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Outline

§ general properties of the light mesons
§ light meson spectroscopy (exotic states)
§ decay width measurements (π0 ,η, η/)
§ tests with rare decays
§ precision form factor measurements
§ search for physics BSM

Outlook on Precision Tests of Fundamental Physics with Light 
Mesons

“Prediction is very difficult, especially if it’s about the future!”
Niels Bohr



Quark Structure of Light Mesons
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§ Mesons are the simplest (q, anti-q) strongly interacting particles in nature

§ They are the lightest strongly interacting particles: π0, π+, π-, K0, K0, K+, K-, 𝜂, 𝜌, 𝜔, …

§ They are all unstable

§ π mesons as the lightest (q, anti-q) bound state plays the same role as the hydrogen 
in atomic physics



QCD Symmetries and their Partial Violations in Light Meson Sector
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§ Classical QCD Lagrangian in Chiral limit is invariant under:
)1()1()3()3( BARL UUSUSU ´´´

§ Chiral SUL(3)xSUR(3) spontaneously broken:
8 Goldstone bosons: π0,π+,π-, K0, K0,K+,K,𝜂, 𝜂′

§ UA(1) is explicitly broken:
(axial or chiral anomaly) 

Ø Γ(p0→gg), Γ(h→gg), Γ(h’→gg)
Ø mass of h0

§ quarks are massive and different, 
SU(3) is broken:
Ø Goldstone bosons are massive
Ø mixing of π0 η η/

This system provides a rich laboratory to study the symmetry structure of QCD at low 
energies.



Meson Spectroscopy (light quark sector)
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§ Direct production method:
ü moderate energies
ü high luminosity
ü high resolutions
ü large acceptance

§ The current status of the light meson spectroscopy (with M. Battaglieri and A. Szczpaniak):
ü It is an important tool to study the strong force (QCD).
ü Several new multi-q states have been discovered that do not fit into the Quark Model.
ü Quark bound-states are genuine manifestation of non-perturbative regime of QCD.
ü The effort to un-reveal the internal structure of new states will be payed off by progressing our 

understanding of the strong force.

ü It is still a long way to go but is an exciting journey!

F-K Guo



Meson Spectroscopy (light quark sector) 
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§ Future Perspective (with M. Battaglieri and A. Szczpaniak):

ü Discoveries of XYZP phenomena show there is a large “hadronic landscape” yet to be discovered (also in 
the light flavor sector).

ü New high precision (both statistics and systematics) experiments are needed to pin down new states.
ü Compliment decay studies with “production”.
ü Needs to distinguish “resonances” from “virtual states”, “bound states” or “threshold rescattering” effects.
ü No single model accommodates all new states.
ü Modern hadron spectroscopy requires collaborations between experimentalist and theorists. 
ü Properly constrained S-matrix amplitude analysis can determine if these “exotic” states are real.
ü Lattice is complementary to experiment. In spectroscopy it works as a digital scattering experiment rather 

than a “field theory solver”. It should be used in coordination with phenomenological models.

ü Our expectation is that a decade from now we will have a very different view of hadrons compared 
to that proposed by Gell-Mann and Zweig.



Tests With rare Decays (h → p0gg  KLOE-2 Results)
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ChPT “golden mode”: p2 null, p4 suppressed, p6 dominates 

KLOE prel. 2006, 450 pb-1 : 70 signal events, 4 s’s discrepancy w.r.t. Crystal Ball 
measurement

Br(h→p0gg) = ( 0.99 ± 0.11stat ± 0.24syst ) × 10-4

~ 1200 signal events 

same statistics as 
Crystal Ball

Confirmed:
KLOE prel. central value
4 s’s difference with CB

S. Giovannella



Rare Decays (h → p0gg  MAMI A2 Results)
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From E. Mornacchi
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§ Model for γγ → π0η, KS KS , K +K − with 
analyticity/unitarity for the S-wave

§ D-waves description more phenomenological
§ Decay η → π0γγ predicted

ü Sensitive to Adler zero position
ü Sensitive to D-waves near s = 0

§ Reasonable agreement with Crystal Ball@AGS
and A2@MAMI but tension with new results by KLOE

Theory Simulation (h → p0gg Dispersive Approach, B. Moussallam)
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p0®gg Decay Width
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§ Recent theory calculations give ≈ 4.5% increase 
with  ≈1% uncertainty
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PrimEx final result:

G(p0®gg) = 7.802 ±0.052(stat) ± 0.105(syst.) eV

(± 1.5%)



Primakoff Effect on Atomic electrons  
(p0®gg Decay Width High Precision Measurement)  
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§ Use atomic electron as a target
g + e- ® e- + p0

p0→gg
§ Requires threshold energy for g* 

Eg = ((mp0 + me- )2 - m g*2 - me-2 )/(2 me- )
Eg ≈ 18 GeV

§ Experimental method: detect all 3 final state particles:
ü recoil electrons
ü two photons from p0 decay

§ Will provide full kinematical control:
ü reaction identification;
ü total energy conservation;
ü total 3-momentum conservation.

§ It will provide a unique opportunity to measure the  p0→gg decay width with a sub-percent 
accuracy. Experiment with the JLab 22+ energy upgrade.
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Charged Pion Form Factor Measurement to High Q2

§ The pion is seen as key to confirm the 
mechanisms that dynamically generate almost 
all hadron mass and is central to the effort to 
understand hadron structure

§ At empirically accessible Q2, the π+ form factor is 
sensitive to the emergent mass scale in QCD

JLab Hall C

By G. Huber

§ Experiment is completed
§ Results are expected in ~2025
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F γγ ∗→ π0 Transition Form Factor Experiment 
(Hall B at JLab) By R. Miskimen

§ PRad-II experimental setup will be used
§ Ee = 10.5 GeV, Ie = 10 nA, Target 28Si
§ Q2 = 0.003 – 0.3 GeV2

§ Expected run time 2025
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F γγ ∗→ π0 Transition Form Factor Experiment 
(A1 at MAMI)

§ Expected run time 2024-25

By Luigi. Capozza
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Outlook on F γγ ∗→ π0 Transition Form Factor Experiment
(Primakoff Effect on Atomic electrons)

§ Use atomic electron as a target
Ø requires threshold energy for g (or g*) 

Eg* = ((mp0 + me- )2 - m g*
2 - me-

2 )/(2 me- )
for p0 :     Eg* ≈ 18.1 GeV

1) New high precision experiment for Γ(p0→gg)
g + e- ® e- + p0 , with   p0 → g g
detection of: recoil e- and g g

2) F γ ∗ γ ∗→ π0 transition form factor experiment at low Q2 range 
Ø Experimental method: detect all 4 final state particles:

ü scattered electron
ü recoil electron
ü two photons from p0 decay

Ø Will provide full kinematical control:
ü reaction identification
ü total energy conservation
ü total 3-momentum conservation

§ The sub-percent measurement of F γγ ∗→ π0 at low Q2 range on the atomic electron 
will provide a critical input to the current (g-2)𝜇 anomaly.

§ Requires JLab energy upgrade to 22+ GeV
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Radiative Corrections and Form Factors in Dalitz Decays of Lightest 
Mesons
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§ Tomas Husek “Radiative Corrections and Form Factors in Daltz Decays of Lightest Mesons”

§ Question was: “.. is that really up to a 20% effect? “
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Last minute submission
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§ Emilie Passemar

•  Uncertainties on the quark mass ratio: 
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Figure 18: Light quark mass ratio determined by two di↵erent methods. The left-hand side indicates the values of Q calculated from the ⌘ ! 3⇡
decay corresponding to the Primako↵ [332] and collider average [54] experimental results for �(⌘! ��) as input, as well as the PDG averages for
B(⌘ ! ⇡+⇡�⇡0) and B(⌘ ! ��), see Table 1. The right-hand side shows the results for Q obtained from the kaon mass di↵erence, see Eq. (5.24),
with theoretical estimates for the electromagnetic corrections based on Dashen’s theorem (5.8), Ref. [252] (KN), or the lattice [259]. Figure adapted
from [203].

the nuclear medium. Since form factors for lighter nuclei fall slowly with increasing momentum transfer, the nuclear
coherent mechanism is peaked at larger angles for lighter nuclei, which helps to separate it from Primako↵ production.
The PrimEx-eta experiment collected the first two data sets in spring 2019 and in fall 2021 on a liquid 4He target.
More data will be expected from the third run in 2022.

The precision measurement of the ⌘ radiative decay width will o↵er a sensitive probe into low-energy QCD. One
example is the extraction of the ⌘–⌘0 mixing angle. In addition, an improvement in �(⌘ ! ��) will also have a broad
impact on all other ⌘ partial decay widths in the PDG listing, as they are determined by using the ⌘! �� decay width
and their corresponding experimental branching ratios. This holds true in particular for the ⌘ ! 3⇡ decay (discussed
in Sect. 5.1) used for an accurate determination of the quark mass double ratio Q [203, 229]. As shown in Fig. 18,
a new Primako↵ result from the PrimEx-eta experiment (the red point) will make an impact on Q by resolving the
systematic di↵erence between the results determined by using collider and previous Primako↵ measurements.

Lastly, we discuss ⌘0 ! ��. All existing measurements of �(⌘0 ! ��) were carried out by using e+e� colli-
sions, with experimental uncertainty for each individual experiment in the range of 7.3%–27% [54]. A planned new
experiment with GlueX, an extension of PrimEx-eta, will perform the first Primako↵ measurement with a projected
uncertainty of 4% for �(⌘0 ! ��). This precision measurement, coupled with theory, will provide further input for
global analyses of the ⌘–⌘0 system to determine their mixing angles and decay constants. Moreover, it will further pin
down the ⌘0 contribution to light-by-light scattering in (g � 2)µ.

6.2. ⇡0, ⌘, ⌘0 transition form factors
The general two-photon couplings for the lightest flavor-neutral pseudoscalar mesons P = ⇡0, ⌘, ⌘0 are described

by FP�⇤�⇤ (q2
1, q

2
2), defined in Eq. (6.1). Di↵erent experimental techniques can be used to access these TFFs in various

kinematical regions, including both time-like and space-like momenta, which are related to one another by analytic
continuation. In the space-like case, it is customary to express the photon momenta in terms of the positive variables
Q2

1,2 = �q2
1,2 > 0.

The general (doubly-virtual) TFFs are challenging both to predict theoretically and measure experimentally. Con-
sequently, most attention has focused on the singly-virtual TFF FP�⇤�(q2) ⌘ FP�⇤�⇤ (q2, 0) involving one real and one
virtual photon. Although we present more sophisticated treatments below, the approximate behavior of this function
can be understood simply within the context of VMD, which predicts a parameterization of the form

FP�⇤�(q2) ⌘ FP�⇤�⇤ (q2, 0) =
FP��

1 � q2/⇤2
P
, (6.8)
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1.7  Light meson: η � 3π  and light quark mass ratio  
η � 3π  and light quark mass ratio 
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      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 ) 
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Prospects for studies of production, decays and structure of light 
mesons with HADES
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§ Izabela Ciepal

Studies of neutral mesons production, structure and decays 

                                        with HADES

 electromagnetic structure of �(→⇥e+e-), ⇤(→⌅0e+e-)  
 decay dynamics of �/⇤→⌅+⌅ ⌅0

 production cross sections
 CP violation in �→⌅+⌅ e+e- 

 production mechanism of f
1
(1285)

pp→ pp⇤(→⌅+⌅ ⌅0)

pp→ pp�(→⌅+⌅ ⌅0)

exclusive analysis

expected 

statistics

2.8*106 

expected 

statistics

1.2*105 

 inclusive analysis

pp→ �(→⇥ e+e-)+X 

expected 

statistics

2.2*104 
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Lattice Simulation …
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÷,÷Õ mixing from the lattice
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LQCD calculation on ETMC ensembles with Nf = 2 + 1 + 1 flavors of Wilson Clover twisted-mass sea quarks:

I Three ensembles with physical quark mass, four lattice spacings.
I Improved control over systematic e�ects compared to our previous study; three times smaller stat error

on e.g. MÕ
÷ .

I Controlled physical extrapolations for masses and mixing parameters in FKS scheme with stat. and sys.
errors from model averages

M÷ = 549(11)stat(11)sys MeV, M÷Õ = 971(19)stat(06)sys MeV

„ = 39.6(1.4)stat(1.5) ¶
sys, fl = 138.3(4.0)stat(1.8)sys MeV, fs = 170.7(3.2)stat(1.2)sys MeV

Future prospects: Axialvector MEs + study of scale dependence of mixing parameters through Z 0
A(µ).
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• It’s new: no XYZ state has been uncontroversially seen so far
• Rescattering mechanisms that could mimic resonances in multibody decays can be 

controlled better (one can change the energy beam but not the B mass…)
• The framework is (relatively) clean from a theory point of view
• Radiative decays offer another way of discerning 

the nature of the states 𝜓′
𝑋

𝑌
Desiderata
• Low beam energies
• Low solenoidal field strength 
• Require far forward and backward acceptance 

and resolution 

Expected signal yields at the EIC competitive with 
BESIII if high-lumi scenario is realized

XYZ Spectroscopy at the EIC
By Pilloni
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Future Facilities for Light Meson Physics

§ Current JLab 12 GeV (GlueX, CLAS12):
ü Decay widths
ü Spectroscopy
ü Search for new physics

§ JLab 22+ GeV beam upgrade (GlueX, 
CLAS22, SOLID …)

ü Precision decay widths 
ü Spectrosopy
ü Search experiments

§ EIC
ü Spectroscopy
ü Exotics …

§ KLOE
ü Spectroscopy
ü Exotics
ü Decay widths

§ MAMI
ü Spectroscopy
ü Exotics
ü Decay widths

§ HADES:
ü spectroscopy
ü search for new physics

§ ?
ü ?

§ ?

§ ?
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Thanks to the Organizers for this scientifically Rich and very Intense 
Workshop
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