley
Indiana Poet
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Figure 15: The t 0-summed intensity of waves with spin projection M = 1 showing the a1(1260), a2(1320),
p2(1670), and a4(2040) resonances. The shaded regions indicate the mass intervals that are integrated
over to generate the t 0 spectra (see Figs. 30b, 31a, 31b, and 32).

a2(1320)→ρπ

π-p➞π-π-π+p
• 4.7 x 107 events

• Analysis of distribution 5D phase space to 
extract JPC content (88 amplitudes) with minimal 
model dependence  (result:  O(105) parameters)

• statistics enables (and demands) innovations in 
analysis 
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Figure 5: (color online) Final event sample after all selection cuts: (a) invariant mass spectrum of p

�
p

�
p

+

in the range used in this analysis (see vertical lines in Fig. 4a), (b) p

�
p

+ mass distribution, (c) correlation
of the two, (d) t 0 distribution with vertical lines indicating the range of t 0 values used in this analysis. The
histograms in (b) and (c) have two entries per event. The labels indicate the position of major 3p and 2p

resonances, the gray shaded areas in (a) the mass regions used to generate the Dalitz plots in Fig. 6.

specific quantum numbers and (ii) the decay amplitude Ψ
that describes the decay of the X− state into a particular
π−π−πþ final state. For fixed beam energy, the measured
kinematic distribution of the final-state particles depends
on the 3π invariant mass m3π , the four-momentum transfer
squared t0, and a set of five additional phase-space variables
denoted as τ, which fully describe the three-body decay and
are defined below.

A. Isobar model

In order to illustrate the isobar ansatz, we give in Fig. 6
two examples for Dalitz plots for two different regions
of m3π . In the 3π mass region around a2ð1320Þ, which also
includes contributions from a1ð1260Þ, we see a dominant
contribution of the ρð770Þ in the π−πþ subsystem, while for
values of m3π around π2ð1670Þ several 2π resonances
contribute, i.e. ρð770Þ, f0ð980Þ, and f2ð1270Þ.
Because of the strong contribution of resonances in the

π−πþ subsystem, the three-body decay amplitude ~Ψðτ;m3πÞ

is factorized into two two-body decay terms (see Fig. 7).
This factorization is known as the isobar model3 and the
introduced intermediate π−πþ state ξ is called the isobar. In
the first two-body decay, X− → ξ0 þ π−, a relative orbital
angular momentum L is involved in the decay. The decay
amplitude ~Ψðτ; m3πÞ completely describes the kinematic
distribution of the three outgoing pions for particular
quantum numbers of X− and for a particular isobar channel
with a given L.
The two subsequent two-body decays are described in

different right-handed coordinate systems, i.e. the
Gottfried-Jackson and the helicity reference frame (see
Fig. 8). The Gottfried-Jackson (GJ) frame is used to
describe the angular distribution of the decay of the
intermediate state X− into the isobar ξ and the bachelor
pion. It is constructed in the X− rest system, in which the
direction of the beam particle defines the zGJ axis and the
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FIG. 5. Final event sample after all selection cuts: (a) invariant mass spectrum of π−π−πþ in the range used in this analysis [see vertical
lines in Fig. 4(a)], (b) π−πþ mass distribution, (c) correlation of the two, (d) t0 distribution with vertical lines indicating the range of t0

values used in this analysis. The histograms in (b) and (c) have two entries per event. The labels indicate the position of major 3π and 2π
resonances, the gray shaded areas in (a) the mass regions used to generate the Dalitz plots in Fig. 6.

3An early detailed discussion can be found in Ref. [30].
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Resonance Production and pp S-wave in p

�+ p ! p

�
p

�
p

++ precoil at 190 GeV/c 3

about 15 to 20 % of their mass values. In addition, the table contains a number of less well-established
states. Even for some established states, properties such as mass and width are poorly determined, e.g.
for the a1(1260) as the lightest a1 state, the reported widths vary between 250 and 600 MeV/c2. Another
example is the inconsistency in the mass measurements of p(1800), where experimental results cluster
around two different mean values. This has lead to speculations on the existence of two states, one being
an ordinary meson and the other one a hybrid. Extensive discussions of the light-meson sector are found
in refs. [1, 9].

The partial-wave analysis of the 3p system has a long history [1]. The technique of partial-wave analysis
(PWA) of 3p systems was established by the work of Ascoli et al. [10, 11] in 1968. The CERN-Munich
collaboration (ACCMOR) [12–15] further developed this method and measured significant contributions
from partial waves up to J = 2, without including spin-exotic waves. The largest data set used so
far, which is the basis of several publications on the 3p final state, was obtained and analyzed by the
BNL E852 collaboration [16–18]. They have studied reaction (1) at beam momenta of 18 GeV/c and
observed significant waves with JPC = 0�+, 1++, 2++, and 2�+ quantum numbers. In addition, they have
detected a 1�+ spin-exotic wave in the r(770)p decay channel with significant fluctuation in intensity
depending on the number of partial waves used, i.e. with a considerable model dependence. Also the VES
experiment has large data sets, the analysis of which was published mostly in conference proceedings, see
e.g. refs. [19–22].
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s

t

Figure 1: Diffractive dissociation of a beam pion on a target proton into the three-pion final state. The
figure shows the excitation of an intermediate resonance X� via Pomeron exchange and its subsequent
decay into 3p .

As illustrated in Fig. 1, for reaction (1) at 190 GeV beam energy, the strong interaction can be described
by the exchange of a quasi-particle called Pomeron, , which is a flavorless glueball-like object that
accounts for diffractive dissociation and most of the two-body elastic scattering [23]. The Regge trajectory
a (t) of the Pomeron determines the elastic scattering amplitude

A(s, t) µ sa (t)
. (2)

Here, s is the squared center-of-mass energy, t the squared four-momentum transferred between beam
particle and target nucleon, and

a (t) = 1+ e +a

0 t, (3)

where 0.081 . e . 0.112 and a

0 ⇡ 0.25(GeV/c)�2 [23]. The Pomeron is an even-signature Regge
trajectory with JPC = 2++, 4++, 6++, . . . , and its first Regge pole corresponds to a flavorless hadron
with JPC = 2++ and a mass of about 1.9 GeV/c2. The parameter a

0 modifies the dependence of the
differential cross section on the four-momentum transfer. Equation (2) implies a dependence of the cross
section on t as

ds

dt
µ e�bt

. (4)
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Figure 6: (color online) (a) Dalitz plot in the mass regions of the a2(1320), which also includes the
a1(1260), (b) around the p2(1670). The used 3p mass regions are indicated in Fig. 5a.. The dominant
r(770)p decays of a1(1260) and a2(1320) are clearly visible. The p2(1670) region exhibits r(770)p ,
f2(1270)p , and f0(980)p decay modes.

isobar model[c] and the introduced intermediate p

�
p

+ state x is called the isobar. In the first two-body
decay, X� ! x

0 + p

�, a relative orbital angular momentum L is involved in the decay. The decay
amplitude e

Y(t,m3p

) completely describes the kinematic distribution of the three outgoing pions for
particular quantum numbers of X� and for a particular isobar channel with a given L.
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Figure 7: The decay of X�, as described in the isobar model, is assumed to proceed via an intermediate
p

�
p

+ state x , the so-called isobar.

The two subsequent two-body decays are described in different right-handed coordinate systems, i.e. the
Gottfried-Jackson and the helicity reference frame (see Fig. 8). The Gottfried-Jackson (GJ) frame is used
to describe the angular distribution of the decay of the intermediate state X� into the isobar x and the
bachelor pion. It is constructed in the X� rest system, in which the direction of the beam particle defines
the zGJ axis and the yGJ axis is oriented along the normal to the production plane (~yGJ µ ~p lab

beam ⇥~p lab
X ). In

this system, the momenta of the isobar and the bachelor pion are back to back, so that the two-body decay
X� ! x

0 +p

� is described by the polar angle JGJ and the azimuthal angle fTY of the isobar, the latter
being also referred to as Treiman-Yang angle.

For the decay of the isobar x into p

�
p

+, the helicity reference system (HF) is used to describe the angular
distribution. This frame is constructed by boosting from the Gottfried-Jackson system into the x rest
frame. The zHF axis is taken along the original direction of the isobar and ~yHF µ~zGJ ⇥~zHF. The two
pions are emitted back to back, so that the x

0 ! p

�
p

+ decay is described by the polar angle JHF and the

[c]An early detailed discussion can be found in ref. [29].

model

from S. Wallner yesterday 
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Light-Meson Spectroscopy at COMPASS
COMPASS
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JPC = 1�+: ⇡1(1600)

I Large non-resonant contribution in spin-exotic 1�+ wave, but ...

I Strong modulation with t 0 can be exploited in t 0-resolved analysis

I Strongest evidence for possible ⇡1(1600) in high-t 0 region

5/5 S. Wallner for the COMPASS Collaboration Recent Results on Light-Meson Spectroscopy from COMPASS

low t high t

See B. Ketzer tomorrow:  resonant π1 dominates exotic amplitude at high t
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Light Quark Mesons from Lattice QCD

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

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

D. Quark mass and volume dependence

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

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

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

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

in the next subsections.

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

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

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

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

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

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

094505-11

negative parity positive parity exotic

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

lightest
hybrids
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dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
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second level in 3þ$, that are not cleanly extracted at the
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hadron operators.
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described at later times by a constant fit which gives a
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Patterns are essential to establish the existence of hybrids

• Hybrids should overpopulate conventional JPC

• Understanding π2 spectrum (e.g., using COMPASS data) 
is potentially just as interesting as the exotic π1
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a1(1420)→f0(980)π
• Discovering patterns is crucial …but they 

must be patterns of resonances!  

• (Warning:  sometimes Occam’s razor 
kills the duck.)

21

The result of this fit is shown as curves in Figs. 1(a)
to 1(d), in which the model curves describe the data well.
The blue curve in Fig. 1(a) reveals the existence of a new
axial-vector state in the 1þþ0þf0ð980ÞπP wave, which we
introduce as a1ð1420Þ. This wave collects only 0.25% of
the total observed intensity. Its resonance interpretation is
supported by the observation of a rapid phase variation by
about 180° across the peak region with respect to the 4þþ

[see Fig. 1(d)] and 2þþ reference waves. As illustrated in
Fig. 1(e), the 1þþ0þf0ð980ÞπPwave shows similarly rapid
phase motion also relative to the 1þþ0þρð770ÞπS wave.
This indicates that the observed structure in the f0ð980Þπ
decay mode is not caused by the high-mass tails of the
a1ð1260Þ, which dominates the ρð770Þπ wave. Our fit
reveals a BWmass for the a1ð1420Þ of 1414 MeV=c2 and a
width of 153 MeV=c2. The observed shift of the measured
peak position with respect to the resonance position in
Fig. 1(a) is due to destructive interference of the BW
resonance (blue) and the nonresonant term (green). In this
wave, the fit model is chosen to cover the mass range up to
1.6 GeV=c2. The observed tail of the intensity at higher
masses may be attributed to nonresonant contributions that
are not described by the present model.

The resonance-model fit is performed simultaneously in
all 11 bins of t0.We allow production strengths and phases of
resonances and nonresonant contributions to vary with t0.
Spectral shapes and BW parameters are assumed to be
independent of t0. Figure 1(f) shows the resulting t0 spectrum
of the production intensity of the BW amplitude that
describes the a1ð1420Þ. The BW intensity and that of the
nonresonant contribution show a steep, approximately
exponential t0 dependence. Fits with a single exponential
yield the slope parameters. Resonances are typically
described by slope parameters b ≈ 8 to 10 ðGeV=cÞ−2 that
are smaller than those of the nonresonant contributions with
b ≈ 12 to 15 ðGeV=cÞ−2 [16]. The new a1ð1420Þ has a slope
parameter of b ≈ 10 ðGeV=cÞ−2 that is similar to those of
a2ð1320Þ and a4ð2040Þ, which supports its resonance
interpretation. The fact that the a1ð1420Þ is produced with
nearly constant phase offset relative to the a2ð1320Þ,
independent of t0, provides further support for this interpre-
tation.As expected, the slope of the nonresonant contribution
in the 1þþ wave is steeper with b ≈ 13 ðGeV=cÞ−2.
The 88 partial-wave set contains three independent

contributions for the ππ S-wave isobars, namely, the
f0ð980Þ with parameters taken from Ref. [21], a broad
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FIG. 1 (color online). Results of the PWA in 3π mass bins of 20 MeV=c2 width (data points with statistical errors only). The red curves
in the intensity distributions [panels (a)–(c)] represent the fit model, which is the coherent sum of resonances (blue) and nonresonant
contributions (green). The fit is constrained to the mass range indicated by the continuous curves. Extrapolations of the model are shown
as dashed curves. Panel (d) shows the relative phase between 1þþ and 4þþ together with the model curves and (e) the phase between two
1þþ decay modes. Here, the different colors distinguish 3 exemplary t0 bins. The t0 dependence of the a1ð1420Þ intensity is shown in (f)
together with the result of a single-exponential fit (red line) yielding a slope parameter of b ≈ 10 ðGeV=cÞ−2.
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a1(1420)→f0(980)π
• Discovering patterns is crucial …but they 

must be patterns of resonances!  

• (Warning:  sometimes Occam’s razor 
kills the duck.)

• Exotic properties of the a1(1420)

• very narrow

• only couples to f0(980)π
• mass doesn’t fit the pattern with other 

qq states

21

The result of this fit is shown as curves in Figs. 1(a)
to 1(d), in which the model curves describe the data well.
The blue curve in Fig. 1(a) reveals the existence of a new
axial-vector state in the 1þþ0þf0ð980ÞπP wave, which we
introduce as a1ð1420Þ. This wave collects only 0.25% of
the total observed intensity. Its resonance interpretation is
supported by the observation of a rapid phase variation by
about 180° across the peak region with respect to the 4þþ

[see Fig. 1(d)] and 2þþ reference waves. As illustrated in
Fig. 1(e), the 1þþ0þf0ð980ÞπPwave shows similarly rapid
phase motion also relative to the 1þþ0þρð770ÞπS wave.
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Fig. 1(a) is due to destructive interference of the BW
resonance (blue) and the nonresonant term (green). In this
wave, the fit model is chosen to cover the mass range up to
1.6 GeV=c2. The observed tail of the intensity at higher
masses may be attributed to nonresonant contributions that
are not described by the present model.

The resonance-model fit is performed simultaneously in
all 11 bins of t0.We allow production strengths and phases of
resonances and nonresonant contributions to vary with t0.
Spectral shapes and BW parameters are assumed to be
independent of t0. Figure 1(f) shows the resulting t0 spectrum
of the production intensity of the BW amplitude that
describes the a1ð1420Þ. The BW intensity and that of the
nonresonant contribution show a steep, approximately
exponential t0 dependence. Fits with a single exponential
yield the slope parameters. Resonances are typically
described by slope parameters b ≈ 8 to 10 ðGeV=cÞ−2 that
are smaller than those of the nonresonant contributions with
b ≈ 12 to 15 ðGeV=cÞ−2 [16]. The new a1ð1420Þ has a slope
parameter of b ≈ 10 ðGeV=cÞ−2 that is similar to those of
a2ð1320Þ and a4ð2040Þ, which supports its resonance
interpretation. The fact that the a1ð1420Þ is produced with
nearly constant phase offset relative to the a2ð1320Þ,
independent of t0, provides further support for this interpre-
tation.As expected, the slope of the nonresonant contribution
in the 1þþ wave is steeper with b ≈ 13 ðGeV=cÞ−2.
The 88 partial-wave set contains three independent

contributions for the ππ S-wave isobars, namely, the
f0ð980Þ with parameters taken from Ref. [21], a broad
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FIG. 1 (color online). Results of the PWA in 3π mass bins of 20 MeV=c2 width (data points with statistical errors only). The red curves
in the intensity distributions [panels (a)–(c)] represent the fit model, which is the coherent sum of resonances (blue) and nonresonant
contributions (green). The fit is constrained to the mass range indicated by the continuous curves. Extrapolations of the model are shown
as dashed curves. Panel (d) shows the relative phase between 1þþ and 4þþ together with the model curves and (e) the phase between two
1þþ decay modes. Here, the different colors distinguish 3 exemplary t0 bins. The t0 dependence of the a1ð1420Þ intensity is shown in (f)
together with the result of a single-exponential fit (red line) yielding a slope parameter of b ≈ 10 ðGeV=cÞ−2.
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a1(1420)→f0(980)π
• Discovering patterns is crucial …but they 

must be patterns of resonances!  

• (Warning:  sometimes Occam’s razor 
kills the duck.)

• Exotic properties of the a1(1420)

• very narrow

• only couples to f0(980)π
• mass doesn’t fit the pattern with other 

qq states

• All of the above can have a non-exotic 
origin…
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The result of this fit is shown as curves in Figs. 1(a)
to 1(d), in which the model curves describe the data well.
The blue curve in Fig. 1(a) reveals the existence of a new
axial-vector state in the 1þþ0þf0ð980ÞπP wave, which we
introduce as a1ð1420Þ. This wave collects only 0.25% of
the total observed intensity. Its resonance interpretation is
supported by the observation of a rapid phase variation by
about 180° across the peak region with respect to the 4þþ

[see Fig. 1(d)] and 2þþ reference waves. As illustrated in
Fig. 1(e), the 1þþ0þf0ð980ÞπPwave shows similarly rapid
phase motion also relative to the 1þþ0þρð770ÞπS wave.
This indicates that the observed structure in the f0ð980Þπ
decay mode is not caused by the high-mass tails of the
a1ð1260Þ, which dominates the ρð770Þπ wave. Our fit
reveals a BWmass for the a1ð1420Þ of 1414 MeV=c2 and a
width of 153 MeV=c2. The observed shift of the measured
peak position with respect to the resonance position in
Fig. 1(a) is due to destructive interference of the BW
resonance (blue) and the nonresonant term (green). In this
wave, the fit model is chosen to cover the mass range up to
1.6 GeV=c2. The observed tail of the intensity at higher
masses may be attributed to nonresonant contributions that
are not described by the present model.

The resonance-model fit is performed simultaneously in
all 11 bins of t0.We allow production strengths and phases of
resonances and nonresonant contributions to vary with t0.
Spectral shapes and BW parameters are assumed to be
independent of t0. Figure 1(f) shows the resulting t0 spectrum
of the production intensity of the BW amplitude that
describes the a1ð1420Þ. The BW intensity and that of the
nonresonant contribution show a steep, approximately
exponential t0 dependence. Fits with a single exponential
yield the slope parameters. Resonances are typically
described by slope parameters b ≈ 8 to 10 ðGeV=cÞ−2 that
are smaller than those of the nonresonant contributions with
b ≈ 12 to 15 ðGeV=cÞ−2 [16]. The new a1ð1420Þ has a slope
parameter of b ≈ 10 ðGeV=cÞ−2 that is similar to those of
a2ð1320Þ and a4ð2040Þ, which supports its resonance
interpretation. The fact that the a1ð1420Þ is produced with
nearly constant phase offset relative to the a2ð1320Þ,
independent of t0, provides further support for this interpre-
tation.As expected, the slope of the nonresonant contribution
in the 1þþ wave is steeper with b ≈ 13 ðGeV=cÞ−2.
The 88 partial-wave set contains three independent

contributions for the ππ S-wave isobars, namely, the
f0ð980Þ with parameters taken from Ref. [21], a broad
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FIG. 1 (color online). Results of the PWA in 3π mass bins of 20 MeV=c2 width (data points with statistical errors only). The red curves
in the intensity distributions [panels (a)–(c)] represent the fit model, which is the coherent sum of resonances (blue) and nonresonant
contributions (green). The fit is constrained to the mass range indicated by the continuous curves. Extrapolations of the model are shown
as dashed curves. Panel (d) shows the relative phase between 1þþ and 4þþ together with the model curves and (e) the phase between two
1þþ decay modes. Here, the different colors distinguish 3 exemplary t0 bins. The t0 dependence of the a1ð1420Þ intensity is shown in (f)
together with the result of a single-exponential fit (red line) yielding a slope parameter of b ≈ 10 ðGeV=cÞ−2.
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• An essential step:  validating our understanding with high precision data
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a1(1420) phenomenon Fit

Fit to the data, [COMPASS, in preparation]

Signal model for 1++
f0⇡ P-wave from the rescattering does not have free parameters
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a1(1420)→f0(980)π

from M. Mikhasenko
(Tuesday afternoon)

see also B. Ketzer tomorrow
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from M. Mikhasenko
(Tuesday afternoon)

see also B. Ketzer tomorrow

Excellent description of
statistically precise data helps

validate understanding.
(Implications for some XYZ states?)
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building hadrons and motivate us to 
understand how those rules arise from the 
QCD Lagrangian.
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An exciting time:  new 
experiments are expected to 

produce complementary 
results in coming years

at Jefferson Lab
See talk by S. Dobbs
tomorrow morning


