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The η(′)-Trinity
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HADRONIC:
● Isospin Violation
● Quark Mass Ratio

RADIATIVE:
● Quantum Anomalies
● FSI

SEMI-LEPTONIC:
● Transition Form Factors
● CP-Violation
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The GlueX Experiment

Completed data taking phase I in fall 2018:
Run Period Luminosity [pb−1]

2016 10
2017 45
2018 150

Continue data taking with DIRC upgrade and high intensity beam in fall 2019
Daniel Lersch (FSU) GHP (2019) 11.04.2019 3 / 12
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�η → π+π−π0 Decay DynamicsDecay Dynamics of ⌘ ! ⇡+⇡�⇡0

System Isospin State |I , Iz i C-Eigenvalue G-Eigenvalue

⌘ |0, 0i +1 +1

(⇡+⇡�⇡0) |0, 0i �1 �1

(⇡+⇡�⇡0) |1, 0i +1 �1

Decay ⌘ ! ⇡+⇡�⇡0 is G-violating ) Forbidden to first
order

Decay is driven by isospin breaking part of strong
interaction
) C is conserved

Decay width: � / Q�4

with: Q2 =
� ms

md

�2 ⇥
⇥
1 �

�mu
md

�2⇤�1

) Determine decay width � ) Access to quark mass
ratio

+
a) Measure �(⌘ ! ⇡+⇡�⇡0), e.g. via �(⌘!⇡+⇡�⇡0)

�(⌘!��)

b) Dalitz Plot Analysis
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�η → π+π−π0 Dalitz Plot Analysis

Parameterize decay width Γ:
d2Γ
dXdY

∝ (1 + aY + bY 2 + cX + dX 2 + eXY + fY 3 + gX 2Y + · · · )
With dimensionless variables:
X =

√
3(Tπ+ − Tπ−)/ΣT → Sensitive to charge conjugation

Y = 3Tπ0/ΣT − 1
Results from KLOE: KLOE coll., JHEP, 019, (2016)

i) η-Mesons produced via: e+e− → Φ→ ηγ

ii) ≈ 4.7M η → π+π−π0 events
Recent Measurements I
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Figure 9. (Color online) The experimental background subtracted Dalitz plot distribution repre-
sented by the two dimensional histogram with 371 bins. Only bins used for the Dalitz parameter
fits are shown. The physical border is indicated by the red line.

4 Dalitz plot

For the Dalitz plot, a two dimensional histogram representation is used. The bin width is

determined both by the resolution in the X and Y variables and the number of events in

each bin, which should be large enough to justify χ2 fitting. The resolution of the X and Y

variables is evaluated with MC signal simulation (figure 8). The distribution of the differ-

ence between the true and reconstructed values is fit with a sum of two Gaussian functions.

The standard deviations of the narrower Gaussians are δX = 0.021 and δY = 0.032. The

range (−1, 1) for theX and Y variables was divided into 31 and 20 bins, respectively. There-

fore the bin widths correspond to approximately three standard deviations. The minimum

bin content is 3.3 ·103 events. Figure 7 shows the distributions of the θ∗γγ and the P 2
π0 vari-

ables for two bins in the Dalitz plot, one with the largest content and one with the smallest.

As can be seen, the signal and the background are well reproduced by the simulation.

Figure 9 shows the experimental Dalitz plot distribution after background subtraction,

which is fit to the amplitude expansion from eq. (1.5) to extract the Dalitz plot parameters.

Only n = 371 bins which are fully inside the kinematic boundaries are used and there are

∼ 4.7 · 106 entries in the background subtracted Dalitz plot.

The fit is performed by minimizing the χ2 like function

χ2 =
n∑

i=1

(
Ni −

∑nT
j=1 SijNT,j

σi

)2

(4.1)

where:

• NT,j =
∫
|A(X,Y )|2dPh(X,Y )j , with |A(X,Y )|2 given by eq. (1.5). The integral is

over X and Y in the allowed phase space for bin j. The sum over j bins includes all

Dalitz plot bins at least partly inside the physical border, nT .

• Ni = Ndata,i − β1Bi1 − β2Bi2 is the background subtracted content of Dalitz plot bin

i, where β1,2 are the scaling factors, Bi1 is the ωπ0 background in the bin i and Bi2

is the same for the remaining background.

– 10 –

J
H
E
P
0
5
(
2
0
1
6
)
0
1
9

X

1− 0.5− 0 0.5 1
  
  

i
N

5000

10000

15000

20000

25000

Figure 10. (Color online) The experimental background subtracted Dalitz plot data, Ni, (points
with errors), compared to set #5 fit results (red lines connecting bins with the same Y value). The
row with lowest Ni values corresponds to the highest Y value (Y = +0.75).

g = 0, since it enables a more direct comparison to the previous experiments (KLOE(08),

WASA(14) and BESIII(15)). The correlation matrices for fits #3 and #5 are:

b d f

a −0.269 −0.365 −0.832

b +0.333 −0.139

d +0.089

b d f g

a −0.120 +0.044 −0.859 −0.534

b +0.389 −0.201 −0.225

d −0.160 −0.557

f +0.408.

The fit #5 is compared to the background subtracted Dalitz plot data, Ni, in figure 10.

The red lines represent the fit result and correspond to separate slices in the Y variable.

Figure 11 shows the distribution of the normalized residuals for the fit #5: ri = (Ni −

– 12 –

Most recent result from the KLOE-Collaboration:(f )

⌘-Mesons produced via: e+e� ! � ! ⌘�

⇡ 4.7 · 106 ⌘ ! ⇡+⇡�⇡0 events in the final data sample
Fit function: Norm ⇥ (1 + aY + bY + cX + dX 2 + eXY + fY 3)

Determined asymmetries of the Dalitz Plot ) Consistent with zero
) No C-violation

(f) KLOE coll., JHEP, 019, (2016)
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�η → π+π−π0 Dalitz Plot Analysis

Parameterize decay width Γ:
d2Γ
dXdY

∝ (1 + aY + bY 2 + cX + dX 2 + eXY + fY 3 + gX 2Y + · · · )
With dimensionless variables:
X =

√
3(Tπ+ − Tπ−)/ΣT → Sensitive to charge conjugation

Y = 3Tπ0/ΣT − 1
Results from WASA-at-COSY: WASA-at-COSY coll., Phys. Rev., C90(045207), (2014)

i) η-Mesons produced via: pd → 3Heη
ii) ≈ 120 k η → π+π−π0 events

Recent Measurements II

MEASUREMENT OF THE η → π+π−π 0 DALITZ PLOT . . . PHYSICAL REVIEW C 90, 045207 (2014)
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FIG. 2. (Color online) (a) Correlation between MM(3He) and IM(γ γ ) for variables adjusted by a kinematic fit. (b) Comparison of the
experimental and simulated contributions of the η events as a function of IM(γ γ ). The extracted number of the events in the η peak for each
2 MeV/c2 IM(γ γ ) slice is well described by the simulation (thick solid red line) including the η → π+π−π 0 (solid blue line) and η → π+π−γ

decays (dashed green line).

III. RESULTS

The variables X and Y are calculated from Eq. (2) using the
kinetic energies of the charged pions after the kinematic fitting
boosted to the rest frame of the π+π−γ γ system. For the
variables after the kinematic fit of the reaction (5) one has µ ≡
IM(π+π−γ γ ) = MM(3He). However, µ is not constrained to
equal mη and IM(γ γ ) is not constrained to m0. Therefore, the
kinetic energy of the neutral pion, T0, is determined in the
following way:

T0 = µ −T+ −T−−2m± −IM(γ γ ), (6)

and for calculating Qη we use Eq. (3).
The selected Dalitz plot bin width in X and Y ($X =

$Y = 0.2) is in our case limited by the statistics needed for
background subtraction and reliable systematical crosschecks.
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FIG. 3. (Color online) The distribution of MM(3He) using vari-
ables adjusted by the kinematic fit for the final data sample
(dots), showing good agreement with the sum of the Monte Carlo
distributions for the signal and the backgrounds (red solid line).
Separately are shown contributions from η → π+π−γ (dotted line)
and from the direct 3π production (dashed line).

The uncertainty of the X and Y measurement is well within
the experimental resolution (with FWHM of approximately
0.10 for both $X and $Y in average). The X,Y region
[−1.1,1.1] × [−1.1,1.1] is divided into 11 × 11 bins. The
border bins with less than 90% Dalitz plot area inside the
kinematic boundaries are excluded, leading to 59 bins used in
the analysis. The definition and numbering scheme of the bins
is given in Fig. 4.

The Dalitz plot for the η → π+π−π0 decay is obtained
by dividing the reconstructed X and Y variables into bins
and determining the signal content in each bin from the
corresponding µ distribution. The signal content in each bin
is estimated by a least-squares fit of the simulated data of
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FIG. 4. (Color online) Position and numbering of the Dalitz plot
bins used for the analysis. The acceptance for the η → π+π−π 0

decay is also indicated by the gray scale.

045207-5

P. ADLARSON et al. PHYSICAL REVIEW C 90, 045207 (2014)

]2 [MeV/cµ
450 500 550 600

)
2

E
v

e
n

ts
 /

 (
2

 M
e

V
/c

10

210

310

bin 2 (a)

]2 [MeV/cµ
450 500 550 600

)
2

E
v

e
n

ts
 /

 (
2

 M
e

V
/c

10

210

bin 53 (b)

FIG. 5. (Color online) Two examples of the fits to the dN/dµ distributions for a higher statistics Dalitz plot bin (a) and a low-statistics one
(b). The red thick line is the fitted function from Eq. (7) while the thin line represents the continuous background contribution.
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FIG. 6. (Color online) (a) Acceptance-corrected Dalitz plot bin contents with statistical uncertainties (black points with error bars) compared
to the fitted function ρ(X,Y ) (red line) for each bin. (b) The corresponding residuals.

045207-6

Result from the WASA-at-COSY Collaboration:(d)

⌘-Mesons produced via: pd ! 3He⌘
⇡ 120 k ⌘ ! ⇡+⇡�⇡0 events in the final data sample
Translate each pair (X,Y) into a global bin i(X , Y )
! Obtain one dimensional Dalitz Plot
Fit function: Norm ⇥ (1 + aY + bY + cX + dX 2 + eXY + fY 3)

(d) WASA-at-COSY coll., Phys. Rev., C90(045207), 2014
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�η → π+π−π0 Recent Results

Parameter: − a b d f

E
xp

. KLOE(08)(a) 1.090(5)(+8
−19) 0.124(6)(10) 0.057(6)(+7

−16) 0.14(1)(2)

WASA(d) 1.144(18) 0.219(19)(47) 0.086(18)(15) 0.115(37)

KLOE(16)(f ) 1.104(3)(2) 0.142(6)(5−4) 0.073(3)(+4
−3) 0.154(6)(+4

−5)

T
he

o. ChPT (NNLO)(b) 1.271(75) 0.394(102) 0.055(57) 0.025(160)

NREFT(c) 1.213(14) 0.308(23) 0.050(3) 0.083(19)

PWA(e) 1.116(32) 0.188(12) 0.063(4) 0.091(3)

PWA(g) 1.077(29) 0.170(8) 0.060(2) 0.091(3)
(a) KLOE coll., JHEP, 05, (2008) (b) J. Bijnens and K. Ghorbani., JHEP, 11, (2007)

(c) S- P. Schneider et al., JHEP, 028, (2011) (d) WASA-at-COSY coll., Phys. Rev., C90(045207), (2014)

(e) Peng Guo et al., Phys. Rev., D92(05016), (2015) (f) KLOE coll., JHEP, 019, (2016)

(g) Peng Guo et al., Phys. Lett., B771(497-502), (2017)

Partial wave analysis performed by JPAC:
WASA-at-COSY: Q = 21.4± 1.1(e) (∼ 120 k events)
KLOE: Q = 21.7± 1.1(g) (∼ 4.7 · 106 events)
CLAS6 Dalitz Plot analysis on g12 data ongoing
Perform Dalitz Plot Analysis with GlueX-I Data
1.) η→ π+π−π0

2.) η′ → π+π−η
Daniel Lersch (FSU) GHP (2019) 11.04.2019 6 / 12
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�η → π+π−π0 Status GlueX-I Data Analysis

≈ 300 k η → π+π−π0 events reconstructed in 2017 data set

No asymmetry observed: c, e (and h) are consistent with 0

Dalitz Plot analysis for GlueX-I 2018 data set ongoing

Daniel Lersch (FSU) GHP (2019) 11.04.2019 7 / 12
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	η(′) → π+π−e+e− Box Anomaly, FSI and CP-Violation

 = WZWL + + ...
'η,η,0π

ρ
+π

-π

γ

'η,η

+π

-π

γ

Underlying decay: η(′) → π+π−γ

Wess-Zumino-Witten-Lagrangian
+ ππ-FSI
CP-Conserving for M1 and E2 photon
transitions

Study M(π+, π−)-Distribution:
i) Determine contributions from

box anomaly term
ii) Insights into ππ-FSI
⇒ mainly ρ-Resonance for η′

Amplitude analysis for decay:
η′ → π+π−γ
Ling-Yun Dai et al., Phys. Rev. D97(036012),(2018)

Daniel Lersch (FSU) GHP (2019) 11.04.2019 8 / 12
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	η(′) → π+π−e+e− Box Anomaly, FSI and CP-Violation

Underlying decay: η(′) → π+π−γ

Wess-Zumino-Witten-Lagrangian
+ ππ-FSI
CP-Conserving for M1 and E2 photon
transitions
Access to CP-violation → Measure E1
γ transition → Need information
about γ polarization

Virtual case: η(′) → π+π−γ∗

Where: γ∗ → e+e−

⇒ suppressed by ≈ α
Polarization encoded in
(π+π−)-(e+e−) decay planes
Illustration on the bottom right taken from:

WASA-at-COSY coll. Phys. Rev.C,94 ,065206 (2016)
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�η → π+π−e+e− Asymmetry

AΦ = N(sin[Φ] cos[Φ]>0)−N(sin[Φ] cos[Φ]<0)
N(sin[Φ] cos[Φ]>0)+N(sin[Φ] cos[Φ]<0)

Measuring AΦ reveals information about
CP-violating transitions

Upper limit predicted by theory(a): ∼ 1%
(a) D. Gao. Mod. Phys. Lett., A17:1583-1588,(2002)

Measurements of AΦ performed by:
i) KLOE (bottom left)
ii) WASA-at-COSY (bottom right)

KLOE Collaboration / Physics Letters B 675 (2009) 283–288 287

Table 2
Summary of the numbers used in the master formula (1) for the branching ratio
evaluation.

BR inputs Values

Number of events 1555 ± 52
Efficiency 0.0803 ± 0.0004
Luminosity (1733 ± 10) pb−1

e+e− → φ → ηγ cross section (41.7 ± 0.6) nb

Table 3
Summary of the systematic uncertainties on the branching ratio.

Source of uncertainty σ (BR)

Free/fixed scale factors 0.18 × 10−5

Sidebands range 0.05 × 10−5

Binning 0.02 × 10−5

Analysis selection 0.55 × 10−5

Normalization 0.42 × 10−5

Total 0.72 × 10−5

• repeating the whole analysis chain after moving selection cri-
teria on s2p, s4p, Dee(BP), Mee(BP), ⟨cos θ f ⟩, ⟨cos θb⟩ and
Mππee by ± 1σ , ± 2σ ’s, ± 3σ ’s around the reference value. The
BR is then recomputed for all of these variations. The system-
atic uncertainty has been evaluated as the quadratic sum of
RMS’s obtained for each case.

The uncertainty on Nηγ has been also added to the systematics
in the normalization term. The results of the systematics evalua-
tion are summarized in Table 3. The largest contributions are due
to the normalization and to the cut on Mee(BP). Taking the total
systematic error into account, the measurement of the branching
ratio is:

BR
(
η → π+π−e+e−(γ )

)
= (26.8 ± 0.9 Stat. ± 0.7Syst.) × 10−5. (3)

7. Decay plane asymmetry evaluation

The decay plane asymmetry is calculated starting from the mo-
menta of the four particles and is expressed as function of φ, the
angle between the pion and the electron planes in the η rest frame
(Fig. 5):

Aφ = Nsinφ cosφ> 0 − Nsinφ cosφ< 0

Nsinφ cosφ> 0 + Nsinφ cosφ< 0
. (4)

The quantity sin φ cosφ is given by (n̂ee × n̂ππ )ẑ(n̂ee · n̂ππ ), where
the n̂’s are the unit normals to the electron and pion planes and ẑ
is the unit vector along the axis defined by the intersection of the
two planes. The distribution of the sin φ cosφ variable in the signal
region is shown in Fig. 6. We remind that the signal MC has been
produced with Aφ = 0.

While the analysis efficiency is completely flat in the sinφ cosφ
distribution, some distortion is introduced by the reconstruction,
because of events with wrong mass assignment. The correction
to this distortion has been evaluated by MC, fitting with a lin-
ear function the ratio between the generated and reconstructed
sin φ cosφ distributions. The resulting slope is −0.032 ± 0.016. The
use of higher polynomials does not improve the fit. The origin of
this slope has been investigated by MC and it is completely due
to the 14% of signal events with wrong particle identification. This
because the particle identification algorithm forces the mass as-
signment in case of ambiguities without discarding events. The aim
is to preserve the statistics, which completely dominates the asym-
metry measurement.

The asymmetry has been evaluated for the events in the
535 MeV < Mππee < 555 MeV mass region after background sub-

Fig. 5. Definition of the angle φ between the pion and electron decay planes.

Fig. 6. Distribution of the sin φ cosφ variable in the signal region. The background
scale factors have been obtained as described in Section 5. Dots: data. The black his-
togram is the expected distribution, i.e. signal MC (dark grey), φ background (light
grey) and continuum background (white).

traction. After applying the correction, we obtain:

Aφ = (−0.6 ± 2.5Stat. ± 1.8Syst.) × 10−2, (5)

which is the first measurement of this asymmetry.
As for the branching ratio, the systematic error has been eval-

uated repeating the whole analysis chain after varying selection
criteria by ± 1σ , ± 2σ ’s and ± 3σ ’s around the reference value and
taking as uncertainty the quadratic sum of the resulting RMS’s. The
uncertainty due to the correction has been evaluated varying its
slope by ± 1σ . The largest contribution is due to the cut on Mππee
while the contribution of the slope correction is 0.5 × 10−2.

In order to check the distortion correction applied to Aφ , we
have defined a control sample having only events without am-
biguities in particle identification. In this case the probability of
wrong particle identification is almost zero and no distortions are
observed in the MC sinφ cosφ distribution. The fraction of this
control sample in data and MC events is in good agreement (0.62±
0.02 and 0.64 ± 0.02 respectively), showing that our simulation
reproduces the real data well. The asymmetry evaluated with the
control sample is in good agreement with our measurement but
has a larger statistical error: Aφ = (−1.2 ± 3.1Stat.) × 10−2.

8. Conclusions

Using a sample of 1.7 pb−1 collected in the φ meson mass re-
gion, we have obtained a measurement of the η → π+π−e+e−(γ )
branching ratio with 4% accuracy, ten times more precise than the
previous best measurement [6–8]:

BR
(
η → π+π−e+e−(γ )

)
= (26.8 ± 0.9 Stat. ± 0.7Syst.) × 10−5. (6)

Daniel Lersch (FSU) GHP (2019) 11.04.2019 9 / 12
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	η(′) → π+π−e+e− Asymmetry and Branching Fraction

Experiment X Γ(X→π+π−e+e−)
ΓX

[10−3] AΦ [10−2] #Events [k]

WASA (b) η 1.2± 0.1stat ± 0.1sys −1.1± 6.6stat ± 0.2sys 0.215

KLOE (c) η 2.68± 0.09stat ± 0.07sys −0.6± 2.5stat ± 1.8sys 1.6

BESIII (d) η′ 2.11± 0.12stat ± 0.15sys n/a 0.429

(b) WASA-at-COSY coll. Phys. Rev.C,94 ,065206 (2016)

(c) KLOE coll. Phys. Lett.B,675 ,283-288 (2009)

(d) BESIII coll. Chinese Phys. C 42, 04202 (2108)

Shown on the right:
BESIII(d) analysis of η′ → π+π−e+e−

Main background contribution:
η′ → π+π−γ at M(e+, e−) ≈ 0.015GeV

Chinese Physics C Vol. X, No. X (X) X
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Fig. 10. The results of the model-dependent fits to M(π+π−) with (a) ρ0−ω−box anomaly and (b) ρ0−ω−ρ0(1450).
(c) The results of model-independent fit with ω interference.

with the CLEO result. The mass spectra of π+π− and
e+e− are consistent with the expected ρ0 domination in
M(π+π−) distribution and the peak in the M(e+e−) dis-
tribution just above 2me threshold with a long tail.
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Fig. 11. The invariant mass spectrum of e+e− for
data (dots with error bars) after all the selection
criteria are applied. The solid line represents the
fit result, the dotted histogram is MC signal shape
and the shaded histogram is for backgrounds ob-
tained from η′ sideband events.

Figure 12 shows the invariant mass of π+π−µ+µ−,
where no η′ signal is observed. The remaining events in
the η′ mass region are consistent with the contributions
from the background estimated with MC simulations.
The upper limit of B(η′ → π+π−µ+µ−) < 2.9× 10−5 at
the 90% C.L. is set.
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Fig. 12. Invariant mass spectrum of π+π−µ+µ−

for data (dots with error bars) after all the selec-
tion criteria are applied. The solid line represents
the fit result, the dotted histogram is MC sig-
nal shape and the shaded histogram is for back-
grounds obtained from η′ sideband events.

3.3 η′ → γe+e− [12]

Dalitz decays of light pseudoscalar mesons, P →
γe+e− where P = π0, η, η′, play an important role in
revealing structure of the hadrons and the interaction
mechanism between photons and the hadrons [9]. The
decay rates can be calculated in Quantum Electrody-
namics (QED) where the inner structure of the mesons
is encoded by the transition form factor (TFF), F (q2),
where q2 is the invariant mass of the lepton pair squared.
A recent summary and discussion of this subject can be
found in Ref. [88].

The knowledge of the TFF is also important in stud-
ies of the muon anomalous magnetic moment, aµ =
(gµ − 2)/2, which is one of the most precise low-energy
test of the Standard Model and an important probe
for new physics. The theoretical uncertainty on the
SM calculation of aµ is dominated by hadronic correc-
tions and therefore limited by the accuracy of their de-

X-10
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	η(′) → π+π−e+e− Plans and Analysis Strategy for GlueX-I

Physics Observables:
i) Branching fraction
ii) M(π+, π−) and M(e+, e−)
iii) AΦ

PID is crucial part of analysis:
I Utilize machine learning to identify particles within detector
I Combine information into Bayesian probability

Analyzed 5% of the GlueX-I 2018 data so far:
I Reconstructed ∼ 120 η′ → π+π−e+e− event candidates
I Main background contributions from: ρ0, ω, KS and η′ → π+π−γ
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Summary and Outlook

1. Dalitz Plot Analysis for η → π+π−π0 :

I Reconstructed ∼ 300 k events in GlueX-I 2017 data
I Dalitz Plot distribution shows no C-violating asymmetries
⇒ Uniform reconstruction efficiency

I Analysis of GlueX-I 2018 data ongoing
I Systematic studies and parameter extraction on the way
I Expected statistics after analyzing total GlueX-I data comparable with KLOE

2. Anomalous Decay η(′) → π+π−e+e− :

I Reconstructed ∼ 120 η′ event candidates in 5% of GlueX-I 2018 data
I Electron identification crucial for analysis:

i) Suppression of π± background
ii) Calculation of asymmetry AΦ

I Analysis of remaining data set is ongoing
I Expected to have at least statistics as current BESIII result
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