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Overview
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• What is Pion Polarizability and how is it measured


• Past experimental results


• GlueX experiment at Jefferson Lab


• Status of Data Analysis for the Charged and Neutral Pion Polarizability 
Measurements
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What is a Hadron Polarizability?

3

Hadron surrounded by 
Pion Cloud

Hadron surrounded by 
displaced Pion Cloud

Electric Polarizability = α ≈ 10−4 × Volume

Magnetic Polarizability = β ≈ 10−4 × Volume

απ = − βπ =
4α

mπF2
π

(Lr
9 − Lr

10) = 2.8 × 10−4fm3
Chiral Perturbation Theory 

Prediction for Charged 
Pions:*

Measurements of Pion 
Polarizability provide a test 

of chiral symmetry

*Gasser et al. Annals Phys. 158, 142
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Predictions* for the Neutral Pion Polarizability
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NLO calculations: 
■

■  

NNLO calculations: 
■
■

𝛼𝜋0 + 𝛽𝜋0 = 0
𝛼𝜋0 − 𝛽𝜋0 = −

𝛼𝐸𝑀

48𝜋2𝑚𝜋𝐹2
𝜋

≈ − 1 . 1 × 10−4𝑓𝑚3

𝛼𝜋0 + 𝛽𝜋0 =    1 . 15 ± 0 . 3 × 10−4𝑓𝑚3

𝛼𝜋0 − 𝛽𝜋0 = − 1 . 90 ± 0 . 2 × 10−4𝑓𝑚3
Neutral pion 
polarizability has never 
been reliably determined

*S. Bellucci  In Chiral dynamics: Theory and experiment. Proceedings, Workshop, Cambridge, USA, July 
25-29, 1994, pages 177–189, 1994. https://arxiv.org/pdf/hep-ph/9508282
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Since a Pion Target Can’t Exist for 
Compton Scattering, other 
methods must be utilized  

• Radiative Pion Photo-
production:  (Mainz)


• Radiative Pion Scattering: 
 (COMPASS)


• Pion Pair Production in 2 Photon 
Collision:  (Mark II)

γp → γ′ π+n

π−A → γπ−A

γγ → π+π−

γ γ

π− π−

Past Experiments on Charged Pion Polarizability
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Theoretical 
Prediction from 
Gasser et al. Annals 
Phys. 158, 142
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Pion Polarizability Measurement at Jefferson Lab 
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Goals for the JLab experiment 

• Utilize a new technique complementary to 
measurements at COMPASS and  
colliders 

• Provide higher statistics for  
than existing collider data 

•  Provide a measurement of CPP with low 
statistical and systematic errors, and the 
first reliable measurement of NPP

e+e−

σ(γγ → ππ)

d2σPrim

dΩdMππ
=

2αZ2

π2

E2
γ β2

Mππ

sin2θ
Q4

FEM(Q2)
2

(1 + Pγcos2ϕππ) σγγ→ππ

Photon polarization

σγγ→ππ

6 GeV  ⃗γ π

π208Pb
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CPP/NPP Experiment at JLab
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New detector for μ/π 
identification  

Test Efficiency: 99.7% 
Efficiency During Experiment: 99.9%

Compare production with 
respect to  production

μ+μ−

π+π−
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GlueX Detector

Pb208 
Target

π+

π−

FDC

TOF FCAL MWPCs

Iron Absorbers

CTOF

BCAL

Solenoid Lead Absorber
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Muon Detector
• 8 Chambers built at UMASS, 6 used in 

CPP

• Each MWPC has 144 channels (sense 

wires)

• 90%  + 10%  gas mixture

• Ran at 1780V

• 4 Scintillators (CTOF) placed 

downstream of final chamber

• Total Pion Interaction Lengths in Lead 

and Iron Absorbers

Ar CO2

= 4.9

10

5 cm lead  
Absorber

10cm steel 
absorber

15cm steel 
absorber

35cm steel 
absorber

Scintillators 
for cross 
checks

6 Alternating  
x-y chambers
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Muon Detector

11

Wire Chambers Chambers installed  
with Iron Absorbers

CTOF Installed behind 
muon chambers
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Status of the  JLab GlueX CPP and NPP measurements 

• Data was taken in summer 2022 with 6 GeV linearly polarized photons on 
 target, ~ 80% polarization 

• Calorimeter and charged particle tracking calibrations have been completed 

• Data processing was concluded October 2024 

• Currently working on Neural Nets for separation of Particle 
ID 

•We expect to have preliminary physics distributions at end of summer. 

• Neutral Pion Polarizability has Preliminary physics distributions

208Pb

e+e−, π+π−, μ+μ−
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for individual contributions from the different !0 produc-
tion mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange) TPr and the strong
(hadron exchange) TS contribute coherently, as well as
incoherently in !0 photoproduction from nuclei at forward
angles. Therefore, the cross section of this process can be
expressed by four terms: the Primakoff (Pr), the nuclear
coherent (NC), the interference between strong and
Primakoff amplitudes (Int), and the nuclear incoherent
(NI):

d"

d!
jTPrþei’TSj2þ

d"NI

d!
¼d"Pr

d!
þd"NC

d!
þd"Int

d!
þd"NI

d!
;

where ’ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
proportional to the !0 decay width, the primary focus of
this experiment [10]:

d"Pr

d!
¼ "ð!0 ! ##Þ 8$Z

2

m3

%3E4

Q4 jFEMðQÞj2sin2&!;

where Z is the atomic number, m, %, &! are the mass,
velocity, and production angle of the pion, E is the energy

of the incident photon,Q is the four-momentum transfer to
the nucleus, and FEMðQÞ is the nuclear electromagnetic
form factor corrected for final state interactions (FSI) of the
outgoing pion. The FSI effects for the photoproduced
pions, as well as the photon shadowing effect in nuclear
matter, need to be accurately included in the cross sections
before extracting the Primakoff amplitude. To achieve this,
and to calculate the NC and NI cross sections, a full
theoretical description based on the Glauber method was
developed, providing an accurate calculation of these pro-
cesses in both light and heavy nuclei [19,20]. For the NI
process, an independent method based on the multicolli-
sion intranuclear cascade model [21] was also used to
check the model dependence of the extracted decay width.
The sensitivity of the extracted decay width from these

two different models was shown to be 0.12%. To check the
dependence of the decay width on the physical parameters
used inside the models, their values were changed at the
few " level, and the fitting procedure was repeated. For
example, the variation of !0N total cross section at the 2"
level resulted in only 0.1% change in the decay width. The
incident photon shadowing in the nuclei [19] is one of the
processes that contributes sizably to the model uncer-
tainty—mostly because up to now the shadowing parame-
ter was experimentally poorly determined. We have used
the value 0.25 for the shadowing parameter taken from
Meyer et al. [22]. Varying this parameter at the%30% level
changed the decay width not more than 0.13%. The uncer-
tainty from using different nuclear densities for the form
factor calculations was shown to be less than 0.1%.
Overall, the uncertainty in the decay width from model
dependence and parameters inside the models was esti-
mated to be 0.3%.
The "ð!0 ! ##Þ decay width was extracted by fitting

the experimental results with the theoretical cross sections
of the four processes mentioned above folded with the
angular resolutions ("&

!0
¼ 0:4 mrad) and the measured

energy spectrum of the incident photons (4.9–5.5 GeV). In
the fitting process, four parameters, "ð!0 ! ##Þ, CNC,
CNI, ’, were varied to calculate the magnitude of the
Primakoff, NC, NI cross sections and the phase angle,
respectively. The fit results of the two analysis groups for
the decay widths, as well as for the other three parameters
(CNC, ’, CNI), are presented in Table I for both targets,
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FIG. 4 (color online). Differential cross section as a function
of the !0 production angle for 208Pb together with the fit
('2=Ndf ¼ 123=121) results for the different physics processes
(see text for explanations).

TABLE I. The fit values extracted from the measured cross sections on 12C and 208Pb from two
analysis groups. The uncertainties shown here are statistical only including the fitting uncer-
tainties (see text for details).

Target Analysis group "ð!0 ! ##Þ (eV) CNC ’ (rad) CNI

12C I 7:67% 0:18 0:83% 0:02 0:78% 0:07 0:72% 0:06
II 7:91% 0:15 0:85% 0:01 1:01% 0:05 0:69% 0:05

208Pb I 7:72% 0:23 0:69% 0:04 1:25% 0:07 0:68% 0:12
II 7:99% 0:17 0:57% 0:05 1:13% 0:08 0:44% 0:44

PRL 106, 162303 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

22 APRIL 2011

162303-4
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Primakoff 
peak

dσPrim

dΩ
= Γ(π0 → γγ)

8αZ2

m3
π

β3E4
γ

Q4
FEM(Q2)

2
sin2θπLarin et al., PRL 106, 162303 (2011)

PrimEx I γ Pb → π0 Pb

Very preliminary look at exclusive  photoproduction 

   

π0

⃗γ Pb → π0 → γγ
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Very preliminary look at exclusive  photoproduction 
   

η
⃗γ Pb → η → γγ

dσPrim

dΩ
= Γ(η → γγ)

8αZ2

m3
η

β3E4
γ

Q4
FEM(Q2)

2
sin2θη

Primakoff peak
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Observed and Expected Signal𝜋0𝜋0 

𝒃𝒂𝒄𝒌𝒈𝒐𝒖𝒏𝒅 𝒔𝒖𝒃𝒕𝒓𝒂𝒄𝒕𝒆𝒅𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅 𝒔𝒊𝒈𝒏𝒂𝒍

Total
Accidentals
Background

Reconstructed 4γ

•The experimental background conditions are favorable for the angular range below 0.5  
•For 4.5 5.9 GeV photon beam energy,    and  : 
–Observed yield: 1.6K ± 8% (very preliminary) 
–Expected Primakoff yield based on Crystal Ball data: 1.7K ± 16% 
   We are close to our expectations

°
÷ 𝑀𝜋𝜋 < 800𝑀𝑒𝑉 𝜃𝜋𝜋 < 0 . 5°

𝜎(𝛾𝛾 → 𝜋0𝜋0) 
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for individual contributions from the different !0 produc-
tion mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange) TPr and the strong
(hadron exchange) TS contribute coherently, as well as
incoherently in !0 photoproduction from nuclei at forward
angles. Therefore, the cross section of this process can be
expressed by four terms: the Primakoff (Pr), the nuclear
coherent (NC), the interference between strong and
Primakoff amplitudes (Int), and the nuclear incoherent
(NI):

d"

d!
jTPrþei’TSj2þ

d"NI

d!
¼d"Pr

d!
þd"NC

d!
þd"Int

d!
þd"NI

d!
;

where ’ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
proportional to the !0 decay width, the primary focus of
this experiment [10]:

d"Pr

d!
¼ "ð!0 ! ##Þ 8$Z

2

m3

%3E4

Q4 jFEMðQÞj2sin2&!;

where Z is the atomic number, m, %, &! are the mass,
velocity, and production angle of the pion, E is the energy

of the incident photon,Q is the four-momentum transfer to
the nucleus, and FEMðQÞ is the nuclear electromagnetic
form factor corrected for final state interactions (FSI) of the
outgoing pion. The FSI effects for the photoproduced
pions, as well as the photon shadowing effect in nuclear
matter, need to be accurately included in the cross sections
before extracting the Primakoff amplitude. To achieve this,
and to calculate the NC and NI cross sections, a full
theoretical description based on the Glauber method was
developed, providing an accurate calculation of these pro-
cesses in both light and heavy nuclei [19,20]. For the NI
process, an independent method based on the multicolli-
sion intranuclear cascade model [21] was also used to
check the model dependence of the extracted decay width.
The sensitivity of the extracted decay width from these

two different models was shown to be 0.12%. To check the
dependence of the decay width on the physical parameters
used inside the models, their values were changed at the
few " level, and the fitting procedure was repeated. For
example, the variation of !0N total cross section at the 2"
level resulted in only 0.1% change in the decay width. The
incident photon shadowing in the nuclei [19] is one of the
processes that contributes sizably to the model uncer-
tainty—mostly because up to now the shadowing parame-
ter was experimentally poorly determined. We have used
the value 0.25 for the shadowing parameter taken from
Meyer et al. [22]. Varying this parameter at the%30% level
changed the decay width not more than 0.13%. The uncer-
tainty from using different nuclear densities for the form
factor calculations was shown to be less than 0.1%.
Overall, the uncertainty in the decay width from model
dependence and parameters inside the models was esti-
mated to be 0.3%.
The "ð!0 ! ##Þ decay width was extracted by fitting

the experimental results with the theoretical cross sections
of the four processes mentioned above folded with the
angular resolutions ("&

!0
¼ 0:4 mrad) and the measured

energy spectrum of the incident photons (4.9–5.5 GeV). In
the fitting process, four parameters, "ð!0 ! ##Þ, CNC,
CNI, ’, were varied to calculate the magnitude of the
Primakoff, NC, NI cross sections and the phase angle,
respectively. The fit results of the two analysis groups for
the decay widths, as well as for the other three parameters
(CNC, ’, CNI), are presented in Table I for both targets,
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FIG. 4 (color online). Differential cross section as a function
of the !0 production angle for 208Pb together with the fit
('2=Ndf ¼ 123=121) results for the different physics processes
(see text for explanations).

TABLE I. The fit values extracted from the measured cross sections on 12C and 208Pb from two
analysis groups. The uncertainties shown here are statistical only including the fitting uncer-
tainties (see text for details).

Target Analysis group "ð!0 ! ##Þ (eV) CNC ’ (rad) CNI

12C I 7:67% 0:18 0:83% 0:02 0:78% 0:07 0:72% 0:06
II 7:91% 0:15 0:85% 0:01 1:01% 0:05 0:69% 0:05

208Pb I 7:72% 0:23 0:69% 0:04 1:25% 0:07 0:68% 0:12
II 7:99% 0:17 0:57% 0:05 1:13% 0:08 0:44% 0:44

PRL 106, 162303 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

22 APRIL 2011

162303-4

Upcoming analysis for Charged and Neutral Polarizability  

 distributions for CPP/NPP are qualitatively similar to  

distribution for single pion photo-production,  with some 
important differences: 

• Nuclear coherent photo-production dominated by coherent 
 photo-production 

• Significant background from  in CPP, completely absent for 
NPP 

• Primakoff peak is broadened and shifted to higher angles 

Use incident photon linear polarization to help disentangle 
the   cross section from background reactions  

θlab
(ππ) θlab

π

f0(500)

ρ0

γγ → ππ

PrimEx I  γ Pb → π0 Pb
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Summary
• Pion polarizability gives insight into fundamental symmetries in ChPT and 

low energy QCD

• Differing from past experiments, CPP/NPP at JLab utilize Primakoff 

Photo-Production of  and  pairs

• Data taking and processing has been completed

• Neutral Pion Polarizability Analysis shows promising results

• Charged Pion Polarizability Analysis is still in the works and we are looking 

forward to presenting cross section and polarizabilities in the near future

π+π− π0π0

17

Thank you to the Organizers for the 
opportunity to speak at this meeting 

and thank you for your attention!

GlueX acknowledges the support of several 
funding agencies and computing facilities: 
gluex.org/thanks
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Back Ups

18
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MWPC Inefficiencies

19
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  Pair 
Candidates
μ+μ−

20

• Muon Detection in 
scintillators

Charged Track Requirements

Chamber 5 Hits

Bar 1 Position
Background close 

to beam line

μ+(−)

μ−(+)

Bar 2 Positionμ+(−)

μ−(+)

μ+(−)

Bar 3 Position
μ−(+)

μ+(−)

Bar 4 Position

μ−(+)

μ−(+)
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Neural Net Response

FIRST GUESS 
Neural Net

• Train a Neural Net with simulation for 
Primakoff  and Bethe-Heitler  


• Use Calorimeter and Wire Chamber 
response as features for training.

π+π− μ+μ−
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Selecting  in CPPπ+π−

22

• Use Calorimeter, drift chambers, and 
wire chambers to identify two track 
events 


• Muon Contamination is Prevalent in 
Primakoff peak
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Pion Candidate 
Selection

23

• In order to look at clean  
events can explore 




• Main decay mode:  
where the final state has similar 
kinematics to Primakoff

π+π−

γPb208 → ρ0Pb208

ρ0 → π+π−
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Chiral Perturbation Theory (χPT)

24
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Chirality
• Chirality is defined by Left/Right Projection 

Operators


•   where  


• We first observe the limit wherein 

ψL = ΓL ψ, ψR = ΓR ψ ψ = ψL + ψR

m → 0

25

ℒQCD = q̄LiγμDμqL + q̄RiγμDμqR

ΓL,R =
1 ± γ5

2

Left/Right Projection Operators

 Chirality = Helicitym → 0

Recall: massive fermions break 
Chiral Symmetry explicitly!  

ℒmass = − mψ̄ψ
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• Our Lagrangian now in this  limit is invariant under global left or 
right hand rotations (Chiral Symmetry!).


• This invariance is called: 


• In this limit the world is chiral symmetric: This would lead to 16 conserved 
Noether Currents (meaning 16 continuous symmetries from this theory!), 8 
describing left handed fields, 8 describing right handed fields


• However in nature quarks are not massless!

m → 0

SU(3)L ⊗ SU(3)R

26

Chiral Symmetry qL → eiθL qL, qR → qR
qL → qL, qR → eiθR qR

ℒQCD = q̄LiγμDμqL + q̄RiγμDμqR

Rotations
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Chiral Lagrangian
• These symmetries are broken which leads to Goldstone’s theorem. 

(Broken explicitly from mass term AND spontaneously from vacuum state)


• From this Goldstone’s theorem states there are 8 scalar particles (one for 
each generator of symmetry) that are very light that describe these 
interactions


• When working with low energy scale (< 1 GeV) we can define an effective 
Lagrangian for pseudoscalar mesons

27

Field

Fπ = 93MeV
ℒ2 =

F2
π

4
Tr(∂μU∂μU†) +

m2
π

4
F2

π Tr(U + U†) U(x) = exp (iϕ(x)/Fπ)
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Higher than Tree Level
• Going above tree level (one loop 

and beyond) brings about 
divergences.


• Weinberg posited that these 
divergences can be absorbed in to 
phenomenological constants, 
much like QED.

28

Gasser-Leutwyler 

DμU = ∂μU + {Aμ, U} + [Vμ, U]
FL,R

μν = ∂μFL,R
ν − ∂νFL,R

μ − i[FL,R
μ , FL,R

ν ], FL,R
μ = Vμ ± Au

This Lagrangian, written by Gasser and Leutwyler 
incorporates 4th order derivative interactions. The 

 terms absorb the DivergencesLi

Lr
i = Li −

γi

32π2 [−
2
ϵ

− ln(4π) + γ − 1]
Bare value
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Pion Polarizability as a 
Predicted Quantity

29

Charged Pion Polarizability

απ = − βπ =
4α

mπF2
π

(Lr
9 − Lr

10)

• Gasser and Leutwyler performed 
one loop integration on the  
form

𝒪(p4)

LQCD(p4) = Lchiral even + Lchiral odd

Pion Polarizability Prediction, 
with 3 experimental results. 

One in disagreement


