Chapter 6

Systematic Uncertain t y Descriptions and Estimates

In this chapter the systematic uncertain ties related to the measuremen t of P_μ ξ are estimated. The metho d of estimating systematic uncertain ties is describ ed in the analysis overview in Section 3.1.

The overall systematic uncertain ty is estimated as the quadrature sum of individual sensitivit y measurements S_i divided by a scale factor. The scale factor comes from the RMS change (σ_i ) in the systematic effect in data over the change R_i intro duced to measure the sensitivit y to the systematic effect. The total systematic uncertain ty is th us equal to:

ϵ^{tot}_{sy s} = � � i σ^2_i R^2_i

S^2_i (6.1)

The detailed listing of the systematic uncertain ties is in Table 6.1. The total systematic uncertain ty of ± 2.4 × 10^{− 3} is obtained on this measuremen t of P_μ ξ.

In man y cases the error in the sensitivit y measuremen t was larger than the sensitivit y, such that a real sensitivit y was not measured. For those cases the random value that we got for the sensitivit y was used in the same way as the rest of the measured sensitivities. It is expected that on average this metho d should give the best statistical estimate of the systematic uncertain ty.

It should be noted that every effort was made to try to avoid double counting of the systematic uncertain ty by separating effects into orthogonal uncertain ties. Inevitably there will be some overlap that cannot be avoided, ergo the uncertain ty quoted in this thesis is believed to be greater or equal to the real systematic uncertain ty.

The following sections discuss in detail the systematic uncertain ties categorized as positron interactions, spectrometer alignmen t, cham ber resp onse, momen tum calibration, and muon beam.

6.1 Systematic Uncertain t y Due to Muon Beam and P olarization

In bringing muons to a stop at the center of the T W I S T spectrometer, muons can be dep olarized by the combination of multiple scattering and interaction with the fringe field of the spectrometer, and by spin relaxation or other interactions in the vicinit y of the muon stopping target.

This section will discuss the systematic uncertain ty due to:

• muon dep olarization in the pro duction target,

• muon injection through the solenoid fringe field,

• muon dep olarization at the stopping location,

• beam contamination with sneaky unp olarized muons,

• beam intensit y and coinciden t particles, and

• proton beam stabilit y.

Sensitivit y Scale Systematic Category S_i Value S_i Error R_i /σ_i Uncertain ty Muon beam and polarization ± 1.75 Fringe field 1.50 Dep olarization in stopping target 0.85 Beam intensit y -3.0 1.7 11 -0.27 Background muon contamination 0.18 Dep olarization in pro duction target 0.00 Cham ber resp onse ± 1.08 t0 variations 8.9 0.9 10 0.89 Densit y 2.4 1.4 5 0.49 Foil bulges 2.2 1.4 10 0.22 Cell asymmetry -0.2 1.4 1 -0.22 Up-down efficiency 1.9 0.9 10 0.19 Dead zone 0.2 0.8 12 0.01 Positron interactions ± 1.01 Energy Loss 1.0 1.4 1 0.95 Hard Interactions 0.30 Multiple scattering -3.2 1.4 20 -0.16 Outside material 1.2 2.0 60 0.02 Radiativ e corrections ???

Momentum calibration ± 0.54 End point fits 0.54 B uniformit y -0.9 0.4 10 -0.09 Spectrometer alignmen t ± 0.31 z 2.2 1.0 10 0.22 Rotations 8.5 0.8 39 0.22 B field to axis 1.2 1.4 40 0.03 Translations 0.1 0.8 28 0.00 Total Systematic Uncertain ty ± 2.4

Table 6.1: Table of Systematic Uncertain ties in units of × 10^{− 3} . In the case that a sensitivit y was measured using correlated analyses, the error in the systematic was multiplited by the fit χ^2 /N D OF .

6.1.1 Dep olarization in the Muon Pro duction Target

The M13 beamline has Δ( p)/p of 1% (FWHM) meaning that we have a range of roughly 29.4 to 29.8M eV/c for our nominal beam of 29.6M eV/c. To get a conservativ e estimate of the dep olarization in the pro duction target we include a little extra for tails of the non-Gaussian distribution. This is a range of 0.4M eV/c.

Δ( p)/Δ( x) for this momen tum is ab out 39.5 M eV/c/(g/cm^2 ) for Cu (similar to stainless steel) or 55 M eV/c/(g/cm^2 ) for carb on. Th us the difference in thic kness corresp onding to 0.4M eV/c, which is a good estimate of the effectiv e maxim um depth from which our muons are born, is 0.010g/cm^2 (ss) or 0.007g/cm^2 (graphite). Using densities of 8 and 2.26g/cm^3 resp ectively, the depths are 0.0012cm (ss) and 0.003 cm (graphite). Note that this is 30μm for the Graphite target.

Using the PDG multiple scattering formula, the multiple scattering angle in Graphite can be estimated. X_0 is 42.7g/cm^2 , so x/X_0 = 0.007/42.7 = 0.00016, which is well below the quoted range of validit y for the multiple scattering formula. Working it out anyways for β = 0.265 gives 0.0052 radians for theta_0 .

An estimate of the dep olarization in the small angle appro ximation, and averaging over phi angles which give a reduction of two times is estimated by (θ_0 )^2 /4. This works out to a contribution < 10^{− 5} .

6.1.2 Fringe Field Dep olarization

In this section the sensitivit y and systematic uncertain ty in P_μ ξ due to beam position and angle is estimated. The uncertain ty in beam measuremen t is estimated in the apparatus section describing the TEC. The uncertain ty in the beam position was estimated to be ± 2mm , and the uncertain ty in the beam angle was estimated to be ± 5mr ad. While this seems like a fairly large uncertain ty it is in line with discrepancies between the muon beam position in the detector in MC and data as shown in Figure 6.1.

-1.200

-1.000

-0.800

-0.600

-0.400

-0.200

0.000

0.200

0.400

0.600

0.800

1.000

1.200 set5 set4 set3 set11 set21 set16 set17

set6 set23 set2 set24 set7 set1 set22

set12p13 set14p15

set31 set32 set35 set36 set37 set38 set39 meanu

rmsu

meanv

rmsv

rmsr

meanu MC

rmsu MC

meanv MC

rmsv MC

rmsr MC

Figure 6.1: This plot shows the matc h between the mean beam positions and RMS at the stopping target. The matc h between the two is shown for each of the data sets being considered. Units on vertical scale are centimeters.

To estimate the sensitivit y to fringe field dep olarization, the beam input into MC was scanned over the range ± 2cm and ± 20mr ad in both x and y. The result of this scan shows that the polarization versus beam shift can be appro ximated by a quadratic polynomial. The scan results are shown in Figure 6.2.

The quadratic that was fit to is given in Equation 6.2, where the x, y, dx and dy represen t the shifts in the positions and angles.

P_μ (x, y, dx, dy) = P_{max} − A((dx − x_0 )^2 + (dy − y_0 )^2 ) (6.2)

The fit constan ts P_{max} and A were roughly indep enden t of the shift in x and y, while the fit constan ts x_0 and y_0 were found to be functions of x and y.

Fits to x_0 versus x and y, and y_0 versus x and y can be done to find the constan ts in the linear equations:

x_0 = x_{00} + x_{0x} x (6.3) x_0 = x_{00} + x_{0y} y (6.4) y_0 = y_{00} + y_{0x} x (6.5) y_0 = y_{00} + y_{0y} y (6.6)

The fits to these linear equations are shown in Figure 6.3.

The overall four dimensional polynomial can be written out:

P_μ (x, y, dx, dy) = P_{max} − A((dx − x_{00} − x_{0x} x − x_{0y} y)^2 + (dy − y_{00} = y_{0x} x − y_{0y} y0)^2 ) (6.7)

Parameter Nominal Aperture +5 Gauss High Rate Units P_{max} 0.9958 0.9976 0.9950 0.9954 A -9.796 -10.536 -8.548 -9.831 r ad^− 2 x_{00} 0.0075 0.0067 0.0106 0.0075 r ad x_{0x} -0.0129 -0.0121 -0.0142 -0.0133 r ad/cm x_{0y} -0.0032 -0.0021 -0.0041 -0.0030 r ad/cm y_{00} 0.0058 0.0038 0.0167 0.0057 r ad y_{0x} 0.0024 0.0002 0.0020 0.0025 r ad/cm y_{0y} -0.0137 -0.0122 -0.0149 -0.0138 r ad/cm

Table 6.2: Beam polarization polynomial parameters from fit to MC scans of the differen t beam tunes.

The constan ts in this polynomial for the standard beam tune are summarized in Table 6.2.

The four dimensional polynomial can be used to plot the sensitivit y of the polarization to the estimated shifts in the beam. The result is that for an uncertain ty in the beam position of ± 2mm , and uncertain ty in the beam angle of ± 5mr ad, the systematic uncertain ty in P_μ ξ ± 0.0015 for the nominal beam tune. The systematic uncertain ty due to fringe field dep olarization for the differen t beam tunes used in 2004 is summarized in Table 6.3.

Beam Tune Nominal Aperture +5 Gauss High Rate Systematic Uncertain ty ± 0.0015 ± 0.0015 ± 0.0035 ± 0.0018

Table 6.3: Systematic uncertain ty due to uncertain ty in beam position and angle for each of the beam tunes used during 2004 data collection.

The plot of the four dimensional polynomial used for this uncertain ty estimate of nominal runs is shown in Figure 6.5.

6.1.3 Muon Dep olarization at the Stopping Lo cation

In tro duction

This section will intro duce physics mechanisms which could result in muon dep olariazation due to interactions in material. Two contributions to the systematic uncertain ty estimates due to material dep olarization will be estimated. One for a possible shift in polarization due to stops in cham ber gas, and another due to the extrap olation of a time dep enden t dep olarizaton to zero decay time.

Mec hanisms for Muon Dep olarization in Materials

Down to ab out 30 keV the energy loss of muons is mainly due to ionization of atoms in the material it is tra veling through. Below 30 keV, the thermalization of muons dep ends strongly on the material. In nonmetals, the muons can be captured to form a bound state of a muon and an electron (Muonium, written chemically as Mu), which can have a spin exchange with the electron resulting in dep olarization of the muons. In metals there is no Mu formation. Muons in metals will either stop at an interstitial site between metal atoms, or very rarely tak e the place of an impurit y in the metal lattice. The conduction electrons, whose spins should align with the magnetic field act to screen the muon from Mu formation [19].

At the 99 percent level there is no dep olarization in a high purit y metal target if there is a huge holding field such as we have in TWIST. However at the 99.9 percent level it is less certain. The Muon creates a quasi-free state in Al where conduction electron concentration is ≃ 2 × 10^{23} cm^{− 3} . The polarized muon state is not stable because energy difference between parallel and anti-parallel spin states of muon in a 2T magnetic field is ≃ 10^{− 6} eV while thermal energy at T = 300K is kT ≃ 3× 10^{− 2} eV. Muon spin relaxation can only occur by interaction with the conduction electrons, nuclear momen ts of the Al, or with paramagnetic impurities in the metal. This section will presen t an analysis of the possible relaxation time dep endence due to these interactions.

Interactions of muon spin with conductiv e electrons is called Korringa relaxation [60]. Conduction electrons create a large hyperfine magnetic field on muon. The hyperfine field pro duced at the muon can be considered as a fluctuating local field with a correlation time τ_c ≃ 10^{− 13} s in Al [? ]. This short correlation time results in a relaxation rate that has an exponential form. The Korringa relaxation rate does not dep end on the magnetic field. Significan t relaxation rates of λ > 0.001μs^{− 1} were obtained for muons in Cd, Sn, P b, As, Sb, B i [62]. The authors explained the measured relaxation rates to be due to Korringa relaxation because the λ value increases with temp erature as predicted. In our alumin um target at H_L = 2T the measured muon relaxation rate of λ = 0.00155μs^{− 1} is most likely to be a Korringa exponential relaxation.

Nuclear momen ts of Al pro duce magnetic fields H_d of few gauss on a muon fixed in a crystal cell. According to man y μ^+ SR references the dip ole-dip ole interactions cause muon spin relaxation rates of λ_d = 0.1 to 0.3μs^{− 1} in an orthogonal magnetic field. A longitudinal field H_L decreases the amplitude of the relaxation by the factor (H_L /H_d )^2 [63]. The amplitude at H_L = 2T will be < 10^{− 6} . The ab ove is correct for muon fixed in a crystal cell. Diffusion motion of muon creates variable in 3D and time magnetic fields on a muon. As result muon relaxation rate drops and converts to an exponential dep endence.

Our high purit y alumin um stopping target has the following impurities in (ppm): Cu 0.3, Fe 0.3, Mg 1.2, and Si 0.8. Iron is the only paramagnetic impurit y that can cause a relaxation. It is unlikely that this can cause much dep olarization because we have only one F e atom for every 3 × 10^7 atoms of Al. The probabilit y for a muon to reach an F e atom is very low. If a muon does reach the vicinit y of an iron atom, then the electron magnetic momen t on the muon of the F e atom creates a magnetic field H_e ≃ 1kG at distance of Al cell period of ≃ 4Å. This magnetic field corresp onds to a muon Larmor precession with frequency of ω_0 ≃ 10^8 s^{− 1} . The interaction causes a very fast muon relaxation of course if the muon fixed near the F e, and F e electron spin is fixed also. The spin of the iron impurit y in Al fluctuates with time τ_c < 10^{− 10} s [64]. The fluctuations decreases the relaxation rate, and the relaxation dep endence becomes exponential form at ω_0 ·τ_c ≪ 1 [63]. We have the ω_0 ·τ_c ≃ 10^{− 2} . Therefore this unlikely interaction with an iron impurit y causes an exponential relaxation. A relaxation rate of σ ≃ 0.02μs^{− 1} has been obtained in Al at T > 100K with F e admixture of 10ppm by Hartmann et. al. [65]. Our data also have σ ≃ 0.02μs^{− 1} when fitting to a Gaussian dep olarization rate. The dep olarization rate indep endence in Al due to an increased iron concentration of 30 times is direct evidence that the measured muon relaxation rate is not due to the F e impurit y. The relaxation rate of Hartmann was measured in an orthogonal magnetic field. The rate indep endence from longitudinal versus orthogonal magnetic field up to H_L = 2T is direct evidence of Korringa relaxation of the muon spin in Al.

High energy muons create defects in a matter. The paramagnetic defects can pro duce sufficien t magnetic fields on a stopp ed muon. The electron configuration recovers in ∼ 10^{− 11} s in metals [66]. The fast recovery means that this can only cause a fast muon relaxation. A muon can also displace atoms in a crystal cell. The displaced atom configuration changes very slowly. Average distance between a stopp ed muon and a last displaced atom in graphite, for example, is 9000Å [67]. The effect of this interaction on the muon relaxation rate is negligible.

In summary the only practical form for muon spin relaxation in our high purit y Alumin um target is Exp onential. The dominan t pro cesss being Korringa relaxation by interaction of the muon with conduction electrons.

Materials in the Vicinit y of the Muon Stopping Target

In tro duction In the T W I S T analysis, muons with a hit in PC6 and not in PC7 are considered to have stopp ed in the stopping target. While this is often the case, we can use our GEANT simulation to study how often we stop in other materials near the stopping target. The materials near the stopping target are the prop ortional cham bers PC5 to PC8. Some muons will stop in each of the materials that the prop ortional cham bers are made of: Aluminized Mylar foils (or 99.99% purit y Alumin um between PC6 and PC7), CF4/i- C4H10 gas, and Gold plated Tungsten wires. A plot from MC of where the muon stops versus z coordinate reveals the fraction of muons stopping in differen t materials. We lab el the muon stopping fractions as f^i_j , where i=5,6,7 lab els the selection of last prop ortional cham ber hit by the muon, and j=Metal(m), Other(o), Gas(g), Plastic(p) lab els the material. The lab el other is the sum of the fraction stopping in gas and plastic.

Figure 6.6(a) shows the MC distribution in z of muons stopping in cham bers around the stopping target, and (b) shows an expanded view of the muon stopping z coordinate for selection of PC5, PC6 and PC7 as the plane with largest z that has a wire hit from the muon.

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

Y(cm) 2 dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.02 0 0.02 dY(rad)

-0.02 0 0.02

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996 1 dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996 0 dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996 1 dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

X(cm) 2

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

dX(rad)

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025 dY(rad)

-0.025

-0.02

-0.015

-0.01

-0.005 0 0.005

0.01

0.015

0.02

0.025

0.99

0.991

0.992

0.993

0.994

0.995

0.996

Figure 6.2: Fringe Field Sensitivit y MC Scan showing the mean spin along the z axis for muons that stop in the target, where red is the highest polarization of 0.9965, and blue is the lowest polarization of 0.99. An unshaded or white square is lower polarization than 0.99. Each of the 25 plots shown here is a polarization for each shift in dY versus dX from +20 mrad to -20mrad. The middle plot is for an unshifted beam, plots on the first row are for the beam shifted up by 2cm at the TEC, the second row shifted up by 1cm, and so on filling the matrix of beam shifts in X and Y from +2cm to -2cm.

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

/ ndf

2χ 3.778e-05 / 3 Prob 1 p0 0.050219 ± 0.007549 p1 0.0448 ± -0.0129

-0.03

-0.02

-0.01

0

0.01

0.02

0.03 ± ± ± ±

x0 versus x for y=-2 cm x0 versus x for y=-1 cm x0 versus x for y=0 cm x0 versus x for y=1 cm x0 versus x for y=2 cm

x0 versus x for y=0 cm

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

/ ndf

2χ 7.968e-05 / 3 Prob 1 p0 0.03137 ± 0.00492 p1 0.016255 ± 0.002384

-0.03

-0.02

-0.01

0

0.01

0.02

0.03 ± ± ± ±

y0 versus x for y=-2 cm y0 versus x for y=-1 cm y0 versus x for y=0 cm y0 versus x for y=1 cm y0 versus x for y=2 cm

y0 versus x for y=0 cm

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

/ ndf

2χ 0.0007259 / 3 Prob 1 p0 0.040601 ± 0.008242 p1 0.025607 ± -0.003167

-0.03

-0.02

-0.01

0

0.01

0.02

0.03 ± ± ± ±

x0 versus y for x=-2 cm x0 versus y for x=-1 cm x0 versus y for x=0 cm x0 versus y for x=1 cm x0 versus y for x=2 cm

x0 versus y for x=0 cm

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

/ ndf

2χ 0.001274 / 3 Prob 1 p0 0.048383 ± 0.005796 p1 0.0468 ± -0.0137

-0.03

-0.02

-0.01

0

0.01

0.02

0.03 ± ± ± ±

y0 versus y for x=-2 cm y0 versus y for x=-1 cm y0 versus y for x=0 cm y0 versus y for x=1 cm y0 versus y for x=2 cm

y0 versus y for x=0 cm

Figure 6.3: Fits of x0 versus x, x0 versus y, y0 versus x and y0 versus y used to obtain constan ts in the four dimensional polarization polynomial.

-12 -11.5 -11 -10.5 -10 -9.5 -9 -8.5 -8 0 0.5 1 1.5 2 2.5 3 3.5 4 hA

Entries 25 Mean -9.796 RMS 0.7299

A

0.993 0.9935 0.994 0.9945 0.995 0.9955 0.996 0.9965 0.997 0 1 2 3 4 5 6 hpmax

Entries 25

Mean 0.9958

RMS 0.0004491

Pmax

Figure 6.4: Histogram of the fit parameters A and pmax from fits to each of the 25 plots of polarization versus shift in dX and dY angle.

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=0.200cm Δ X=-0.200cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=0.200cm Δ X=-0.000cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=0.200cm Δ X=0.200cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=0.000cm Δ X=-0.200cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=0.000cm Δ X=-0.000cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=0.000cm Δ X=0.200cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=-0.200cm Δ X=-0.200cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=-0.200cm Δ X=-0.000cm, Δμ 1000xdP

dX(rad) Δ -0.005 0 0.005 dY(rad) Δ

-0.005

0

0.005

-2.5 -2 -1.5 -1 -0.5 0 0.5 Y=-0.200cm Δ X=0.200cm, Δμ 1000xdP

Figure 6.5: Plot used to estimate the fringe field systematic uncertain ty due to miscalibration of the beam position of ± 2mm , and in the beam angle of ± 5mr ad.

Last z (cm) μ -10 -5 0 5 10 μ

Count

1 10 210 310 410 Stop Centered Stop at 3/4 (a)

Count

1 10 210 310 410 PC5 Stop Selected Fraction in Metal vs Other:

= 0.067 5 mf = 0.933 5 of

(b)

1 10 210 310 10 Target Stop Selected

= 0.945 6 mf = 0.055 6 of

Stopping z (cm) μ MC -1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1 μ 1 10 210 310 410 PC7 Stop Selected

Figure 6.6: (a) Shows the MC distribution in z coordinate of muons stopping in cham bers around the muon stopping target. (b) Shows an expanded view of the muon stopping z coordinate for selection of PC5, PC6 and PC7 as the plane with largest z coordinate that has a wire hit from the muon. The PC5 selected is at top, PC6 selected is in the middle, and PC7 selected is shown at the bottom. In both (a) and (b) muons with Bragg peak centered in the muon stopping target are shown in blue, and those stopping at 3/4 are shown in red.

By knowing the fraction of muons stopping in each material, and measuring P_μ from the muon decay spectrum from differen t selections of the muon’s last plane hit, we can estimate how large this effect could be. Of course the fraction stopping in differen t materials dep ends on where the muon Bragg peak is centered. The stopping fraction in differen t materials when the muon’s last hit was in PC 6 is shown in Figure 6.7. In that figure the fraction stopping from MC is plotted versus the mean muon stopping position from the muon last plane hit distribution.

Stop Fraction

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Al CF4/i-C4H10 Wire Mylar/Al

lastz [-12,12]cm for PC6 Stops μ Stop Fraction VS Mean

Centered Sets

Stop at 3/4 Sets

lastz> (cm) μ< -4 -3 -2 -1 0 1 2 3 4 5 6

Stop Fraction

-5 10 -4 10 -3 10 -2 10 -1 10 1 lastz [-12,12]cm for PC6 Stops μ Stop Fraction VS Mean

Figure 6.7: Plot of the fraction of muons stopping in Alumin um (Al), Gold plated Tungsten wire, CF4/i- C4H10, and Aluminized Mylar foil for muons with last plane hit in PC6, versus the mean muon stopping z coordinate between -12.cm and 12.cm from last plane hit information. The mean muon stopping z coordinate for: data set 32 is shown as a green line, data sets with Bragg peak centered as a red line, and data sets stopping at 3/4 as a blue line.

Muon Dep olarization at The Stopping Lo cation

As pointed out earlier in this section a dep olarization versus decay time has been observed for muons stopping in our alumin um target. Plots of the polarization estimate from an asymmetry analysis of the 2004 data and MC are shown in Figure 6.8. For MC a gaussian dep olarization with sigma of 54.4 μs was put in to matc h the measured dep olarization in 2004 data. Note that the average spin form muon stops is known exactly .

The dep olarization rate cannot be explained solely by muons that stop in gas rather than alumin um. Models for dep olarization in metal are either of an exponential or Gaussian form. Calculations have shown earlier in this section that the only practical form is an exponential since the effects of the other models cannot be very large.

The difference between the two model extrap olations is 2.4 × 10^− 3, and this difference is the corr ection that we need to apply to our MC to data fits, since the MC was generated with a Gaussian form, and we want to fit to an exponential form. An estimate of the extrap olation uncertain ty is obtained by comparing fits with the slope as a fit parameter, and fits with the slope fixed as shown in Figure 6.9. The uncertain ty due to extrap olation is: √ 0.00099^2 − 0.00049^2 = ± 0.00085.

Note that we might be able to reduce this uncertain ty by quan tifying how well we do at earlier times.

Chapter 6. Systematic Uncertain ty Descriptions and Estimates 91

1000 2000 3000 4000 5000 6000 7000 8000 9000

/ ndf

2χ 135.019 / 157 Prob 0.89715 (0) μP 0.00064 ± -1.00239 (ns) σ 4623.3 ± 51110.5

-1.03

-1.02

-1.01 -1 -0.99

-0.98

-0.97

-0.96

-0.95

± ±

(t) fit to Gaussian μ 2004 Data P

1000 2000 3000 4000 5000 6000 7000 8000 9000

/ ndf

2χ 136.915 / 157

Prob 0.874451

(0) μP 0.00099 ± -1.00476

(1/ns) λ 2.82979e-07 ± -1.54964e-06

-1.03

-1.02

-1.01 -1 -0.99

-0.98

-0.97

-0.96

-0.95 / ndf

± ±

(t) fit to Exponential μ 2004 Data P

1000 2000 3000 4000 5000 6000 7000 8000 9000

/ ndf

2χ 105.189 / 123

Prob 0.875446

(0) μP 0.00051 ± -1.01061

(ns) σ 3801.8 ± 52045.8

-1.03

-1.02

-1.01 -1 -0.99

-0.98

-0.97

-0.96

-0.95

± ±

(t) fit to Gaussian μ 2004 MC P

1000 2000 3000 4000 5000 6000 7000 8000 9000

/ ndf

2χ 110.733 / 123

Prob 0.778422

(0) μP 0.00078 ± -1.01275

(1/ns) λ 2.20886e-07 ± -1.44334e-06

-1.03

-1.02

-1.01 -1 -0.99

-0.98

-0.97

-0.96

-0.95

± ±

(t) fit to Exponential μ 2004 MC P

Figure 6.8: Plot of the polarization estimate from an asymmetry analysis of the 2004 data at the top, and 2004 MC at the bottom. The distributions are fit to a Gaussian on the left and to an exponential on the right.

6.1.4 Bac kground Muon Con tamination

A contribution to the dep olarization is contamination from unp olarized background muons. Strong evidence for this is found in 2002 data where the muons were stopp ed further upstream than nominal. In this set a reduced polarization is observed for muons whose last hit was in PC7 or PC8.

It is expected that nearly all of the surface muons will stop in or before the target, meaning that the stops observed in PC7 and PC8 are likely due to these background muons. An estimate for the contamination is done in the following way. The data was modeled in GEANT as a combination of a standard geant run with polarized surface muons, and a special run with muons arising from 29.6MeV/c pion decays in channel. Figure 6.10 shows the comparison of MC and data distributions of muon last plane hit before and after adding pions to the beam.

Using these simulations, the fraction of muon stops due to the pions relativ e to surface muons is summarized for the 2002, 2003, and 2004 data in Table 6.4. The maxim um polarization change is calculated for the case where the background muons have polarization opp osite to surface muons. These estimates say that the systematic uncertain ty in P_μ ξ due to background muons in 2003 and 2004 data is better than ± 0.00018.

6.1.5 Beam In tensit y and Coinciden t P articles

To estimate a systematic uncertain ty in P_μ ξ due to beam rate and coinciden t particles 2002 data was used. A spectrum fit of low rate data with a muon rate of 1.18kHz to high rate data with a muon rate of 4.7kHz yielded a ΔP_μ ξ of (− 3.0 ± 1.7)× 10^{− 3} .

For 2004 data sets the rate was ab out 3kHz, and the worst case change in rate was 500 Hz. Since

1000 2000 3000 4000 5000 6000 7000 8000 9000

/ ndf

2χ 12.9265 / 20 Prob 0.880516 (0) μP 0.00099 ± -1.00448 (1/ns) λ 2.79906e-07 ± -1.45194e-06

-1.005 -1 -0.995

-0.99

± ±

(t) with Extrapolation in Fit μP

1000 2000 3000 4000 5000 6000 7000 8000 9000

/ ndf

2χ 12.9265 / 21 Prob 0.911177 (0) μP 0.00049 ± -1.00448

-1.01 -1 -0.99

-0.98

±

(t) with Extrapolation Fixed μP

Figure 6.9: Plot of the polarization estimate from an asymmetry analysis of the 2004 data fit to an exponential with the slope as a fit parameter in the top figure, and with the slope fixed in the bottom figure.

Data Type f_{P C 5} f_{tar get} f_{P C 7} max Δ P_μ 2002 Nominal (Set 2) 0.009106 0.000364 0.000669 0.00072 2002 Upstream (Set 4) 0.009027 0.002793 0.012078 0.00240 2003 Nominal (Set 14) 0.000134 0.000013 0.000040 0.00003 2004 Nominal (Set 35) 0.001110 0.000088 0.000798 0.00018

Table 6.4: Fractions of background muons relativ e to surface muons for muons stopping in PC5, the target, and PC7. For the target stops the maxim um effect on polarization is estimated.

acciden tals have a quadratic dep endence, the scaling of the sensitivit y is assumed to be quadratic also. The scale factor is: [^{4.7}_{1.2}^{3.}_{2.5} ]^2 = 11. The systematic uncertain ty in P_μ ξ due to beam intensit y is therefore − 0.00027 ± 0.00003.

6.1.6 Proton Beam Stabilit y

The movement of the muon beam when the proton beam on the pro duction target was moved. The result is that dȳ_μ /dy_p ≈ 0.25, and dx̄_μ /dx_p ≈ 0.5. Movement of the proton beam by ± 1mm resulted in a change in the muon beam dX of 0.2mr ad, and the change in dY was less than 1.3mr ad

Monitoring of the beam position is done using roughly weekly low intensit y target scans, where ab out 1μA of proton beam is steered both vertically and horizon tally. Vertical steering of the protons is done with steering magnet lab elled 1ASM4 (SM4), and horizon tal steering with 1ASM5 (SM5). The calibration

Chapter 6. Systematic Uncertain ty Descriptions and Estimates 93

plane_number

0 10 20 30 40 50

hmc Entries 1.812213e+08

Mean 27.62

RMS 1.455

1 10 210 310 410 510 610 710 810 Overlay MC(red) and data(blue) before pions added cut_mu_z

Entries 8.01743e+07

Mean 27.63

RMS 1.484

0 10 20 30 40 50 hmc Entries 2.95234e+08 Mean 27.62 RMS 1.509

210

310

410

510

610

710

810 Overlay MC(red) and data(blue) after adding pions hdata_{Entries 1.312071e+08}

Mean 27.63 RMS 1.511

Figure 6.10: Overlay of the data set 35 and MC gen235 last plane hit histogram before adding muon stops from pions in the beam on the top. The same histograms but with pions added at the level of to the beam is shown on the bottom.

of the movement of the beam is with “protect monitor” plates located 2.5 mm to either side of the nominal proton beam steered centered. The setting of these steering magnets is monitored in our slow controls. The variation in position of the proton beam over the pro duction data taking estimated from these history plots is 0.25mm vertically and 0.1mm horizon tally.

From these numbers, the maxim um movement of the muon beam due to proton beam movements is 0.063mm vertically and 0.025mm horizon tally. The change in angle of the muon beam due to proton beam movement is within 0.08mr ad vertically and 0.01mr ad horizon tally. The systematic uncertain ty due to these beam movements is estimated using a plot similar to Figure 6.5. The result is that the systematic uncertain ty due to proton beam stabilit y is ± 0.02 × 10^{− 3} .

6.2 Systematic Uncertain t y Due to Cham b er Resp onse

This section describ es the systematic uncertain ty due to the drift and prop ortional cham ber resp onse. Six effects are considered. One effect is the time variations in the wire to wire timing (t0 variations). Three of the contributions intro duce changes to the space-to-time relations (STR) from: densit y variations, foil bulge due to changes in differen tial pressure between the cham ber gas and He volume, and the asymmetry of the wire positions relativ e to the foils due to construction. The two pieces of the cham ber resp onse systematic uncertain ty are a deadzone due to a healing time after a muon passes through the cham bers, and a difference in the upstream versus downstream cham ber efficiency .

Three other effects that were considered, but not included in the final estimate of systematic uncertain ty were DC and PC efficiency , a corner of the cell drift time uncertain ty, and cross talk removal. They were not included because they were considered to be to o small, or would intro duce some double counting.

6.2.1 Wire to Wire Time Variations

To estimate the possible time variation in the wire to wire time zero, calibration runs were tak en at the beginning and end of the run period. The beginning and end calibration runs were tak en with the magnetic field off with a single trigger. From these calibration runs two differen t calibration files were made. For the end of run calibration half of the cham bers were missing, so for the missing planes, times from a differen t beginning of the run time calibration run were used.

To measure the sensitivit y of the muon decay parameters to t0 variations, a calibration file shifted by ten times the difference in the beginning and end of run time calibrations was used. The large changes in time calibrations made the helix trac k fits have much worse χ^2 . The value of Δ P_μ ξ obtained from fitting the exaggerated time shift analysis spectrum to a normal analysis spectrum was (8.9 ± 2.3)× 10^{− 3} . The resulting systematic uncertain ty is 0.89 × 10^{− 3} .

Add possible third point to see if this scales quadratically?

6.2.2 Densit y Variations

Survey plots of densit y variation for each 2004 data set show that there are changes in densit y of as much as ± 2%. To estimate the effect of densit y changes a set of MC was generated with the temp erature changed by 10% (from 300K to 270K) to give a scaling factor of 5. A fit of the changed temp erature MC to an ordinary MC gave a Δ P_μ ξ of (2.4 ± 1.4)× 10^{− 3} . This translates to a systematic uncertain ty of 0.49 × 10^{− 3} .

6.2.3 Cham b er Foil Bulge

The shap e of the cham ber catho de foils dep ends on the differen tial pressure between the cham ber gas and the He gas of the cradle holding all of the cham bers. The differen tial pressure of the cham bers was monitored and controlled by the gas system. To calibrate software measures of how much the foils bulged several nominal data runs were tak en at differen t differen tial pressures. The average helix fit drift time difference for trac ks that go through the center of the cham bers relativ e to the average helix fit drift times for trac ks that go through the radially distan t part of the cham ber was found to be sensitiv e to the foil bulge. Run to run monitoring of this fit time difference shows that the variation in foil bulge was controlled to better than 50μm .

To measure the sensitivit y of the muon decay parameters to the cham ber foil bulge a set of MC was generated with the STR calibration changed as if the foils were moved out ward by 500μm . A fit of the decay positron spectrum from this exaggerated bulge to a nominal decay positron spectrum yielded Δ P_μ ξ of (2.2 ± 1.4) × 10^{− 3} . The systematic uncertain ty due to time variations in the foil bulge is estimated to be 0.22 × 10^{− 3} .

6.2.4 Cham b er Cell Asymmetry

Surveys of the constructed cham bers show that the spacing between the wire plane and catho de foils was not the same on either side of the wire. On average the catho des were found to be shifted by ab out 150μm from their nominal 2mm spacing from the wire planes. The position of the catho de foils was also determined using normal decay positron data with the magnet on. The technique used was to use the bulge calibration data from runs with differen t bulges to calibrate a time difference to a foil shift distance. The time difference looked at for the catho de foil position estimate was the difference between the average helix fit time in one half of the cham ber cell to the average time in the other half of the cham ber cell.

To investigate the effect of these catho de foil shifts, the as measured in software foil shifts were simulated in MC. STR files were changed half-plane by half-plane to matc h the measured shifts. A fit of the muon decay distribution from the shifted catho de foil MC to a MC with symmetric planes gave a Δ P_μ ξ of (− 0.2 ± 1.4)× 10^{− 3} . Since this shift of the catho de foils is though t to matc h the real detector, there is no scaling of this sensitivit y. The sensitivit y is used as the systematic uncertain ty.

6.2.5 Muon Deadzone

As the muon is brough t through the upstream half of the detector to come to a stop in the stopping target, it dep osits large ionization in the cham bers. The resulting electron avalanc he near the wires tak es time to heal as the ions drift back to the catho de planes. The deadzone was measured by pro jecting helical fits to the decay positrons back to a wire that had a muon hit. For each muon hit the wire efficiency versus distance away from the muon hit is estimated as a function of time after the muon.

A measuremen t of the muon decay parameter sensitivities to the muon deadzone was made by intro ducing much larger and longer lived deadzone in a MC set than was observed in our data. A fit of this exaggerated deadzone decay positron MC to a spectrum from a MC run with no deadzone yielded a P_μ ξ sensitivit y of (0.2 ± 1.4)× 10^{− 3} .

To get the scaling of the sensitivit y a single run simulation with the deadzone as measured in data was done to count the number of decay positron hits removed by the deadzone. The number of hits removed from the exaggerated deadzone MC was also counted, and the estimate of the scaling was the ratio of the hits in each of these runs. The resulting scaling factor was 11.7 for the PC where the muon stops, 25.8 for the DC cham bers, and 47.6 for the far upstream PC’s. A conservativ e estimate of the systematic uncertain ty due to the muon deadzone is 0.01 × 10^{− 3} using the scaling factor of 11.7.

6.2.6 Upstream versus Do wnstream Efficiency

The difference in the average number of degrees of freedom in the trac k fits in the upstream versus downstream for the same energy and angle is used to estimate an upstream/do wnstream efficiency difference. The difference between the upstream and downstream degrees of freedom in data versus in the MC is 0.18 degrees of freedom. The average data and MC degrees of freedom for differen t decay positron momen ta and angle are shown in Figures 6.11 and 6.12 resp ectively.

To estimate the sensitivit y of the muon decay parameters due to a difference in upstream versus downstream efficiency a data set was analyzed with 5% of its downstream DC hits thro wn away at the unpac king stage of analysis. This upstream downstream inefficiency change compared to a normal analysis of the same data gave a sensitivit y of (1.9 ± 0.9)× 10^{− 3} were the error in the sensitivit y was rescaled since the fit was correlated.

The lowered efficiency run has ab out 1.8 NDOF less downstream than the standard run. Given that the difference between MC and data is 0.18 NDOF the scaling of the sensitivit y is 10. The systematic uncertain ty due to the difference in upstream and downstream efficiency is ergo 0.2 × 10^{− 3} .

Total Momentum (MeV/c)

10 15 20 25 30 35 40 45 50

<NDOF>

20

25

30

35

40

45 Upstream Downstream

| < 1.0 θ 0.9 < |cos

| < 0.9 θ 0.8 < |cos

| < 0.8 θ 0.7 < |cos

| < 0.7 θ 0.6 < |cos

| < 0.6 θ 0.5 < |cos

| < 0.5 θ 0.4 < |cos

Data Set 35 θ <NDOF> vs Momentum for bins of 0.1 in cos

Figure 6.11: Mean helix fit number of degrees of freedom (NDOF) for Data versus momen tum for differen t ranges of cos θ. The blue (or higher NDOF) of each cos θ range is for downstream decay positrons, and the red (or lower NDOF) is for upstream decay positrons.

Total Momentum (MeV/c)

10 15 20 25 30 35 40 45 50

<NDOF>

20

25

30

35

40

45 Upstream Downstream

| < 1.0 θ 0.9 < |cos

| < 0.9 θ 0.8 < |cos

| < 0.8 θ 0.7 < |cos

| < 0.7 θ 0.6 < |cos

| < 0.6 θ 0.5 < |cos

| < 0.5 θ 0.4 < |cos

MC Gen 235 θ <NDOF> vs Momentum for bins of 0.1 in cos

Figure 6.12: Mean helix fit number of degrees of freedom (NDOF) for MC versus momen tum for differen t ranges of cos θ. The blue (or higher NDOF) of each cos θ range is for downstream decay positrons, and the red (or lower NDOF) is for upstream decay positrons.

6.3 Systematic Uncertain t y Due to P ositron In teractions

The systematic uncertain ty due to positron interactions includes four effects: a discrepancy between MC and data energy loss, hard and intermediate interactions, multiple scattering, and back-scattering off of material outside our detector.

6.3.1 Energy Loss

The largest positron interaction effect has to do with an unexplained difference of 10keV/c between our MC and data energy loss at the endp oint momen tum. This 10 keV/c difference between upstream and downstream fits to straigh t through decay positrons is of the opp osite sign to differences observed in our energy calibrations of MC and data so is not considered to be double counting.

The systematic estimate comes from looking at the energy calibration of a MC that had a thic ker stopping target than nominal. The change in the energy calibration was also ab out 10keV/c resulting in a scaling factor of 1. The fit of the thic k target to nominal target decay positron spectra resulted in the systematic uncertain ty estimate 0.95 × 10^{− 3} .

6.3.2 Hard In teractions

One of the positron interaction systematic uncertain ties has to do with how well we can validate the simulation of hard and intermediate interactions. Hard interaction events are arbitrarily defined here to be events in which the decay positron loses more than 1M eV/c of momen tum from were it is generated to where it goes through the last DC. Intermediate interactions are those events whose decay positrons have lost less than 1M eV/c.

In our simulation we can look at the reconstructed decay positron distribution over the thro wn distribution to see how large a correction is needed to accoun t for hard and intermediate interactions. The ratio of of reconstructed over thro wn distributions in cos θ for all events, events that lose < 1M eV/c, and those events that lose > 1M eV/c is shown in Figure 6.13.

Muon decay spectrum fits of the reconstructed to thro wn distributions for all events, and for events that lose less than < 1M eV/c were done to estimate the size of correction. Plots of the change P_μ ξ is shown in Figure 6.14. Note that the sign needs to be flipp ed for the systematic because of the order the fit was done.

Fits of the hard interactions to the thro wn distributions failed. To estimate the hard interaction contributions, the difference between fits to all events and fits to intermediate events is considered. The size of the corrections from the fit results are in Table 6.5 for P_μ ξ. The size of the correction dep ends on the location of the muon stopping Bragg peak in the stopping target.

μ Location in Target Δ P_μ ξ Inter. Δ P_μ ξ Hard Systematic Uncertain ty PC 5 stops (upstream) -0.0125 0.0015 0.0006 centered (^1_2 ) -0.0068 -0.0037 0.0003 3 4 -0.0015 -0.0105 0.0001

Table 6.5: Δ P_μ ξ corrections due to intermediate and hard interactions for each of the three differen t muon stopping locations of data. The systematic uncertain ty is based on 0.5% validation of hard interactions and 5% validation of intermediate interactions added in quadrature.

Given that our simulation is validated to 0.5% for hard interactions, and to 5% for intermediate interactions we obtain a systematic uncertain ty in P_μ ξ of 0.3 × 10^{− 3} . For plots and a description of the validation of our simulation refer to Chapter 4.

0.66

0.67

0.68

0.69

0.7 , Rec./Thrown in fiducial θ cos

0.63

0.64

0.65

0.66

0.67 p < 1MeV/c Δ , Rec./Thrown in fiducial, θ cos

θ cos -1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1 θ 0.01

0.02

0.03

0.04

0.05 p > 1MeV/c Δ , Rec./Thrown in fiducial, θ cos

Figure 6.13: Reconstructed over thro wn yield versus cos θ for events in the fiducial p_{total} < 50.0M eV/c, p_{tr ans} < 38.6M eV/c, and p_{long} > 13.7M eV/c. The top plot is for all events, the middle plot is for events where the decay positron loses less than 1MeV/c, and the bottom plot is for positron energy loss greater than 1 MeV/c. The plots are for a muon stopping distribution centered in the target.

6.3.3 Multiple Scattering

A sensitivit y of P_μ ξ to mulltiple scattering was measured by smearing the reconstructed positron angle in the analysis of a standard Monte Carlo set. The smearing to ok the form:

Δ θ = k |⃗p| √ cos θ

(6.8)

The resulting decay positron spectrum was fit to the unsmeared spectrum from the same Monte Carlo set yielding a sensitivit y of (− 3.2 ± 1.4) × 10^{− 3} .

The inaccuracy in the Monte Carlo simulation of multiple scattering is 1.5 mrad as describ ed in Chapter 4. The constan t k was chosen so that a typical 30 MeV/c momen tum trac k at 45^∘ had a Δ θ of 30 mrad. The systematic uncertain ty is − 0.16 × 10^{− 3} .

6.3.4 Material Outside the Detector

Materials outside of the trac king volume provided surfaces for the decay positrons to back-scatter from. In particular, comp onents of the beam package were a source of decay particles, deltas and backscattered positrons. The systematic due to such extra particles was calculated by collecting a set of data with additional material intro duced downstream of the detector.

The spectrum from data with extra material was fit to a spectrum from data without the extra material. The extra material added was an 0.65 cm thic k alumin um plate was moun ted on an 0.59 cm thic k plastic plate ab out 80 cm downstream of the central stopping target. Monte Carlo simulations of the additional

-0.002 0 0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

1 2 3 4 5 6 7 dxi

MC Comparison dxi Reconstructed - Thrown versus MC set

dxi all dxi lt1

Figure 6.14: Δ ξ from spectrum fits to distributions of cos θ versus total momen tum of reconstructed to thro wn decay positron distributions. Michel fits of all events to are shown as ’+’ and the fits to events with decay positrons that lose less than 1M eV/c are shown as ’x’. Points 1 and 2 are for muons stopping centered, points 3 to 6 are stopping at three-quarters, and point 7 is for muons stopping further upstream.

downstream material pro duced a spectrum that was fit to a spectrum from a nominal Monte Carlo set. The comparison of the two fits yields the difference in ξ due to inaccuracies in the Monte Carlo simulation of material outside the detector.

The effect is scaled by the ratio of extra particles due to the alumin um divided by the difference between data a nd Monte Carlo in nominal conditions.

R_i σ_i = N^{E xtr a P ar ticl es}

Al uminum

|N^{E xtr a P ar ticl es}

D ata − N

E xtr a P ar ticl es M onteC ar lo |

= 60 (6.9)

The sensitivit y from the data to data spectrum fit is Δ P_μ ξ = (1.2± 1.4) × 10^{− 3} . The resulting systematic uncertain ty is 0.02 × 10^{− 3} . Note that outside the nominal fiducial region differences between the MC and data backscattering has been observed. The difference is predicted to be due to backscattering off of the solenoid yoke which was not presen t in the pro duction simulation. Plots showing the distribution of decay positron angle and energy for events identified as having a backscatter or beam positron correlated in time with the decay positron are shown in Figure 6.15.

0 10 20 30 40 50 -1 -0.8

-0.6

-0.4

-0.2 -0 0.2 0.4 0.6 0.8 1 michel2_et21 Entries 137405 Mean x 35.27 Mean y -0.1466 RMS x 11.52 RMS y 0.4521

0 10 20 30 40 50 60 70 80 90 Michel spectrum, event type 21 the bump

0 10 20 30 40 50 -1 -0.8

-0.6

-0.4

-0.2 -0 0.2 0.4 0.6 0.8 1 michel2_et22 Entries 14657 Mean x 35.32 Mean y -0.142 RMS x 11.56 RMS y 0.4532

0 2 4 6 8 10 12 14 16 Michel spectrum, event type 22

0 10 20 30 40 50 -1 -0.8

-0.6

-0.4

-0.2 -0 0.2 0.4 0.6 0.8 1 michel2_et21 Entries 256832 Mean x 33.39 Mean y -0.2163 RMS x 11.16 RMS y 0.4184

0 20 40 60 80 100 120 140 160 180 200 Michel spectrum, event type 21

0 10 20 30 40 50 -1 -0.8

-0.6

-0.4

-0.2 -0 0.2 0.4 0.6 0.8 1 michel2_et22 Entries 21062 Mean x 33.44 Mean y -0.2151 RMS x 11.04 RMS y 0.4199

0

5

10

15

20

25 Michel spectrum, event type 22

Figure 6.15: Plots showing the distribution of decay positron angle and energy for events identified as having a backscatter or beam positron correlated in time with the decay positron. The top two plots are two differen t backscatter event types from data, and the bottom two plots are the same event types from the simulation.

6.4 Systematic Uncertain t y Due to Sp ectrometer Alignmen t

The systematic uncertain ty due to spectrometer alignmen t comes from how well the cham ber translations in x, y, z and angle can be corrected to matc h their true positions. Also how well the misalignmen t between the magnetic field axis to the cham ber axis is accoun ted for intro duces some systematic uncertain ty. The following subsections describ e and quan tify the systematic uncertain ties related to the spectrometer alignmen t.

6.4.1 Longitudinal Alignmen t

The alignmen t of the planes in z is by construction. The spacing of the cham bers was precisely measured and controlled by the special Sital spacers. The precision of the cham ber spacing is 30μm longitudinally . To measure the sensitivit y of the muon decay parameters to a longitudinal misalignmen t of the cham bers random offsets of ten times the cham ber spacing precision were intro duced in the analysis of a MC set. The resulting systematic uncertain ty in P_μ ξ is 0.22 × 10^{− 3} .

6.4.2 Rotational Alignmen t

The rotational alignmen t systematic was found by analyzing a data set with an alignmen t file containing random rotational offsets 10 times the 0.01^∘ precision of the rotational alignmen t corrections. The systematic uncertain ty in the rotational alignmen t is 0.22 × 10^{− 3} .

6.4.3 Magnetic Field Alignmen t

The accuracy of the alignmen t of the magnetic field axis to the cham ber axis is 0.02mr ad, but the mismatc h between upstream and downstream is 0.1mr ad for 2004 data.

To measure the sensitivit y a misalignmen t of the magnetic field of 0.25 degrees (4.4mrad) was intro duced in the simulation. A fit of the reconstructed decay positron spectrum of the misaligned simulation to a nominal set gave a sensitivit y of (1.2 ± 1.4) × 10^{− 3} .

Using a scaling factor of 40 (4mrad/0.1mrad) for the 2004 data gives the systematic uncertain ty of 0.03 × 10^{− 3} due to misalignmen t of the magnetic field.

6.4.4 Translational Alignmen t

The translational alignmen t systematic effect was investigated by analyzing a nominal data set with an alignment file containing random translational offsets 28 times the 5 μm precision of the translational alignmen t corrections. The resulting spectrum fitting yields a systematic uncertain ty on P_μ ξ of < 0.01 × 10^{− 3} .

6.5 Systematic Uncertain t y Due to Momen tum Calibration

The systematic uncertain ty in momen tum calibration comes from two contributions. One contribution is due to how well we can do our endp oint energy calibration. The other factor is how well our magnetic field map represen ts realit y.

6.5.1 Endp oin t fits

The metho d of doing endp oint fits to obtain a momen tum calibration is presen ted in Section 3.5. The sensitivit y to momen tum calibration is measured by fitting a spectrum that has had the momen tum calibration prop erly applied to a spectrum to a spectrum where one of the energy calibration parameters was shifted by 100keV/c.

The scaling factor for this sensitivit y measure is tak en to be the 100keV/c shift over the discrepancy between the MC and data endp oint calibrations since they should have come out to be the same. This results in a scaling factor of 10. The overall systematic uncertain ty on P_μ ξ is 0.56 × 10^{− 3} .

6.5.2 Magnetic Field Uniformit y

Inaccuracies in the magnetic field map lead to inaccuracies in the determination of the decay positron momen tum. To quan tize this effect, a modified magnetic field map was pro duced by distorting the standard field simulation. The distortion to ok the form:

Δ B_z = − (0.006 G/cm^2 )z^2 − (0.00004 G/cm^3 )z^3 − (1.25 G/cm)r (6.10)

A nominal data set was analyzed with the distorted field map, and the resulting decay positron spectrum was fit to the standard analysis of the same data set. The resulting sensitivit y to P_μ ξ was (− 0.9± 1.6) × 10^{− 3} .

The distorted field map differs from the nominal 2T field map by up to 40G at the extremes of the trac king volume. Differences between an Op era generated field map, and the measured field map are 2G at the extremes of the trac king region. A conservativ e scaling factor of 10 gives a systematic uncertain ty of 0.09 × 10^{− 3} .