Chapter 6. Systematic Error 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 6.5: 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.

6.1.2 Fringe Field Dep olarization

In this section the sensitivit y and systematic error of P_μ ξ due to uncertain ty in 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 6.7.

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 6.8.

The quadratic that was fit to is given in Equation 6.9, 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 ) (6.9)

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. The polynomial fits are shown in Figure 6.9.

Chapter 6. Systematic Error Descriptions and Estimates 92

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 6.6: 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.

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 (6.10) x_0 = x_{00} + x_{0y} y (6.11) y_0 = y_{00} + y_{0x} x (6.12) y_0 = y_{00} + y_{0y} y (6.13)

The fits to these linear equations are shown in Figure 6.10.

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 ) (6.14) 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 error in P_μ ξ ± 0.0015. The plot of the four dimensional polynomial used for this error estimate is shown in Figure 6.12.

-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 6.7: 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.

6.1.3 Dep olarization in the Muon Pro duction Target

Δ( p)/p of 1% (FWHM) means that we have a range of roughly 29.4 to 29.8M eV/c at our 29.6M eV/c setting, if you are conservativ e to 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 39.5M eV/c/(g/cm^2) for Cu (similar to stainless steel) or 55M 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 effective 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 (theta_0 )^2 /4. This works out to a contribution < 10^{− 5} .

Chapter 6. Systematic Error Descriptions and Estimates 94

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 6.8: 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 0.965, 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.

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 observ ed 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 observ ed 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 6.13 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

Chapter 6. Systematic Error Descriptions and Estimates 95

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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 -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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 -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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 -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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 -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

-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 6.9: Plots showing the two dimensional quadratic fits of the polarization versus x, y, dx, and dy. The colouring and order of the plots is the same as describ ed in Figure 6.8.

to surface muons is summarized for the 2002, 2003, and 2004 data in Table 6.3. 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 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 horizontally. Vertical steering of the protons is done with steering magnet lab elled 1ASM4 (SM4), and horizon tal steering with 1ASM5 (SM5). The calibration 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

Chapter 6. Systematic Error Descriptions and Estimates 96

-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 6.10: 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.

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 error due to these beam movements is estimated using a plot similar to Figure 6.12. The result is that the systematic error due to proton beam stabilit y is ± 0.02 × 10^{− 3}.

Parameter Nominal Aperture Units P_{max} 0.9958 0.9976

A -9.796 -10.536 r ad^− 2 x_{00} 0.0075 0.0067 r ad x_{0x} -0.0129 -0.0121 r ad/cm x_{0y} -0.0032 -0.0021 r ad/cm y_{00} 0.0058 0.0038 r ad y_{0x} 0.0024 0.0002 r ad/cm y_{0y} -0.0137 -0.0122 r ad/cm

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

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 6.3: 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.

Chapter 6. Systematic Error Descriptions and Estimates 98

-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 6.11: 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.

Chapter 6. Systematic Error Descriptions and Estimates 99

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

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