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A Precision Measurement of Neutral Pion Lifetime



p0 analysis

Data Analysis2

Physical quantities measured:
§ Incident photon energy and time
§ Decay photon energies, coordinates and time

p0 event selection:
§ Requires two HyCal clusters: 

1) Every combination are considered as p0 candidate
2) E1, E2 > 0.5 GeV
3) E1 + E2 > 3.5 GeV

§ Conservation of energy:
Ebeam= E1+E2

§ Invariant mass: 𝑚"" = 𝑚$%

§ Coincidence between incident photon and
decay photons:

1) “Best tdiff ” p0 candidate selection
2) Cut on the time different between HyCal and 
Tagger (tdiff)



p0 invariant mass and elasticity
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p0 event signature: two γ invariant mass               p0 elasticity: Ebeam=E1+E2

Data Analysis



Data Analysis4

p0 invariant mass and elasticity

� Invariant mass mγγ

� Elasticity:

� In case E1=E2

=> α = 45°



5

• p0 hybrid mass:

• α = 45°
• By projecting p0 events onto 

hybrid mass, both non p0 and 
inelastic backgrounds are 
pushed away from the signal

p0 hybrid mass

Data Analysis
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• HyCal total sum trigger:
§ Total Edeposit > 2 GeV

• Tagger Master OR:
§ Master OR of all T-channels

• Coincidence between these two 
triggers is required (tdiff cut)

• Tagged photon multiplicity
• “Best tdiff ” or “all tdiff ”:

§ “Best tdiff ” method only accounts tagged 
photon with the smallest |tdiff|

§ Effect on signal is minimal but “best tdiff ” 
removes more background

Timing Coincidence

Data Analysis
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• Tagged photons selected by 
mistake using “best tdiff ”:
§ actual incident photon has bigger 

tdiff

• 2nd “best tdiff ”:
§ 1.16% of total p0 for silicon
§ 1.45% of total p0 for carbon
§ 3rd “best tdiff ” only accounts for 

~100 p0 over the full 
acceptance and is ignored

Best Tdiff and 2nd Best Tdiff

Data Analysis
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� Tdiff cut [-7, 7] ns to remove accidental backgrounds

� Assuming background structure stays the signal under the signal and 
in the sidebands

� Use [-12, 7] and [7, 21] ns sidebands to further remove accidentals

Accidental Subtraction

Data Analysis
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𝜔 → 𝜋)𝛾: 
§ 𝜋) may carry most of the 

energy
§ Gives rise to significant 

background off hybrid mass 
peak

§ Simulated by Monte Carlo w/ 
very large statistics

§ Analyzed same as 
experimental data and obtain 
hybrid mass

ω background

Data Analysis
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� Hybrid mass is binned by 
0.02° (0 ~ 2.5°)

� Hybrid mass is fitted to 
extract 𝜋)yield

� Signal shape from Monte 
Carlo

� Background component:
§ Accidental sidebands

§ ω backgrounds (M.C.)
§ Polynomial

Hybrid mass fitting

Data Analysis
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� 𝜃,-.: reconstructed p0 production angle

� 𝜃: actual p0 production angle

� 𝑁": total number of tagged photons

� t: target thickness

� 𝜖 = 𝜖1𝜖2 ⋯: other constant factors

� : average p0 production differential cross section for 𝑖56 E 
channel;     are the fitting parameters (Г(π→γγ), C1, C2 and ϕ)

� 𝜔789:(𝑖): fraction of tagged photon flux for 𝑖56 E channel

� 𝑀(𝑖, 𝜃, 𝜃,-.): acceptance and angular resolution matrix

Fits to p0 Yields

Data Analysis
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Constant Factors
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� Different nuclear density models:
§ 3-parameter Fermi
§ Fourier-Bessel

� Form factors calculated with both 
models

� Silicon radius increased in fit:
§ 6% in 3-par Fermi
§ 2% in Fourier-Bessel

� Best fits achieved using Fourier-
Bessel density model for both 
silicon and carbon targets

Nuclear density models

3-Par Fermi

Fourier-Bessel

Data Analysis



Silicon Target Carbon Target
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Fits to p0 Yields

Data Analysis
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� Signal background separated by fitting hybrid mass

� Three different background function:
§ 3rd order polynomial
§ 2nd order polynomial

§ Piecewise polynomial (2nd order + 3rd order)

Systematic Uncertainties Due to Yield Extraction

� Two methods to count 𝑁$%:
§ Count 𝑁$% under fitted signal 

directly
§ Total 𝑁$% - fitted bkg.

� 0.77% uncertainty for silicon

� 1.0% uncertainty for carbon

Data Analysis
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� Realistic p0 decay in M.C.
� Add bkg from data
� Extract M.C. yields and fitted
� 500 dataset, each w/ same statistics as 

experiment data

� Conclusion:

Preset G(p0®gg): 7.70 eV
Average fitted G(p0®gg): 7.75 eV

0.65% uncertainty

Systematic Uncertainties
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Systematic Uncertainties

� Single γ energy cut:
§ 0.5 GeV cut
§ Decay width plateaus until 

0.56 GeV cut
§ 0.05% uncertainty

� π0 energy cut (two γ):
§ 3.5 GeV cut
§ Decay width plateaus until 

4.1 GeV cut
§ 0.05% uncertainty

Data Analysis
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� Tdiff cut: [-7, 7] ns

� Calculated Tdiff cut efficiency

� Decay width plateaus if  |Tdiff| > 5ns

� 0.025% uncertainty

Systematic Uncertainties

Data Analysis
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� HyCal position from survey is a 
reference to determine the coordinates 
of HyCal clusters
§ p0 production angle
§ HyCal acceptance

� HyCal coordinates misalignment
§ x-y coordinates shifted by up to 1cm 

to check effect on the decay width
§ HyCal z is shifted from 697 to 706 

cm (702 cm from survey)

� 0.31% uncertainty due to HyCal x-y

� 0.047% uncertainty due to HyCal z

Systematic Uncertainties

Data Analysis



20

� Beam energy:
§ Worst uncertainty 0.13%
§ Translate to 0.32% change in decay width

� Beam width:
§ Affect angular resolution
§ 0.2% uncertainty

� Beam direction:
§ Projection of beam angle to 𝜃:, 𝜃?
§ Apply ∆𝜃:, ∆𝜃? (±1 mrad)
§ 0.05% uncertainty due to 𝜃:
§ 0.09% uncertainty due to 𝜃?

Systematic Uncertainties

Data Analysis
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� Vary radius in Fermi-Bessel model

� Syst. Uncertainties based on radius change:

∆χ2=1 => ∆R 1.0% ~ 2.2%
=> 0.25% uncertainty

Systematic Uncertainties

Data Analysis
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Experimental Uncertainties

Data Analysis

Total Uncertainties: Si 1.76%, 12C 2.29%



Result
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� p0 decay width from two targets:

� Average p0 decay width:

G(p0®gg) = 7.82 ± 0.05 ± 0.12 eV   (± 1.8% total)
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Silicon target

p0 Yields w/ Extended Angles

Data Analysis


