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Plot workshop

• Briefly describe science 
• What is the question you want to answer with this plot? 

• Identify key information & information that is less important 
• Identify key comparisons 
• What can make plot easier to absorb? 
• Are there red herrings? 

• Is there additional information you need to answer the question? 
• Can it be added to the plot (in a digestible way)? 
• Is there a partner plot (plot story)?
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space and time. The analyses employ one of three
data-driven techniques to correct for pileup, which would
otherwise bias ωa.
A χ2 minimization of the data model of Eq. (5) to the

reconstructed time series determines the measured (m)
quantity ωm

a . The model fits the data well (see inset to
Fig. 2), producing reduced χ2s consistent with unity.
Fourier transforms of the fit residuals show no unmodeled
frequency components, see Fig. 2. Without the ηi terms and
the muon loss function in the model, strong signals emerge
in the residuals at expected frequencies.
The dominant systematic uncertainties on ωa arise from

uncertainties in the pileup and gain correction factors, the
modeling of the functional form of the CBO decoherence,
and in the ωCBOðtÞ model. Scans varying the fit start and
stop times and across individual calorimeter stations
showed no significant variation in any of the four run
groups [59].
The measured frequency ωm

a requires four corrections,
Ci, for interpretation as the anomalous precession fre-
quency ωa of Eq. (2). The details are found in Ref. [60].
Ce.—The electric-field correction Ce from the last term

in Eq. (1) depends on the distribution of equilibrium radii
xe ¼ x − R0, which translates to the muon beam momen-
tum distribution via Δp=p0 ≅ xeð1 − nÞ=R0, where n is the
field index determined by the ESQ voltage [60]. A Fourier
analysis [60,76] of the decoherence rate of the incoming
bunched beam as measured by the calorimeters provides
the momentum distribution and determines the mean
equilibrium radius hxei≈6mm and the width σxe≈9mm.
The final correction factor is Ce ¼ 2nð1 − nÞβ2hx2ei=R2

0,
where hx2ei ¼ σ2xe þ hxei2.
Cp.—A pitch correction Cp is required to account for

the vertical betatron oscillations that lead to a nonzero
average value of the β⃗ · B⃗ term in Eq. (1). The expression

Cp ¼ nhA2
yi=4R2

0 determines the pitch correction factor
[60,77]. The acceptance-corrected vertical amplitude Ay

distribution in the above expression is measured by the
trackers.
Extensive simulations determined the uncertainties δCe

and δCp arising from the geometry and alignment of the
plates, as well as their voltage uncertainties and non-
linearities. The nonuniform kicker time profile applied to
the finite-length incoming muon bunch results in a corre-
lation introducing the largest uncertainty on Ce.
Cml.—Any bias in the average phase of muons that

are lost compared to those that remain stored creates
a time dependence to the phase factor φ0 in Eq. (5).
Beamline simulations predict a phase-momentum correla-
tion dφ0=dp¼ð−10.0%1.6Þmrad=ð%Δp=p0Þ and losses
are known to be momentum dependent. We verified the
correlation by fitting precession data from short runs in
which the storage ring magnetic field, and thus the central
stored momentum p0, varied by %0.67% compared to its
nominal setting. Next, we measured the relative rates of
muon loss (ml) versus momentum in dedicated runs in
which muon distributions were heavily biased toward high
or low momenta using upstream collimators. Coupling the
measured rate of muon loss in Run-1 to these two
correlation factors determines the correction factor Cml.
Cpa.—The phase term φ0 in Eq. (5) depends on the

muon decay coordinate ðx; y;ϕÞ and positron energy, but
the precession frequency ωa does not. If the stored muon
average transverse distribution and the detector gains are
stable throughout a fill, that average phase remains con-
stant. The two damaged resistors in the ESQ system caused
slow changes to the muon distribution during the first
∼100 μs of the measuring period. An extensive study of
this effect involved (a) generation of phase, asymmetry, and
acceptance maps for each calorimeter as a function of muon
decay coordinate and positron energy from simulations
utilizing our GEANT-based model of the ring (GM2RINGSIM);
(b) extraction of the time dependence of the optical lattice
around the ring from the COSY simulation package and
GM2RINGSIM; (c) folding the azimuthal beam distribution
derived from tracker and optics simulations with the phase,
asymmetry, and acceptance maps to determine a net
effective phase shift versus time-in-fill, φ0ðtÞ; and (d) appli-
cation of this time-dependent phase shift to precession data
fits to determine the phase-acceptance (pa) correction Cpa.
The use of multiple approaches confirmed the conclusions;
for details, see Ref. [60]. The damaged resistors were
replaced after Run-1, which significantly reduces the
dominant contribution to Cpa and the overall magnitude
of muon losses.

IV. MAGNETIC FIELD DETERMINATION

A suite of pulsed-proton NMR probes, each optimized
for a different function in the analysis chain, measures the
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FIG. 2. Fourier transform of the residuals from a time-series fit
following Eq. (5) but neglecting betatron motion and muon loss
(red dashed), and from the full fit (black). The peaks correspond
to the neglected betatron frequencies and muon loss. Inset:
asymmetry-weighted eþ time spectrum (black) from the Run-
1c run group fit with the full fit function (red) overlaid.
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space and time. The analyses employ one of three
data-driven techniques to correct for pileup, which would
otherwise bias ωa.
A χ2 minimization of the data model of Eq. (5) to the

reconstructed time series determines the measured (m)
quantity ωm

a . The model fits the data well (see inset to
Fig. 2), producing reduced χ2s consistent with unity.
Fourier transforms of the fit residuals show no unmodeled
frequency components, see Fig. 2. Without the ηi terms and
the muon loss function in the model, strong signals emerge
in the residuals at expected frequencies.
The dominant systematic uncertainties on ωa arise from

uncertainties in the pileup and gain correction factors, the
modeling of the functional form of the CBO decoherence,
and in the ωCBOðtÞ model. Scans varying the fit start and
stop times and across individual calorimeter stations
showed no significant variation in any of the four run
groups [59].
The measured frequency ωm

a requires four corrections,
Ci, for interpretation as the anomalous precession fre-
quency ωa of Eq. (2). The details are found in Ref. [60].
Ce.—The electric-field correction Ce from the last term

in Eq. (1) depends on the distribution of equilibrium radii
xe ¼ x − R0, which translates to the muon beam momen-
tum distribution via Δp=p0 ≅ xeð1 − nÞ=R0, where n is the
field index determined by the ESQ voltage [60]. A Fourier
analysis [60,76] of the decoherence rate of the incoming
bunched beam as measured by the calorimeters provides
the momentum distribution and determines the mean
equilibrium radius hxei≈6mm and the width σxe≈9mm.
The final correction factor is Ce ¼ 2nð1 − nÞβ2hx2ei=R2

0,
where hx2ei ¼ σ2xe þ hxei2.
Cp.—A pitch correction Cp is required to account for

the vertical betatron oscillations that lead to a nonzero
average value of the β⃗ · B⃗ term in Eq. (1). The expression

Cp ¼ nhA2
yi=4R2

0 determines the pitch correction factor
[60,77]. The acceptance-corrected vertical amplitude Ay

distribution in the above expression is measured by the
trackers.
Extensive simulations determined the uncertainties δCe

and δCp arising from the geometry and alignment of the
plates, as well as their voltage uncertainties and non-
linearities. The nonuniform kicker time profile applied to
the finite-length incoming muon bunch results in a corre-
lation introducing the largest uncertainty on Ce.
Cml.—Any bias in the average phase of muons that

are lost compared to those that remain stored creates
a time dependence to the phase factor φ0 in Eq. (5).
Beamline simulations predict a phase-momentum correla-
tion dφ0=dp¼ð−10.0%1.6Þmrad=ð%Δp=p0Þ and losses
are known to be momentum dependent. We verified the
correlation by fitting precession data from short runs in
which the storage ring magnetic field, and thus the central
stored momentum p0, varied by %0.67% compared to its
nominal setting. Next, we measured the relative rates of
muon loss (ml) versus momentum in dedicated runs in
which muon distributions were heavily biased toward high
or low momenta using upstream collimators. Coupling the
measured rate of muon loss in Run-1 to these two
correlation factors determines the correction factor Cml.
Cpa.—The phase term φ0 in Eq. (5) depends on the

muon decay coordinate ðx; y;ϕÞ and positron energy, but
the precession frequency ωa does not. If the stored muon
average transverse distribution and the detector gains are
stable throughout a fill, that average phase remains con-
stant. The two damaged resistors in the ESQ system caused
slow changes to the muon distribution during the first
∼100 μs of the measuring period. An extensive study of
this effect involved (a) generation of phase, asymmetry, and
acceptance maps for each calorimeter as a function of muon
decay coordinate and positron energy from simulations
utilizing our GEANT-based model of the ring (GM2RINGSIM);
(b) extraction of the time dependence of the optical lattice
around the ring from the COSY simulation package and
GM2RINGSIM; (c) folding the azimuthal beam distribution
derived from tracker and optics simulations with the phase,
asymmetry, and acceptance maps to determine a net
effective phase shift versus time-in-fill, φ0ðtÞ; and (d) appli-
cation of this time-dependent phase shift to precession data
fits to determine the phase-acceptance (pa) correction Cpa.
The use of multiple approaches confirmed the conclusions;
for details, see Ref. [60]. The damaged resistors were
replaced after Run-1, which significantly reduces the
dominant contribution to Cpa and the overall magnitude
of muon losses.

IV. MAGNETIC FIELD DETERMINATION

A suite of pulsed-proton NMR probes, each optimized
for a different function in the analysis chain, measures the
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FIG. 2. Fourier transform of the residuals from a time-series fit
following Eq. (5) but neglecting betatron motion and muon loss
(red dashed), and from the full fit (black). The peaks correspond
to the neglected betatron frequencies and muon loss. Inset:
asymmetry-weighted eþ time spectrum (black) from the Run-
1c run group fit with the full fit function (red) overlaid.
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