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1.   Introduction and Motivation 



1.1  JLab @ 12 GeV 

•  12 GeV upgrade at JLab: CLAS, GlueX, etc.: In the study of hadron 
spectroscopy, large amount of very precise data on meson physics 
will be collected, background for searches of new states 

 
 
 

•  Unique opportunity:  
–  Test chiral dynamics at low energy 
–  Extract fundamental parameters of the Standard Model:  

ex: light quark masses 
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1.1  JLab @ 12 GeV 

•  12 GeV upgrade at JLab: CLAS, GlueX, etc.: In the study of hadron 
spectroscopy, large amount of very precise data on meson physics 
will be collected  

 
 
 

•  To perform this task:          
 analytical tools: Amplitude analyses of data:  must build in S-

Matrix constraints + state-of-the-art knowledge of reaction 
dynamics, See JPAC effort (talks of A. Pilloni and A. Jackura)  
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ChPT + Analyticity + Unitarity 
Dispersion Relations 
Regge Theory, Models 

Experimental Data 
CLAS, GlueX, JEF, 
COMPASS, BES,  
LHCb, PANDA,… 

FFs, resonance  
parameters: MR,  
ΓR, couplings 

Hadron spectrum, exotics 



1.1  JLab @ 12 GeV 

•  12 GeV upgrade at JLab: CLAS, GlueX, etc.: In the study of hadron 
spectroscopy, large amount of very precise data on meson physics will 
be collected  

 
 
 

•  To perform this task:          
 analytical tools: Amplitude analyses of data:  must build in S-

Matrix constraints + state-of-the-art knowledge of reaction dynamics 
See JPAC effort (talks of A. Pilloni and A. Jackura)    

   
•  Multi-body (final state) interactions are expected to play a crucial role 

for the hadron spectroscopy  
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1.2  Processes under study at JLab and hadronic exp. 

•  All processes under study 
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1.3  Light Meson Decays 

•  All processes under study 
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1.3  Light Meson Decays	

 
•  If E > 1 GeV: ChPT not valid anymore to 

describe dynamics of the processes                

                      Resonances appear :  
         For ππ:  I=1: ρ(770),  ρ(1450), ρ(1700), …, 

        Especially true for φ  (Mφ=1020 MeV)	
�
�
�
	

•  Use Isobar model to  
describe the data   
       Improve to include FSI 
 

•  Build an amplitude with  
physical properties: 
à Analyticity, Unitarity  
     and Crossing Symmetry: 
          Dispersion Relations 
 

à Chiral constraints at LE 
 

à Regge behavior at HE 

 
 
 

 

9 Emilie Passemar 



1.4  Experimental Facilities and Role of JLab 12	
	

•  S 
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World competition in η decays  

32 

barrel
calorimeter

time-of
-flight

forward calorimeter 

photon beam

electron
beamelectron

beam

superconducting
magnet 

target

tagger magnet

tagger to detector distance
is not to scale

diamond
wafer

GlueX

central drift
chamber

forward drift
chambers

JEF at Jlab CBELSA/TAPS at ELSA 

e+e- 

Collider 

Fixed-target 

photoproduction 

hadroproduction 

From  L.Gan’s talk 

CLAS 



1.4  Experimental Facilities and Role of JLab 12	
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1.4  Experimental Facilities and Role of JLab 12 
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M. J. Amaryan et al.  
CLAS Analysis Proposal, (2014) 



2.   Light Mesons decays: An example: η → 3π 

In collaboration with G. Colangelo, S. Lanz  
          and H. Leutwyler (ITP-Bern) 

 

   Phys. Rev. Lett. 118 (2017) no.2, 022001 



2.1   Definitions 

•  η decay: η→ π+ π- π0 

 
 
 

•  Mandelstam variables 
 

       only two independent variables 
 
 

•  3 body decay         Dalitz plot  
 
 
 
 

Expansion around X=Y=0 
 
 

 
 
      

 
 

( )2 ,s p p
π π+ −= + ( )0 2

,t p p
π π−= + ( )0

2
u p p

π π += +

0
2 2 2

02 3s t u M M M sη π π ++ + = + + ≡

( ) ( )040 42 ( , , )out i p p p p A s t uη π π ππ π π η π δ + −
+ − = − − −

Dalitz plot measurements

Dalitz plot variables

X
-1 0 1

Y

-1

0

1

1 X =
√
3

2mηQc
(u − t)

Y = 3
2mηQc

(

(mη −mπ0)2 − s
)

−1

Qc = mη − 2mπ+ −mπ0

Z = X2 + Y 2

Stefan Lanz (Lund University) η → 3π and quark masses Chiral Dynamics 2012 14
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θS

A(s, t,u)
2
= N 1+ aY + bY 2 + dX 2 + fY 3 + ...( )

X = 3
T+ −T−

Qc
= 3
2MηQc

u − t( )

Y =
3T0
Qc

−1 = 3
2MηQc

Mη −Mπ 0( )2 − s⎛
⎝

⎞
⎠ −1

02cQ M M Mη π π+≡ − −



2.1   Why is it interesting to study η → 3π?  

•  Decay forbidden by isospin symmetry 
 
 
 

 

•          effects are small         Sutherland’66, Bell & Sutherland’68 
          Baur, Kambor, Wyler’96, Ditsche, Kubis, Meissner’09 

 
 

•  Decay rate measures the size of isospin breaking (mu − md) in the SM:  
 

              Unique access to (mu− md) 

 
      

 
 

  A = mu − md( ) A1 +α em A2

emα

( )2
u d

IB
m m

uu dd
−

= − −L→QCDL
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2.2   Quark mass ratio 

•  In the following, extraction of Q  from η → π+ π- π0  

 
 
 
 
 

•  Aim: Compute M(s,t,u) with the best accuracy 
 

 
 
 
 
 

  
 
 
 

 

 
 
                        
 
 

 
 

      

 
 

Γ
η→π +π −π 0 =

1
Q4

MK
4

Mπ
4

MK
2 −Mπ

2( )2

6912π 3Fπ
4Mη

3 ds
smin

smax∫ du M (s, t,u)
2

u− ( s)

u+ ( s)

∫

16 Emilie Passemar 

Determined from experiment 
 

Determined from: 
•  Dispersive calculation 
•  ChPT  
 

Fit to  
Dalitz distr. 
 

  
Q2 ≡

ms
2 − m̂2

md
2 − mu

2
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2.3   Computation of the amplitude 

•  What do we know?  
 

 
 

•  Compute the amplitude using ChPT : the effective theory that describe 
dynamics of the Goldstone bosons (kaons, pions, eta) at low energy 
 
 
 

•  Goldstone bosons interact weakly at low energy and 
Expansion organized in external momenta and quark masses    
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   mu , md ≪ ms < ΛQCD

 Weinberg’s power counting rule 

p << 4 ~ 1 GeVH FππΛ =
   
Leff =  Ld

d≥2
∑  , Ld =  O pd( )  , p ≡ q, mq{ }



2.3   Computation of the amplitude 

•  What do we know?  

•  Compute the amplitude using ChPT : 
 
 
 
 
 
The Chiral series has convergence problems 
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Γη→3π = 66 + 94 + ... + ...( )eV = 300 ±12( )eV

LO NLO NNLO 

LO: 
NLO: 
 NNLO: PDG’16 

Osborn, Wallace’70 

Gasser & Leutwyler’85 

 Bijnens & Ghorbani’07 

Anisovich & Leutwyler’96  

s = u 



•  Decay amplitude  

 
 

 
 

 
 

 

 
 

 
   

 

 

 
 

      

 
 

2.4   Neutral Channel : η→ π0 π0 π0  

2

3 1 2A Zη π α→Γ ∝ ∝ + with 
23

1

32 1
3

i

i n

T
Z

Q=

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
∑

  α  0.015

α = −0.0315 ± 0.0015

03nQ M Mη π
≡ −

 Important discrepancy between  
ChPT and experiment!  

Help of a dispersive treatment? 
 

PDG’16 
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2.5   Dispersive treatment 

•  The Chiral series has convergence problems   
 

 Large ππ  final state interactions  
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2.5   Dispersive treatment 

•  The Chiral series has convergence problems   
 

 Large ππ  final state interactions  

 
 

•  Dispersive treatment :  
–  analyticity, unitarity and crossing symmetry 
–  Take into account all the rescattering effects 
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2.6   Why a new dispersive analysis? 

 

•  Several new ingredients:  
–  New inputs available: extraction ππ phase shifts has improved 

 
 
 

 
–  New experimental programs, precise Dalitz plot measurements 
 
 
 
 
 
–  Many improvements needed in view of very precise data: inclusion of  

‒  Electromagnetic effects (O(e2m)) 

 

‒  Isospin breaking effects 
 
 
 
 
 

 

 

Ditsche, Kubis, Meissner’09 
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Kaminsky et al’01, Garcia-Martin et al’09 

Ananthanarayan et al’01, Colangelo et al’01 
Descotes-Genon et al’01 

CBall-Brookhaven, CLAS, GlueX (JLab), KLOE I-II (Frascati) 
     

TAPS/CBall-MAMI (Mainz), WASA-Celsius (Uppsala), WASA-Cosy (Juelich) 

BES III (Beijing)          see talks by  L. Gan  
                          D. Lersch 
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2.7  Method	

	

•  S-channel partial wave decomposition  
 
 
 
 
 

 
•  One truncates the partial wave expansion :         Isobar approximation 
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states interactions 
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3 BWs (ρ+, ρ−, ρ0) + background term 

A�(s, t) =
1X

J

(2J + 1)dJ�,0(✓s)AJ(s)
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2.7  Method	
	

•  S-channel partial wave decomposition  
 
 
 
 

 
•  One truncates the partial wave expansion :         Isobar approximation 

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 

•   Use a Khuri-Treiman approach or dispersive approach 
        Restore 3 body unitarity and take into account the final state interactions     

             in a systematic way 
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•  Decomposition of the amplitude as a function of isospin states  

 
 

Ø         isospin I rescattering in two particles  
Ø  Amplitude in terms of S and P waves        exact up to NNLO (O(p6)) 
Ø  Main two body rescattering corrections inside MI 
 

   
 

 

 
 

      

 
 

( ) ( )0 1 1 2 2 2
2( , , ) ( ) ( ) ( ) ( ) ( ) ( )
3

M s t u M s s u M t s t M u M t M u M s= + − + − + + −

IM
Fuchs, Sazdjian & Stern’93 

Anisovich & Leutwyler’96 
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2.8  Representation of the amplitude 



•  Decomposition of the amplitude as a function of isospin states  

 
 

 
 

•  Unitarity relation:  

 

 
 

      

 
 

  
M (s, t,u) = M0

0(s) + s − u( )M1
1(t) + s − t( )M1

1(u) + M0
2(t) + M0

2(u) − 2
3

M0
2(s)
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2.8  Representation of the amplitude 
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disc Mℓ

I (s)⎡⎣ ⎤⎦ = ρ(s)tℓ
*(s) Mℓ

I (s) + M̂ℓ
I (s)( )

right-hand cut  left-hand cut  

From unitarity to integral equation

Unitarity relation for F(s):
discF(s) = 2i

{

F(s)
︸︷︷︸

right-hand cut

+ F̂(s)
︸︷︷︸

left-hand cut

}

× θ(s− 4M2
π)× sin δ11(s) e

−iδ11(s)

• inhomogeneities F̂(s): angular averages over the F(s)

F(s) = aΩ(s)

{
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s
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(
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Khuri, Treiman 1960
Aitchison 1977

Anisovich, Leutwyler 1998

F(s) = +++ ...

B. Kubis, Precision tools in hadron physics for Dalitz plot studies – p. 12

Unitarity
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F(s, t, u) = F(s) + F(t) + F(u)

2.4  ω/φ  → 3π	

•  Simple system: restricted to odd partial waves  
        P wave interactions only (neglecting F- and higher)  

•  Amplitude: 

 
 
 

•  F(s) function of one variable with only a right-hand cut 
 

•  Unitarity relation: 

•  Relation of dispersion to reconstruct the amplitude everywhere: 
 
 
 
 
 
 
 
 
 

ω(s): conformal map of inelastic contributions: 
        Coefficients ai play the role of improved  
        subtraction constants in alternative approaches:  
        e.g, Niecknig, Kubis, Schneider‘12 

•    
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Danilkin et al., JPAC’15  

  
F(s) = Ω(s) ds'

π
4 Mπ

2

si

∫
Disc F(s)

Ω*(s') s'− s − iε( ) + aiω
i (s)

i=0

N

∑
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

Integral(equation:

w(s)(is(the(conformal$map$of$ 
$$$$$$$$$$$$$$$$inelastic$contributions  

15

Dispersion relation

!(s) =

p
si �

p
si � s

p
si +

p
si � s

G(s) =

Z 1

s⇡

ds0

⇡

DiscG(s0)

s0 � s
=

Z si

s⇡

ds0

⇡

DiscG(s0)

s0 � s
+

1X

i=0

ai !
i(s)

Yndurain 2002#
s⇡ si

s w

Integral(equation:

w(s)(is(the(conformal$map$of$ 
$$$$$$$$$$$$$$$$inelastic$contributions  

15

Dispersion relation

!(s) =

p
si �

p
si � s

p
si +

p
si � s

G(s) =

Z 1

s⇡

ds0

⇡

DiscG(s0)

s0 � s
=

Z si

s⇡

ds0

⇡

DiscG(s0)

s0 � s
+

1X

i=0

ai !
i(s)

Yndurain 2002#
s⇡ si

s w

Yndurain’02 



•  Decomposition of the amplitude as a function of isospin states  

 
 
 

•  Unitarity relation:  

 
 
 

•  Relation of dispersion to reconstruct the amplitude everywhere: 

•  PI(s) determined from a fit to NLO ChPT + experimental Dalitz plot 
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2.9  Representation of the amplitude 
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2.9  η → 3π  Dalitz plot 

•  In the charged channel: experimental data from WASA, KLOE, BESIII 

•  New data expected from CLAS and GlueX with very different systematics 
 see talks on Wednesday by L. Gan, D. Lersch 
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FIG. 7: (Color online) The experimental background
subtracted Dalitz plot distribution represented 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.

TABLE V: Summary of the systematic errors for the
asymmetries.

syst. error (⇥105) �ALR �AQ �AS

EGmin ±1 ±0 ±4

BkgSub ±5 ±3 ±16

✓+� , ✓�� cut +2
�0

+0
�2

+2
�0

�te cut +49
�92

+48
�22

+ 7
�15

�te ��t⇡ cut +0
�2

+3
�0

+0
�1

✓⇤�� cut + 1
�57

+3
�4

+0
�8

MM +0
�4

+0
�1

+1
�2

ECL ±9 ±0 ±25

TOTAL + 50
�109

+48
�23

+31
�35

These results confirm the tension with the theoretical
calculations on the b parameter, and also the need for
the f parameter. In comparison to the previous mea-
surements shown in Tab. I, the present results are the
most precise and the first including the g parameter.
The improvement over KLOE(08) analysis comes from
four times larger statistics and improvement in the sys-
tematic uncertainties which are in some cases reduced
by factor 2 � 3. The major improvement in the system-
atic uncertainties comes from the analysis of the e↵ect of
the Event classification with an unbiased prescaled data
sample.

The final values of the charge asymmetries are all con-
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i
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10000

15000
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FIG. 8: (Color online) The experimental background
subtracted Dalitz plot data, Ni, (points with errors),

compared to set #4 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).
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FIG. 9: (Color online) Distribution of the normalized
residuals, ri, for fit #4.

KLOE’16 
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•  The amplitude along the line s = u :  

 

3.1  Results: Amplitude for η→ π+ π- π0 decays  
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Intro mu − md η → 3π and Q η → 3π disp. Summary iso-breaking Fits to data

Momentum dependence
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•  The amplitude along the line t = u :  

 

3.1  Results: Amplitude for η→ π+ π- π0 decays  
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3.2  Z distribution for η→ π0 π0 π0 decays  

•  The amplitude squared in the neutral channel is  
4

0 0.2 0.4 0.6 0.8 1
Z

0.92

0.94

0.96

0.98

1

MAMI
prediction

FIG. 1. Prediction obtained from the KLOE measurements of
⌘ ! ⇡+⇡�⇡0 compared with the MAMI results for ⌘ ! 3⇡0.

remarkably close to the place where it was predicted on
the basis of current algebra: sA = 1.34(10)M2

⇡ . The
theoretical constraints play a significant role here: if
�2
th is dropped, the quality of the fit naturally improves

(the discrepancy with the KLOE data drops from 380
to 370), but outside the physical region, the parameter-
ization then goes astray. In particular, the Adler zero
gets lost: with 5 free parameters in the representation
of the Dalitz plot distribution, the data do not provide
enough information to control the extrapolation to the
Adler zero.

The solution (10) yields a parameter free prediction for
the Dalitz plot of the neutral channel. The figure shows
that the resulting distribution in the Dalitz plot variable
Z is in excellent agreement with the MAMI data [28].
Quantitatively, the comparison yields �2 = 22.5 for 20
data points (no free parameters).

This solves a long-standing puzzle: �PT predicts the
slope ↵ of the Z-distribution to be positive at one loop,
while the measured slope is negative. The problem arises
because ↵ is tiny – estimating the uncertainties inherent
in the one-loop representation with the rule given above,
we find that the error in ↵ is so large that not even the
sign can reliably be determined. The situation does not
improve at NNLO [4]. Only with dispersion theory is
one able to reach the necessary precision and to reliably
predict the slope.

At the precision at which the slope is quoted by the
PDG, ↵PDG = �0.0315(15) [29], the definition of ↵ mat-
ters, because the Z-distribution is well described by the
linear formula 1 + 2↵Z only at small values of Z. For
the slope at Z = 0, we find ↵ = �0.0302(11), while a
linear fit on the intervals 0 < Z < 0.5 and 0 < Z < 1
yields the slightly di↵erent values ↵ = �0.0293(11) and
↵ = �0.0313(11), respectively.

The decay rates of the processes ⌘ ! ⇡+⇡�⇡0 and
⌘ ! 3⇡0 are given by an integral over the square of the

corresponding amplitudes and hence by a quadratic form
in the subtraction constants. For the individual rates,
H0 is also needed – and will be discussed below – but in
the branching ratio B = �(⌘ ! 3⇡0)/�(⌘ ! ⇡+⇡�⇡0)
the normalization drops out. For our central solution
we obtain B = 1.4394(5), to be compared with the
experimental values given by the Particle Data Group,
B = 1.426(26) [‘our fit’], B = 1.48(5) [‘our average’].
The fact that the value predicted for the decay rate of
the neutral mode (on the basis of Dalitz plot distribu-
tion and decay rate of the charged mode) agrees with
experiment provides a very strong test of the approxima-
tions used to account for isospin breaking. Note that the
net error in B obtained from our calculation amounts to
a fraction of a per mille and should therefore be taken
with a grain of salt.
In contrast to the Dalitz plot distributions and the

branching ratio, the individual rates do depend on the
normalization of the amplitude, which we specify in
terms of (M2

K0 � M2
K+)QCD and H0. With the theo-

retical estimate for H0 given above, the experimental
values of the rates �(⌘ ! ⇡+⇡�⇡0) = 300(12) eV and
�(⌘ ! 3⇡0) = 428(17) eV [29] yield two separate de-
terminations of the kaon mass di↵erence in QCD. Since
our prediction for the branching ratio agrees with ex-
periment, the two results are nearly the same, but they
are statistically independent only with regard to the un-
certainties in the rates, which are responsible for only a
small fraction of the error. Combining the two, we can
determine the mass di↵erence to an accuracy of 6%:

(M2
K0 �M2

K+)QCD = 6.27(38)10�3 GeV2 . (11)

The comparison with the observed mass di↵erence im-
plies (M2

K0 � M2
K+)QED = �2.38(38)10�3 GeV2. This

corresponds to ✏ = 0.9(3), in agreement with recent lat-
tice results [30, 31] which also find that the Dashen the-
orem receives large corrections from higher orders. In-
deed, the direct determination of ✏ based on an eval-
uation of the kaon mass di↵erence with the e.m. e↵ec-
tive Lagrangian encounters unusually strong logarithmic
infrared singularities, which generate large nonleading
terms in the chiral perturbation series [32]. We empha-
size that our determination of ✏ does not face this prob-
lem.
Finally, we invoke the low energy theorem that relates

the kaon mass di↵erence to the quark mass ratio Q [3]:

(M2
K0 �M2

K+)QCD =
M2

K(M2
K �M2

⇡)

Q2M2
⇡

, (12)

(MK and M⇡ stand for the QCD masses in the limit
mu = md). Since the relation holds up to corrections
of NNLO, our analysis goes through equally well if the
quantity (M2

K0 �M2
K+)QCD is replaced by the right hand

side of (12). This leads to

Q = 22.0(7) , (13)

The agreement is excellent between  
our prediction and the data! 
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3.2  Comparison of results for α	
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Intro mu − md η → 3π and Q η → 3π disp. Summary iso-breaking Fits to data

Dalitz plot in the neutral channel: value of α

Comparison with other determinations:

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
α

ChPT O(p4)

ChPT O(p6)

Kambor et al.

Kampf et al.

NREFT, Schneider et al.

JPAC, Guo et al.

KT-elastic, AM

KT-coupled, AM

Dispersive, fit to charged KLOE

GAMS-2000 (1984)

Crystal Barrel@LEAR (1998)

Crystal Ball@BNL (2001)

SND (2001)

WASA@CELSIUS (2007)

WASA@COSY (2008)

Crystal Ball@MAMI-B (2009)

Crystal Ball@MAMI-C (2009)

KLOE (2010)

PDG average

32  α = −0.0302 ± 0.0011



3.3  Quark mass ratio 
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Intro mu − md η → 3π and Q η → 3π disp. Summary iso-breaking Fits to data

Determination of Q

20 21 22 23 24

Q

χPT O(p4) (Gasser, Leutwyler)

η → 3π

χPT O(p6) (Bijnens, Ghorbani)

dispersive (Anisovich et al.)

dispersive (Kambor et al.)

dispersive (Kampf et al.)

dispersive (JPAC, Guo et al. )

Dispersive, fit to charged KLOE

Weinberg’77

kaon mass splitting

Kastner, Neufeld

Nf = 2

lattice, FLAG’16

Nf = 2 + 1

Nf = 2 + 1 + 1

Q = 22.0 ± 0.7

•  No systematics taken into account         collaboration with experimentalists 



 
 
 
 
 
 

•  Smaller values for Q        smaller values for ms/md and mu/md than LO ChPT  
  

 

3.4  Light quark masses 

Courtesy of H.Leutwyler 
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Q = 22.0 ± 0.7
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0

0

0.1

0.1

0.2

0.2

0.3

0.3

0.4

0.4

0.5

0.5

0.6

0.6

0.7

0.7

0.8

0.8

0.9

0.9

1

1

mumd

0 0

5 5

10 10

15 15

20 20

25 25

msmd

Weinberg 1977
msmud

= 27.30(34)  FLAG 2016

Intersection



Intro mu − md η → 3π and Q η → 3π disp. Summary iso-breaking Fits to data

Leutwyler’s ellipse
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3.4  Light quark masses 

Courtesy of H.Leutwyler 
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3.5  η → 3π and Light Quark Masses 
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•  Uncertainties in the quark mass ratio (rough attempt) 

 
 
 
 
           

 

 
 
 

 

      3. What is the physics impact  !→3π measurement? 
 

!   A clean probe for quark mass ratio: 
 

"  decays through isospin violation: 
"        is small  
"  Amplitude: 

! Uncertainties in quark mass ratio (E. Passemar, talk at AFCI workshop ) 

  

 
 

13 

Q2 =
ms
2 −
m2

md
2 −mu

2

αem

A = (mu −md )A1 +αemA2

Γη→3πDalitz  

m̂ =
mu +md

2

Can be investigated and reduced at JEF 



2.5  η → 3π and light quark masses 
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 H. Leutwyler 

51 

Experimental Measurements of !�3π  

Exp. 3π0 

Events 
(106) 

π+ π- π0 

Events 
(106) 

Total world data 
(include prel. WASA 

and prel. KLOE) 

6.5 6.0 

GlueX+PrimEx-η
+JEF 

20 19.6 

$  Existing data from the low energy 
    facilities are sensitive to the detection  
    threshold effects 
  
$  JEF at high energy has uniform detection  
      efficiency over Dalitz phase space 

$  JEF will offer large statistics and improved 
systematics 

KLOE 
JHEP 0805 (2008) 0066 

JEF 
x 

y 

L. Gan’s talk 



3.   Conclusion and Outlook 



3.1  Conclusion 
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•  Light Meson component very important for JLab 12 
 

•  Knowing conventional modes important for studies of background for 
looking for exotics 
 
 

•  Study of fundamental properties of QCD:  
–  Extraction of fundamental parameters of the SM,  

         e.g. light quark masses 
–  Study of chiral dynamics 

•   
 

•  To studies meson modes with the best precision: Development of 
amplitude analysis techniques consistent with analyticity, unitarity, crossing 
symmetry         dispersion relations allow to take into account all 
rescattering effects being as model independent as possible combined with 
ChPT          Provide parametrization for experimental studies 

 
 

•  In this talk, illustration with η → 3π  and extraction of the light quark masses 
 

•  Similar illustration in the talk of A. Pilloni and A. Jackura (JPAC) 



3.2  Outlook:  
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•  Apply dispersion relations + (R)ChPT to other modes in the light meson 
sector 

-  ω/φ → 3π, πγ : Niecknig, Kubis, Schneider‘12,  
          Danilkin et al. JPAC’15,’16 

 
-  φ → ηπγ: Moussallam, Shekhovtsova in progress 

  
-  η' →  3π�

 
-   η' →  ηππ:   Escribano, Masjuan,Sanz-Cillero’11, Kubis & Schneider’12, 

Perotti, Niblaeus, Leupold’15 
 

-  etc… 



4.   Back-up 


