


Figure 4.11: Reducedχ2 distributions for a) 0.6< cos θCM
K <0.8 and b) 0.8<

cos θCM
K <1 bins.

simulation theep → e′K+Λ reaction withΛ → pπ− decay events are generated by the

FSGEN phase space generator with a modifiedt-slope. The generator scales the phase

space cross section by a factor ofe−bt, whereb is thet-slope parameter (b=0.3 GeV−2,

t = tMandelstam), to yield the probability distribution that better matches thedata. The

larger theb, the more kaons are forced to go at forward direction, generatingt-channel

production events. The radiative effects are partially taken into account in the genera-

tor. They only include the final state radiation on the final scattered electrons. In the

second step, the generated events are processed with the GSIM package, which is the

GEANT simulation of the CLAS detector. The particles from the generated events are

propagated through the CLAS and the detector response is recorded much the same

way as for the experimental data. The GSIM simulation of the CLAS assumes a perfect

detector system, so the inefficiencies and the resolutions of the different detector com-

ponents are not properly simulated. These are taken into account in the next step by the

GSIM post-processing (GPP) package, which allows the user to smear the DC and TOF

times by factors to better match the experimental data. In the final stage, the simulated

data are cooked using the same version of the analysis executable used for the cooking

of the actual data. After the final reconstruction, the data are analyzed by the same
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Figure 4.12:PL extracted from the MC dataset as a cross check of the pro-
cedure. The left column shows the results without acceptance corrections.
Non-zero polarization in these plots is the result of the acceptance effects.
The right column shows the results after applying the acceptance correc-
tions. As expected, the polarization is back to zero.

code used for the data analysis. Since the GSIM assumes perfect detector systems for

CLAS, some of the corrections applied in the data analysis, themomentum corrections

in particular, are omitted when analyzing the simulated data.

The acceptance factors in this analysis are defined as the ratioof the reconstructed

events to the generated events in the same kinematic bin. Twoacceptance factorsf±

are defined in each kinematic bin corresponding to forward and backwardp angular

distributions according to:

f± =
N±

Detected

N±
Thrown

. (4.11)

The numeratorN±
Detected

is the sum of theΛ missing mass histogram entries within

the appropriate range for reconstructed events. The generated or thrown events in each

kinematic bin are calculated by filling a counter histogram using theK+ andΛ PDG

particle identification codes. Events are generated allowing uniformΛ decay, in which
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case the number of the thrown events are treated to be equal bothfor forward and

backwardp angular bins. In other words,Λ’s are produced with zero polarization in the

MC dataset. The denominatorN±
Thrown

in Eq. 4.11is calculated using one half of all

thrown events. The statistical uncertainties on acceptancethe factors are given by:

df± =

√

f±(1 − f±)

N±
thrown

. (4.12)

Some cross checks are performed to make sure that the acceptance factors are fully

understood. Fig.4.12shows theW dependence of thePL component of the induced

polarization extracted from the MC data for threecos θCM
K bins before and after applying

the acceptance corrections. This figure shows that the non-zero polarization along the

longitudinal axis is a result of detector acceptance effects. Applying the acceptance

correction brings the polarization back to zero, as expected. TheW dependence of

the acceptance factors are plotted in Fig.4.13for the most forward kaon angular bin.

As can be seen from the plot, the normal component of the polarization has nearly

identical acceptances for both forward and backward going protons, while the other

two components have large differences in the forward and backward acceptances and

are therefore more sensitive to acceptance effects. This statement is true for allcos θCM
K

angles. The acceptance corrected yields for the forward andbackward directions are

given by:

n± = N±/f±. (4.13)

Here, theN± are the background subtracted, uncorrected yields, obtained by fitting as

described in Section4.4and thef± are the acceptance correction factors from Eq.4.11.

By propagating the uncertaintiesdN± (Eq.4.10) anddf±(Eq.4.12), the uncertainties on

the corrected yieldsn± are calculated according to:

dn± = n±

√

(
δN±
N±

)2 + (
δf±
f±

)2. (4.14)
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Figure 4.13: Dependence of acceptance factors onW for forward and back-
ward going protons at 0.8< cos θCM

K <1 with respect to the T, N, and L axes.
The acceptance factors for forward and backward going protonsfor the N
component have practically identical dependence onW , while for the T and
L components they strongly differ.

4.6 Recoil Polarization Calculation

After all final state particles of interest are identified, allkinematic quantities are deter-

mined in the lab frame. However, the proton angular distributions must be calculated

in the Λ rest frame. A set of Lorentz transformations are applied to find the energies

and momenta of all final state particles in the center of momentum frame (CM) of

the virtual photon and the target proton. Theses quantitiesare then fed to a routine,

which performs the transformations to theΛ rest frame and finds the proton angular

distributions in that frame relative to the different spin quantization axes (T, N, L). The

background subtracted yields, obtained by fitting theΛ missing mass histograms for

forward and backwardp angles (Section4.4) are then corrected for the acceptance. The
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induced polarization of the recoilΛ is extracted via the forward-backward asymmetry

from thep angular distributions with respect tocos θRF
p = 0 as described in Section1.4.

Forward-Backward Asymmetry

The induced polarization in this case is given by:

P =
2

α
A =

2

α

(n+ − n−
n+ + n−

)

, (4.15)

whereA =
n+−n−

n++n−

is forward-backward asymmetry,n± are the acceptance-corrected

yields in the forward and backward directions, respectively, given by Eq.4.13. In this

equationα = 0.642 ± 0.013 is the Λ decay asymmetry parameter and is taken from

the PDG [7]. The uncertainty inα is treated as systematic uncertainty and is included

in the total systematic uncertainty calculations as summarized in Table5.1. A careful

propagation of errors is necessary in order to calculate theerror bars on the polarization

results. First, the uncertainties on the forward-backwardasymmetryA are determined

by:

dA2 =
( δA

δn+
dn+

)2
+

( δA

δn−
dn−

)2
. (4.16)

The partial derivatives are calculated:

δA

δn+
=

2n−
(n+ + n−)2

,

δA

δn−
=

−2n+

(n+ + n−)2
.

Substituting these partial derivatives into Eq.4.16will give:

dA2 =
4(n−dn+)2

(n+ + n−)4
+

4(n+dn−)2

(n+ + n−)4
. (4.17)
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The respective statistical uncertainty in the polarization is given by:

dP =
2dA

α
=

4

α(n+ + n−)2

√

(n−dn+)2 + (n+dn−)2, (4.18)

wheredn± is determined according to Eq.4.14

4.7 Radiative Corrections

In the electroproduction experiments, in general, it is necessary to take into account so

called radiative effects. While moving in the electromagnetic field of the nucleus, the

electron can emit or absorb a virtual photon before or after interacting with the target

proton or produce electron-positron pairs. Speaking in thelanguage of Feynman di-

agrams, the radiative corrections correspond to loop or higher order diagrams. These

corrections are calculated via perturbation theory in QED, where the expansion parame-

ter is proportional toα2 (α = 1
137 is the fine structure constant), so that each next higher

order contribution is roughly10−4 times less than the previous one.

The result of photon emission by electrons, before or after interacting with the tar-

get proton, shows up as a radiative tail in the higher mass range of theΛ missing mass

histograms. The radiative tails of theΛ and Σ0 peaks were not well constrained in

the fits because of the low statistics, especially in the highW bins. A tight hyperon

missing-mass cut is applied while extracting the uncorrected yields in order to exclude

the radiative tails. As part of the systematic uncertainty analysis, the missing mass

cut was removed, allowing the tails to be included in the yields.The study showed

(Section5.1) that excluding the tail events does not introduce any major systematic

uncertainty (< 0.026). Actually, the radiative effects effectively cancel out in theasym-

metry approach, used for polarization calculations described in Section4.6. Based on

these facts the radiative corrections were omitted in this analysis.
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Variable Range # of bins Bin Width
cosθCM

K (-1.0, 0.0) 1 1.
(0.0, 0.4) 1 0.4
(0.4, 0.8) 1 0.4
(0.8, 1.0) 1 0.2

W 1.6-2.4 GeV 4 200 MeV
Q2 0.8-3.2 GeV2 4 0.6 GeV2

Table 4.8: Binning for theQ2 dependence studies.

4.8 Q2 Dependence Study

Initially, a Q2 study was performed for data integrated over allcos θCM
K andφK angles.

When integrated overcos θCM
K , the results are dominated by forward angle (t-channel)

data due to the strong forward peaking of the data. Results showed noQ2 dependence.

Since the resonance contributions to polarization observables are expected to be visible

at mediumcos θCM
K angles (s-channel process), theQ2 dependent analysis was repeated

in the last stage for severalcos θCM
K bins. The binning is shown in Table4.8.

The polarization vs.Q2 plots are shown in Fig.4.14. The results again show no

Q2 dependence over the entire range covered by the E1F dataset. This fact allows one

to integrate data over this variable for the final analysis without losing any valuable

information. Although the data are integrated overQ2, electroproduction still provides

valuable information such as access to the interference response functions, which is not

possible via photoproduction.

87



Figure 4.14:PN vs.Q2 for differentcos θCM
K andW bins. The results show

no significant dependence onQ2 within our statistical uncertainties.
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CHAPTER 5

Systematic Uncertainties

There are several sources of systematic uncertainties thathave to be taken into account

in this analysis. These sources are categorized as:

1. Polarization Extraction

2. Acceptance

3. Background Subtraction

The systematic uncertainties are assigned for each source,comparing polarization re-

sults in eachcos θCM
K kinematic bin with nominal and alternative cuts. The systematic

uncertainties are estimated as the uncertainty-weighted average polarization defined by:

〈P 〉 =

√

√

√

√

√

√

√

√

√

√

n
∑

i=1

[Pnom
i − P alt

i ]2

(δPnom
i )2

n
∑

i=1

1

(δPnom
i )2

. (5.1)

Here the summation goes over allW points for eachcos θCM
K bin. The RMS width of the

uncertainty-weighted polarization differences are also calculated as a cross check of the

procedure. The systematic uncertainties from all sources is summarized in Table5.1.

The total systematic uncertainty in eachcos θCM
K kinematic bin is obtained by summing

the uncertainties from all sources in quadratures since thesources are assumed to be

uncorrelated.

5.1 Acceptance Corrections

The uncorrected yields are integrated within a specificΛ missing mass window. The

nominal missing mass integration range is from 1.05 to 1.15 GeV. Systematic uncer-
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Figure 5.1: Uncertainty-weighted histograms for the polarization differences
with the nominal and alternative cuts for eachcos θCM

K bin. These histograms
combine the two cases of alternative missing mass integrationranges. The
RMS values of these histograms are the assigned systematic uncertainty for
eachcos θCM

K bin.

tainties from this source are studied for two alternative ranges: 1) from 1.025 to 1.17

GeV, and 2) from 0.9 to 1.4 GeV which is the total range used for the fits. Strictly speak-

ing, extending the integration range does not affect the experimental yields, since the

amplitudes of theΛ fit functions do not change once the fitting procedure is complete,

but the acceptance factors do. Extending the range of integration affects the polarization

results, because this integration must also be taken into account in the acceptance factor

calculations, when integrating the MCΛ templates. Correcting the yields for the accep-

tance gives rise to small systematic uncertainties. The RMSwidth of the uncertainty-

weighted polarization differences, with the nominal and alternative cuts in place, is read

directly from the histograms (Fig.5.1) as the measure of the systematic uncertainties

from this source. Histograms combine both alternative cases. The estimated absolute

uncertainties from this source range from 0.011 to 0.026.
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Figure 5.2: Uncertainty-weighted histograms for the polarization differences
with the nominal and alternative pion missing mass squared cuts. The sys-
tematic uncertainties are the RMS values of these histograms, assigned for
eachcos θCM

K bin.

5.2 Pion Missing Mass Cut

The applied nominal pion missing mass squared cut is from -0.02 to 0.07 GeV2. The

alternative cut is extended from -0.03 to 0.1 GeV2. This lets in some additional back-

ground events, potentially changing the background templates. Fig. 5.2 shows the

uncertainty-weighted histograms for the polarization differences with the applied nom-

inal and alternative cuts. The estimated absolute uncertainties from this source range

from 0.025 to 0.047.

5.3 Geometrical Fiducial Cuts

The nominal geometrical fiducial cuts applied for this analysis are the loose cuts for

bothe−s and hadrons. As an alternative, to study the systematic effects, tighter fiducial

cuts were used. The parameters are summarized in Tables3.1 and3.2. The applied
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Figure 5.3:φ vs. θ distributions for electrons (left) and kaons (right). The
yellow and red lines show the limits of the loose and medium fiducial cuts,
respectively.

cuts are shown in Fig.5.3 both for electrons (left) and kaons (right). The yellow and

red lines show the limits of the loose and medium fiducial cuts,respectively. Since the

fiducial cuts as defined in Sections3.1and3.2depend on momentum,pe = 1.1 GeV and

pK = 1.1 GeV are selected to display the cuts. The uncertainty-weighted histograms

for the polarization differences with the nominal and alternative cuts are illustrated in

Fig. 5.4. The estimated absolute uncertainties from this source range from 0.040 to

0.080.

5.4 Proton Acceptance Corrections with Polarized MC

Thee− andK+ acceptance effects are effectively canceling out in the forward-backward

asymmetry calculations used for the polarization extraction, but thep acceptance does

not and must be carefully studied.

This section describes the systematic impact of the proton acceptance effects on our

results. The Monte Carlo dataset used for the acceptance corrections was generated with

the assumption that theΛ decays uniformly intopπ−. Here we study the acceptance

effects with different cases of polarizations in the MC sample. Instead of generating
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Figure 5.4: Uncertainty-weighted histograms for the polarization differences
with the nominal (loose) and alternative (tighter) fiducial cuts. The RMS
values of these histograms again are the systematic uncertainties for a given
cos θCM

K bin.

new MC datasets, the decay proton flat angular distributionsare scaled by a factorf :

f = 1 + αP cos θRF
p (5.2)

The systematic uncertainties associated with this source are studied for three different

cases of polarizations:P = −0.55; P = +0.55; P = Pnominal, wherePnominal is our

final measured polarizations. Several cross checks were performed in order to make

sure that the acceptance factors are fully understood. The angular distributions and po-

larizations are extracted from the MC dataset both for the generated and reconstructed

protons after scaling. Fig.5.5 illustrates thep angular distributions. The polarization

values shown in these plots are calculated from the slope of thelinear fits. TheW de-

pendence of the polarization, extracted from the MC datasetafter scaling (P = −0.55

case), is shown in Fig.5.6. The top plot demonstrates the polarization results extracted

directly from the generatedp information. The plot in the middle shows the polariza-
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Figure 5.5: Decay proton angular distributions extracted from the MC
dataset after scaling by the factorf given by Eq.5.2 for the case ofP =
−0.55. The left plot corresponds to the generated and the right plot to the
reconstructed protons. The polarization values shown on the plots are calcu-
lated from the slope of the linear fit.

tions extracted from the reconstructedp information without any acceptance correc-

tions. Finally, the results in the bottom plot are the acceptance corrected polarizations.

As one can see from these plots, applying the acceptance corrections reproduces the

polarization valuesP = −0.55 within statistical uncertainties, by which the events were

scaled. Similar cross-checks were done also for the other twocases.

The final systematic uncertainty from this source again is theRMS of the uncertainty-

weighted polarization differences between the nominal results and the polarizations cal-

culated with the three different sets of acceptance factors,extracted from the MC dataset

after scaling by the factorf given by Eq.5.2. The histograms in Fig.5.7 combine all

three cases of the polarization values listed above that wereused for scaling. The esti-

mated absolute uncertainties from this source range from 0.064 to 0.093.
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Figure 5.6: Polarization versusW extracted from the MC dataset after scal-
ing (P = −0.55 case) as a cross-check of the procedure. The top plot results
are obtained from the generated proton information. The middle plot po-
larizations are for reconstructed protons but with no acceptance corrections
applied. Finally, the polarizations in the bottom plot are for the reconstructed
protons after applying the acceptance corrections. TheP = −0.55 value is
reproduced within statistical uncertainties.
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Figure 5.7: Uncertainty-weighted histograms for the polarization differences
between the nominal results and the polarizations calculated withthe three
different sets of acceptance factors extracted from the MC dataset after scal-
ing by the factorf given by Eq.5.2 for all three cases of the polarization
values. The assigned systematic uncertainties for eachcos θCM

K bin are the
RMS values taken directly from these histograms.

5.5 t-Slope

The MC dataset used for the acceptance corrections was generated with at-slope = 0.3

GeV−2. Two small MC datasets, with∼10M events each, were generated witht-slopes

= 0.1 and 1.0 GeV−2 as part of the systematic uncertainty analysis. Increasing thet-

slope in the generator forces more kaons to go in the forward direction, thus sending

protons into different parts of the detector. These two setsare then used for acceptance

corrections. The histogram of uncertainty-weighted polarization differences is shown

in Fig. 5.8combining both cases. The estimated absolute uncertainties from this source

range from 0.063 to 0.082. Since thet-slope studies also reflect the proton acceptance

corrections, no separatet-slope systematic uncertainties are included in the final sys-

tematic uncertainty calculations.
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Figure 5.8: Uncertainty-weighted histograms for the polarization differences
combining the different cases oft-slope values. The RMS values are the
assigned systematic uncertainties.

5.6 Fit Method

The fits in the background subtraction procedure were performed by two methods. The

first method was the PAW fitting routine described in Section4.4. The second method

is a stand alone FORTRAN code, which performs the combined fits of themissing mass

histograms for all three polarization components for both forward and backward moving

protons, using the same functional form for theΛ, Σ0, and background templates as the

first method. To estimate the uncertainties associated with the fitting procedure, in

this section the results with eight parameter fits by both fittingmethods are compared.

This means that theΛ Lorentzian parameters are allowed to vary in addition to the

absolute amplitudes. Fig.5.9shows the histogram of uncertainty-weighted polarization

differences. The assigned systematic uncertainty is the RMS of the histogram. The

estimated absolute uncertainties from this source range from 0.030 to 0.052.
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Figure 5.9: Uncertainty-weighted histograms for the polarization differences
extracted by the two fit methods (Section5.6). The RMS values are the
assigned systematic uncertainties.

5.7 Fixed vs. Float Fit Parameters

This section presents the systematic effects on the polarization results for the two dif-

ferent assumptions of the fit parameters. The nominal results are obtained with a 6-

parameter fit, where all shape parameters are fixed or parametrized as a function ofW ,

while the amplitudes are allowed to vary freely. As an alternative fit, theΛ Lorentzian

parameters are allowed to the float in addition to amplitudes.Fig. 5.10shows the his-

togram of the uncertainty-weighted polarization differences for these two cases. The

estimated absolute uncertainties from this source range from 0.012 to 0.034.

5.8 PID Routine

This section describes the study of systematic uncertainties related to the hadron PID

routine. The nominal results are obtained by using the minimum ∆t method as dis-
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Figure 5.10: Uncertainty-weighted histograms for the polarization differ-
ences for the six (all fixed) and eight (floatingΛ Lorentzian) parameter fits.

cussed in Section3. The alternative method of hadron identification again uses the tim-

ing method, only instead of minimizing∆t, fixed timing cuts are applied. The results

showed that the PID routine is not a source of systematic uncertainties and is therefore

not included in the final systematic uncertainty evaluation.

5.9 Deviations ofPL and PT from Zero

The strongest systematic check of our analysis results, after the φK integration and

acceptance corrections are applied, are the deviations ofPL andPT from zero. These

deviations represent the upper limit of the combined systematic uncertainties from all

sources. TheW dependence ofPL andPT components for all kaon angle bins are

shown in Figs.5.11, 5.12. A constant fit to the data gives the average deviations of the

polarizations from zero. The results of the constant fits along with their uncertainties

are plotted versuscos θCM
K in Fig. 5.13for bothPL andPT components. The red box
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in this plot shows the limits corresponding to the minimum totalsystematic uncertainty

from Table5.1. All deviations within their uncertainties fall within the limits of the

calculated total systematic uncertainties.

5.10 Sector Dependence

The last cross check is the investigation of sector dependence of the polarization, where

thee− andK+ are detected. For this study, the data are sorted with 200 MeV wideW

bins at 0.8< cos θCM
K <1.0, where the statistics are the largest. The dependence ofPT on

W for eache− andK+ sector is shown in Figs.5.14. Results show no significant sector

dependence. No systematic uncertainty is included in the final systematic uncertainty

calculations coming from this source.

100



1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ  40.37 / 28

p0        0.03461± 0.08898 

 / ndf 2χ  40.37 / 28

p0        0.03461± 0.08898 
)<-0.5CM

Kθ-1.0<cos(

1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ  31.79 / 28

p0        0.02491± 0.0269 

 / ndf 2χ  31.79 / 28

p0        0.02491± 0.0269 
)<0.0CM

Kθ-0.5<cos(

1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ  62.75 / 28

p0        0.02984± -0.05811 

 / ndf 2χ  62.75 / 28

p0        0.02984± -0.05811 
)<0.2CM

Kθ0.0<cos(

1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ   30.7 / 28

p0        0.0252± -0.04383 

 / ndf 2χ   30.7 / 28

p0        0.0252± -0.04383 
)<0.4CM

Kθ0.2<cos(

1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ  35.08 / 31

p0        0.02171± 0.01848 

 / ndf 2χ  35.08 / 31

p0        0.02171± 0.01848 
)<0.6CM

Kθ0.4<cos(

1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ  41.81 / 31

p0        0.01843± 0.01799 

 / ndf 2χ  41.81 / 31

p0        0.01843± 0.01799 
)<0.8CM

Kθ0.6<cos(

1.6 1.8 2 2.2 2.4 2.6-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1  / ndf 2χ   56.9 / 31

p0        0.01516± 0.04049 

 / ndf 2χ   56.9 / 31

p0        0.01516± 0.04049 
)<1.0CM

Kθ0.8<cos(

Figure 5.11:PL deviations from zero. The constant fit values on these plots
estimate the upper limit on the total systematic uncertainties.
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Figure 5.12:PT deviations from zero. The constant fit values on these plots
estimate the upper limit on the total systematic uncertainties.
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Figure 5.13: AveragePL (blue circles) andPT (red squares) deviations from
zero vs.cos θCM

K .
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Figure 5.14:PT vs.W at 0.8< cos θCM
K <1 for eache− andK+ sector. The

results show no sector dependence.
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SYSTEMATICS UNCERTAINTIES
X

X
X

X
X

X
X

X
X

X
X

X
Source

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

Acceptance Corrections 0.011 0.026 0.014 0.013 0.012 0.013 0.011
MM2(e′K+p) 0.042 0.025 0.047 0.036 0.046 0.041 0.033

Geometrical 0.058 0.080 0.080 0.065 0.070 0.048 0.040
Fiducial Cut

p Acceptance 0.086 0.064 0.080 0.085 0.080 0.093 0.075
Corrections with

pol. MC
Fit Method 0.046 0.052 0.044 0.034 0.031 0.030 0.031
Fixed/Float 0.032 0.027 0.034 0.023 0.013 0.012 0.015

Fit Parameters
α 0.013 0.013 0.013 0.013 0.013 0.013 0.013

TOTAL 0.126 0.124 0.136 0.121 0.122 0.118 0.099

Table 5.1: Summary of the systematic uncertainties. The total systematic uncertainty, assigned for eachcos θCM
K bin is

calculated as a sum of quadratures of the individual contributions.

104



CHAPTER 6

Results and Conclusions

6.1 Λ Recoil Polarization

This chapter presents theΛ induced polarization results forK+ electroproduction, binned

in cos θCM
K andW . Binning for this analysis is described in Section4.2. All results

are tabulated in AppendixD. The results are integrated overφK andQ2. These re-

sults greatly extend the kinematic coverage of the only previous experimental measure-

ment ofΛ recoil polarization forK+ electroproduction by S. McAleer [34]. The large

statistics allow fine binning inW without integrating over kaon angles. Thecos θCM
K

dependence of theΛ recoil polarization are shown in Figs.6.1and6.2along with pho-

toproduction data [26]. One observation that can be made from these figures is that the

polarization results do not change sign for any of theW bins, as was observed in photo-

production data from Refs. [26]. Recall that the virtual photon in the electroproduction

process possesses transverse as well as longitudinal polarization, the latter being absent

in photoproduction. The cross-section data from Ref. [27] indicate a smallσL. This

suggests that although the longitudinal polarization of the virtual photon by itself may

not play a significant role, even a small contribution in the interference terms can cause

a sizable contribution in the strangeness electroproduction process for this observable.

Fig. 6.3 shows theW dependence ofPN for all cos θCM
K bins. Recall thatW is de-

fined as the intermediate hadronic state energy in thes-channel. Any structure observed

in theW dependence of the polarization signifies the possible contribution from a reso-

nance with mass equal toW in the production process. Similarly, the structures can be a

consequence of interference from two or more broad resonance contributions that have

a mass around theW value where the bumps and dips appear. As one can see from

these plots, the polarization varies smoothly for the backward kaon angle bins, while

at medium angles, where thes-channel process is expected to dominate, some struc-
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Figure 6.1:Λ induced polarizationPN vs. cos θCM
K . The black circles are

the results of this analysis, the blue squares are the photoproduction results
from Ref. [26]. The overlaid curves correspond to RPR [9] (green) and RPR-
2011 [10] (red) model predictions, respectively. The dashed curvesgive the
upper and lower limits of the predicted polarizations using theuncertainties
of the model calculations.
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Figure 6.2:Λ induced polarizationPN vs. cos θCM
K . The black circles are

the results of this analysis, the blue squares are the photoproduction results
from Ref. [26]. The overlaid curves correspond to RPR [9] (green) and RPR-
2011 [10] (red) model predictions, respectively. The dashed curvesgive the
upper and lower limits of the predicted polarizations using theuncertainties
of the model calculations.
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Figure 6.3: RPR [9] and RPR-2011 [10] model predictions overlaid on the
induced polarization results vs.W . The green curve corresponds to the RPR
model and the red curve to the RPR-2011 model. The dashed curves give the
upper and lower limits of the predicted polarizations using theuncertainties
of the model calculations.
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Figure 6.4: Induced polarizationPN vs. W for electro- (left) and photopro-
duction (right). The photoproduction results are from Ref.[26]. The sharp
change of the polarization sign present in the photoproduction data at back-
ward kaon angles is not observed in the electroproduction data.At forward
kaon angles the structures vanish for both photo- and electroproduction.

ture starts to build up with a clear bump aroundW = 1.9 GeV at0.4 < cos θCM
K < 0.6

and 0.6 < cos θCM
K < 0.8. At very forward kaon angles, wheret-channel processes

dominate, the polarization is again flat and smaller in magnitude. Similar observations

can be made from the recent photoproduction data of Ref. [26], where at backward and

medium kaon angles, the polarization shows some structure, which gradually flattens

out at forward kaon angles. The polarization sharply changes sign in the photopro-

duction data, which is not observed in the electroproductiondata as can be seen from

Fig. 6.4.

6.2 Comparison to Theoretical Models

Our polarization results are compared to two different RPR-model predictions referred

to here as the old RPR model and the new RPR-2011 model. Both models treat the

non-resonant background contributions as exchanges of kaonic Regge trajectories in
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the t-channel, withK(494) andK∗(892) as the dominant trajectories. Both have a ro-

tating Regge phase. To take into account thes-channel contributions, these models

include establisheds-channel nucleon resonances:S11(1650),P11(1710),P13(1720),

P13(1900), as well as the missing resonanceD13(1900). The old RPR model was fit to

forward angle (cos θCM
K > 0) photoproduction data from CLAS, LEPS, and GRAAL [9].

The new RPR-2011 model was fit to the entirecos θCM
K angular range of all recentK+Λ

photoproduction data, including Ref. [26]. Furthermore it uses a consistent formalism

for the description of spin-5/2 particles as described in Ref. [10]. As can be seen from

Fig.6.5, the old RPR model gives a reasonable description of the photoproduction cross-

section data at forward kaon angles (cos θCM
K > 0), but fails at backward angles, while

the RPR-2011 model shows remarkable improvement at backwardkaon angles, giv-

ing an overall very good description of photoproduction datathroughout the full kaon

angular range.

The predictions of these two models, along with their uncertainties, are overlaid on

our polarization results as shown in Figs.6.1- 6.3. From Fig.6.3one can see that both

RPR theoretical model calculations are in good agreement with the experimental data

at very forward kaon angles, but the old RPR predictions failto reproduce the data at all

other kaon angle bins. The RPR-2011 reproduces the overall trend of the polarization

in all but the most backward kaon angle bin (−1.0 < cos θCM
K < −0.5), but fails to

reproduce the structure, particularly aroundW = 1.9 GeV.

6.3 Comparison to Previous Experimental Results

In this section the results are compared to the previousΛ recoil polarization measure-

ment results forK+ electroproduction of Ref. [34]. The data points from Ref. [34],

overlaid on our results for the overlappingW andcos θCM
K ranges are shown in Figs.6.6-

6.7. The data from Ref. [34] are integrated over allθCM
K angles in order to improve

statistics. Since the results are dominated by forward angledata because of the large

cross section, the data are overlaid only on our0.8 < cos θCM
K < 1.0 bin in Fig. 6.6,
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Figure 6.5: RPR and RPR-2011 model fits to all existing photoproduc-
tion data. RPR-2011 (black curve) shows remarkable improvement in the
cos θCM

K < 0 range. [10]

when plotting theW dependence. The red squares are systematically lower than our

data points, but this is driven by the integration of data from all cos θCM
K angular bins.

Ref. [34] presents thecos θCM
K dependence of the polarization for three differentW

ranges:1.67 < W < 1.76 GeV, 1.716 < W < 1.783 GeV and1.873 < W < 2.152 GeV.

The results are again integrated overQ2 andφK . In Fig. 6.7 the results from the last

two W bins are overlaid on our polarization results for theW bins that are closer to

the bin center of the covered ranges. It is surprising to see that the overall behavior

and magnitude of the polarization from the old measurement isvery consistent with
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Figure 6.6: Induced polarizationPN vs. W results for0.8 < cos θCM
K <

1.0 kaon angles. The red squares are taken from Ref. [34]. Data from this
previous measurement are integrated over all kaon angles.

our results, despite the fact that data with different beam energies and magnetic field

settings were combined to achieve reasonable statistics in the old measurement.

6.4 Conclusions

Here we have presentedΛ recoil polarization results forK+ electroproduction for the

total of 215 (cos θCM
K ,W ) bins, covering aW range from threshold up to 2.7 GeV and the

full kaon center of mass angular range. Our results greatly increase the kinematic range

of the only existing recoil polarization electroproduction data by S. McAleer, extending

it by about 600 MeV, and presenting data points at seven differentcos θCM
K bins.

The polarization results demonstrate structure buildup atmedium kaon center of

mass angles, perhaps indicatings-channel resonance contribution aroundW = 1.9 GeV.

Enhancement aroundW = 1.9 GeV was also observed in theK+Λ photoproduction

cross section data of Refs. [24] and [26]. At the moment none of the available theoretical

models is able to fully explain our results. The predictionsof both RPR theoretical

models are in good agreement with experimental data at very forward kaon angles, but

112

Chapter6/Chapter6Figs/pn_c7_si_over.eps


-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Figure 6.7: cos θCM
K dependence of the induced polarizationPN . The red

squares are taken from Ref. [34]. The presented data from Ref. [34] cover
1.67 < W < 1.76 GeV and1.873 < W < 2.152 GeV ranges in the left and
right plots, respectively. Only one of the overlappingW bins is presented for
each range.

the old RPR predictions fail to reproduce the data for the rest of the kaon angle range.

RPR-2011 reproduces the overall the trend of the polarization in general, but fails to

reproduce in detail the observed features. These results can be used to better constrain

the model parameters in the future. A full partial wave analysis is necessary to interpret

this enhancement and to determine the quantum numbers of the resonances contributing

into the electroproduction process.
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A Response Functions

β α T L cTL sTL cTT sTT cTL′ sTL′ TT′

- - R00
T R00

L R00
TL 0 R00

TT 0 0 R00
TL′ 0

- x 0 0 0 R0x
TL 0 R0x

TT R0x
TL′ 0 R0x

TT ′

- y R0y
T

R0y
L

R0y
TL

0 ‡ 0 0 R0y
TL′ 0

- z 0 0 0 R0z
TL 0 R0z

TT R0z
TL′ 0 R0z

TT ′

x′ - 0 0 0 Rx′0
TL 0 Rx′0

TT Rx′0
TL′ 0 Rx′0

TT ′

y′ - Ry′0
T

‡ ‡ 0 ‡ 0 0 ‡ 0

z′ - 0 0 0 Rz′0
TL 0 Rz′0

TT Rz′0
TL′ 0 Rz′0

TT ′

x′ x Rx′x
T Rx′x

L Rx′x
TL 0 ‡ 0 0 Rx′x

TL′ 0

x′ y 0 0 0 ‡ 0 ‡ ‡ 0 ‡
x′ z Rx′z

T Rx′z
L ‡ 0 ‡ 0 0 ‡ 0

y′ x 0 0 0 ‡ 0 ‡ ‡ 0 ‡
y′ y ‡ ‡ ‡ 0 ‡ 0 0 ‡ 0

y′ z 0 0 0 ‡ 0 ‡ ‡ 0 ‡
z′ x Rz′x

T ‡ Rz′x
TL 0 ‡ 0 0 Rz′x

TL′ 0

z′ y 0 0 0 ‡ 0 ‡ ‡ 0 ‡
z′ z Rz′z

T ‡ ‡ 0 ‡ 0 0 ‡ 0

Table A.1: Response functions for pseudoscalar meson production [6]. The target (re-
coil) polarization is indicated byα (β). The last three columns are for when the electron
is polarized.‡ indicates a response function which does not vanish but is related to other
response functions.

115



B θ − p Nominal Cuts

θ − p two dimensional cut are defined according to Eq.3.3 and intended to remove

the inefficient and dead areas of the DC. The parameters are defined separately for

each sector. The nominal cuts used for electrons are given in TableB.1. TableB.2

summarizes the nominal cuts used for hadrons.
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Sector Applied Cut

SECTOR 1 NO CUT
SECTOR 2 θmin

1 = 36.1 · (1 + exp(−2.72 · (pe − 0.014)))
θmax
1 = 38.7 · (1 + exp(−2.72 · (pe − 0.004)))

SECTOR 3 θmin
1 = 27.100 · (1 + exp(−1.720 · (pe − 0.004)))
θmax
1 = 30.586 · (1 + exp(−1.908 · (pe + 0.099)))
θmax
2 = 14.500 · (1 + exp(−1.080 · (pe − 0.604)))

SECTOR 4 θmin
1 = 39.720 · (1 + exp(−1.982 · (pe + 0.259)))
θmax
1 = 43.082 · (1 + exp(−1.982 · (pe + 0.359)))
θmax
2 = 14.500 · (1 + exp(−1.080 · (pe − 0.604)))

SECTOR 5 θmin
1 = 38.32 · (1 + exp(−1.782 · (pe + 0.259)))
θmax
2 = 15.30 · (1 + exp(−1.152 · (pe − 0.447)))

SECTOR 6 θmin
1 = 38.32 · (1 + exp(−1.782 · (pe + 0.259)))
θmax
1 = 40.82 · (1 + exp(−1.782 · (pe + 0.339)))

Table B.1:θe-pe nominal cuts for electrons.

Sector Applied Cut

SECTOR 1 θmin
1 = 40.935 · (1 − exp(−2.846 · (ph − 0.041)))
θmax
1 = 44.735 · (1 − exp(−2.846 · (ph − 0.041)))

SECTOR 2 θmin
1 = 49.535 · (1 − exp(−3.8600 · (ph − 0.0011)))
θmax
1 = 53.535 · (1 − exp(−3.8600 · (ph − 0.0011)))

θmin
2 = 27.770 · (1 − exp(−3.6996 · (ph − 0.5730)))
θmax
2 = 30.770 · (1 − exp(−2.9600 · (ph − 0.4130)))

SECTOR 3 θmin
1 = 20.762 · (1 − exp(−1.748 · (ph − 0.8250)))
θmax
1 = 23.186 · (1 − exp(−1.514 · (ph − 0.5780)))

θmin
2 = 39.850 · (1 − exp(−4.400 · (ph − 0.2100)))
θmax
2 = 45.350 · (1 − exp(−2.900 · (ph − 0.0531)))

θmin
3 = 48.015 · (1 − exp(−4.100 · (ph − 0.0170)))
θmax
3 = 52.150 · (1 − exp(−4.100 · (ph − 0.0017)))

SECTOR 4 θmin
1 = 31.95 · (1 − exp(−4.36 · (ph − 0.4170)))
θmax
1 = 36.95 · (1 − exp(−2.36 · (ph − 0.1700)))

θmin
2 = 54.95 · (1 − exp(−4.10 · (ph − 0.0017)))
θmax
2 = 57.95 · (1 − exp(−4.60 · (ph − 0.0017)))

SECTOR 5 θmin
1 = 30.5 · (1 − exp(−4.100 · (ph − 0.446)))
θmax
1 = 33.0 · (1 − exp(−3.100 · (ph − 0.296)))

θmin
2 = 33.8 · (1 − exp(−3.495 · (ph − 0.275)))
θmax
2 = 36.9 · (1 − exp(−3.195 · (ph − 0.215)))

SECTOR 6 θmin
1 = 30.52 · (1 − exp(−4.42 · (ph − 0.493)))
θmax
1 = 34.72 · (1 − exp(−2.72 · (ph − 0.283)))

Table B.2:θh-ph nominal cuts for hadrons.
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C Parametrization of Fit Parameters

a1 = free,

a2 = (1.1135 + 0.000695W )

a3 = 0.07985 − 0.07503W + 0.02116W 2

a4 = 0.0007008 − 0.0002111W

a5 = 0.01328 + 0.001138W

a6 = −0.05711 + 0.06734W − 0.01337W 2

a7 = free,

a8 = free,

a9 = (1.1908 + 0.001442W )

a10 = −0.04460 + 0.05652W − 0.01128W2

a11 = −0.001402 + 0.001425W − 0.0003256W2

a12 = 0.04132 − 0.02062W + 0.005242W 2

a13 = 0.2148 − 0.2348W + 0.06529W 2

a14 = free,

a15 = free,

a16 = free.

(C.1)
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D Polarization Tables
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PN POLARIZATION RESULTS
P

P
P

P
P

P
P

PP
W

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

1.6125 -0.084± 0.201 -0.115± 0.188 -0.385± 0.285 -0.548± 0.263 -0.567± 0.265 -0.125± 0.270 0.364± 0.291
1.6375 -0.462± 0.136 -0.663± 0.122 -0.109± 0.188 -0.298± 0.168 -0.240± 0.164 0.086± 0.158 -0.010± 0.167
1.6625 -0.539± 0.115 -0.785± 0.097 -0.611± 0.146 -0.470± 0.137 -0.118± 0.128 0.060± 0.110 0.062± 0.113
1.6875 -0.695± 0.102 -0.529± 0.089 -0.499± 0.127 -0.362± 0.125 -0.106± 0.107 -0.185± 0.092 -0.253± 0.087
1.7125 -0.746± 0.100 -0.633± 3.920 -0.406± 0.147 -0.472± 0.123 -0.164± 0.122 -0.260± 0.083 -0.122± 0.079
1.7375 -0.668± 3.371 -0.502± 0.105 -0.438± 0.123 -0.281± 0.103 -0.300± 0.093 -0.267± 0.082 -0.084± 0.068
1.7625 -0.850± 0.178 -0.600± 5.137 -0.497± 0.119 -0.213± 0.100 -0.326± 0.094 -0.191± 0.084 -0.152± 0.073
1.7875 -0.657± 0.180 -0.377± 0.100 -0.450± 0.120 -0.249± 0.107 -0.276± 0.098 -0.323± 0.092 -0.243± 2.457
1.8125 -0.983± 0.170 -0.536± 0.103 -0.472± 0.128 -0.342± 0.113 -0.315± 0.101 -0.298± 0.095 -0.162± 0.079
1.8375 -0.684± 0.157 -0.645± 0.103 -0.381± 0.134 -0.203± 0.113 -0.324± 0.104 -0.357± 0.094 -0.251± 0.076
1.8625 -0.828± 0.154 -0.379± 0.106 -0.379± 0.133 -0.333± 0.119 -0.186± 0.104 -0.444± 0.093 -0.244± 0.077
1.8875 -0.740± 0.161 -0.523± 0.107 -0.244± 0.146 -0.188± 0.122 -0.205± 0.108 -0.199± 0.095 -0.233± 0.076
1.9125 -0.398± 0.171 -0.324± 0.119 -0.347± 0.142 -0.443± 0.125 -0.202± 0.111 -0.145± 0.097 -0.191± 0.075
1.9375 -0.588± 0.172 -0.524± 0.126 -0.209± 0.153 -0.153± 0.127 -0.371± 0.111 -0.254± 0.099 -0.200± 0.075
1.9625 -0.401± 0.187 -0.571± 0.138 -0.575± 0.159 -0.762± 0.131 -0.582± 0.117 -0.387± 0.102 -0.485± 0.076
1.9875 -0.602± 0.204 -0.503± 0.153 -0.522± 0.160 -0.615± 0.137 -0.773± 0.115 -0.655± 0.106 -0.256± 0.079
2.0125 0.195± 0.242 -0.560± 0.154 -0.857± 0.155 -0.770± 0.138 -0.757± 0.121 -0.514± 0.111 -0.323± 0.081
2.0375 -0.612± 0.290 -0.412± 0.162 -0.799± 0.164 -1.011± 0.141 -0.742± 0.120 -0.747± 0.114 -0.324± 0.081
2.0625 -0.407± 0.369 -0.639± 0.159 -0.710± 0.169 -0.676± 0.140 -0.777± 0.120 -0.688± 0.113 -0.142± 0.081
2.0875 -1.544± 0.461 -0.478± 0.171 -0.886± 0.173 -0.924± 0.140 -0.851± 0.124 -0.516± 0.113 -0.325± 0.083

Table D.1:PN polarization results binned incos θCM
K andW bins. The listed are only the statistical uncertainties.
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PN POLARIZATION RESULTS CONTINUED
P

P
P

P
P

P
P

PP
W

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

2.125 0.233± 0.424 -0.958± 0.129 -0.626± 0.129 -0.808± 0.103 -0.696± 0.090 -0.521± 0.079 -0.255± 0.063
2.175 -1.721± 0.326 -0.944± 0.156 -0.585± 0.153 -0.722± 0.114 -0.539± 0.094 -0.491± 0.082 -0.398± 0.067
2.225 -0.534± 0.510 -0.954± 0.189 -0.384± 0.165 -0.526± 0.125 -0.638± 0.098 -0.525± 0.084 -0.328± 0.077
2.275 -0.080± 0.626 -0.501± 0.213 -0.796± 0.195 -0.829± 0.138 -0.693± 0.108 -0.746± 0.087 -0.447± 0.081
2.325 0.089± 0.533 -0.348± 0.291 -0.530± 0.238 -0.401± 0.164 -0.761± 0.126 -0.529± 0.096 -0.383± 0.089
2.375 0.610± 0.522 -0.120± 0.339 -0.729± 0.295 -0.963± 0.185 -0.420± 0.133 -0.644± 0.101 -0.347± 0.099
2.425 -0.629± 0.544 -1.017± 0.426 0.351± 0.364 -0.685± 0.222 -0.773± 0.141 -0.682± 0.103 -0.273± 0.106
2.475 -0.425± 0.583 -0.379± 0.468 -0.718± 0.410 -0.267± 0.261 -0.667± 0.169 -0.626± 0.123 -0.385± 0.122
2.525 -0.605± 0.679 -0.686± 0.469 -0.491± 0.571 -0.635± 0.291 -0.793± 0.197 -0.694± 0.137 -0.395± 0.129
2.575 -0.123± 0.788 -0.104± 0.602 -0.737± 0.508 -0.388± 0.518 -0.603± 0.230 -0.495± 0.166 -0.095± 0.159
2.625 -0.794± 0.730 -0.070± 0.660 0.147± 0.800 -0.058± 0.523 -0.634± 0.248 -1.012± 0.197 -0.463± 0.172
2.675 0.087± 0.839 0.328± 0.810 -0.169± 1.036 0.066± 0.604 -0.795± 0.429 -0.943± 0.213 -0.483± 0.221

Table D.2:PN polarization results binned incos θCM
K andW bins. The listed are only the statistical uncertainties.
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PL POLARIZATION RESULTS
P

P
P

P
P

P
P

PP
W

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

1.6125 0.102± 0.201 0.074± 0.188 -0.797± 0.276 -0.477± 0.261 -0.281± 0.267 -0.192± 0.269 -0.469± 0.286
1.6375 0.215± 0.137 0.168± 0.125 -0.012± 0.188 -0.191± 0.169 -0.095± 0.165 -0.100± 0.158 0.120± 0.168
1.6625 -0.053± 0.117 0.074± 0.100 -0.205± 0.151 -0.056± 0.140 -0.006± 0.128 -0.116± 0.111 -0.182± 0.112
1.6875 0.192± 0.105 -0.042± 0.091 -0.013± 0.129 -0.215± 0.127 0.020± 0.107 -0.006± 0.093 -0.112± 0.087
1.7125 0.200± 0.081 0.130± 0.094 -0.084± 0.149 -0.095± 0.129 -0.233± 0.726 -0.079± 0.085 -0.053± 0.074
1.7375 0.272± 0.168 -0.065± 0.105 -0.242± 0.124 -0.202± 0.103 -0.198± 0.096 -0.113± 0.083 0.030± 0.068
1.7625 0.089± 0.172 0.060± 0.102 0.052± 0.121 -0.122± 0.117 -0.038± 0.098 -0.114± 0.084 0.071± 0.069
1.7875 -0.012± 0.184 -0.147± 0.102 -0.037± 0.123 0.050± 0.108 0.028± 0.099 -0.131± 0.092 -0.041± 0.070
1.8125 0.264± 0.173 0.127± 0.104 -0.022± 0.128 -0.109± 0.113 -0.064± 0.100 0.018± 0.099 -0.117± 0.076
1.8375 -0.071± 0.162 -0.037± 0.107 -0.117± 0.133 -0.201± 0.112 0.063± 0.103 -0.036± 0.096 -0.134± 0.078
1.8625 0.076± 0.159 -0.106± 0.107 0.171± 0.135 0.070± 0.119 0.193± 0.104 0.083± 0.096 -0.009± 0.076
1.8875 -0.143± 0.164 -0.054± 0.108 -0.087± 0.139 0.269± 0.123 0.064± 0.109 0.117± 0.096 0.105± 0.077
1.9125 0.135± 0.169 0.178± 0.118 0.411± 0.142 0.069± 0.127 0.022± 0.110 -0.004± 0.097 -0.046± 0.076
1.9375 0.370± 0.168 0.189± 0.127 -0.029± 0.154 0.006± 0.126 0.125± 0.110 0.042± 0.100 0.031± 0.076
1.9625 -0.496± 0.191 0.112± 0.143 0.010± 0.166 0.193± 0.133 -0.137± 0.119 0.036± 0.103 -0.057± 0.077
1.9875 -0.019± 0.206 0.073± 0.153 0.165± 0.161 -0.047± 0.137 -0.183± 0.117 0.113± 0.107 0.066± 0.078
2.0125 0.358± 0.231 -0.164± 0.154 0.235± 0.161 -0.016± 0.142 0.059± 0.125 0.232± 0.111 0.277± 0.080
2.0375 0.093± 0.293 0.103± 0.164 -0.386± 0.171 0.086± 0.147 -0.143± 0.122 -0.093± 0.117 0.178± 0.083
2.0625 0.141± 0.362 -0.079± 0.162 -0.075± 0.173 0.163± 0.145 0.058± 0.122 0.108± 0.114 0.083± 0.080
2.0875 0.126± 0.510 0.169± 0.177 -0.188± 0.177 -0.106± 0.144 0.043± 0.127 0.156± 0.118 0.159± 0.084

Table D.3:PL polarization results binned incos θCM
K andW bins. The listed are only the statistical uncertainties.
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PL POLARIZATION RESULTS CONTINUED
P

P
P

P
P

P
P

PP
W

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

2.125 -0.027± 0.442 0.028± 0.134 -0.025± 0.133 -0.159± 0.106 0.278± 0.093 -0.008± 0.081 0.103± 0.064
2.175 0.083± 0.450 0.135± 0.166 -0.071± 0.156 -0.095± 0.116 0.045± 0.095 0.163± 0.084 0.166± 0.067
2.225 -0.290± 0.538 0.087± 0.191 0.211± 0.164 -0.056± 0.127 -0.075± 0.100 -0.089± 0.085 0.098± 0.077
2.275 0.048± 0.654 0.223± 0.217 -0.261± 0.202 0.178± 0.145 0.179± 0.110 0.059± 0.090 -0.067± 0.080
2.325 -0.810± 0.553 0.147± 0.302 -1.058± 0.244 -0.071± 0.166 -0.093± 0.131 -0.129± 0.099 0.124± 0.090
2.375 -0.738± 0.608 -0.330± 0.333 -0.551± 0.287 -0.115± 0.194 0.128± 0.134 0.142± 0.102 0.115± 0.098
2.425 -1.467± 0.503 -1.035± 0.526 -0.612± 0.332 0.010± 0.230 0.081± 0.145 0.051± 0.105 -0.004± 0.106
2.475 -0.493± 0.612 -0.569± 0.434 -0.574± 0.453 -0.303± 0.262 0.310± 0.170 0.118± 0.125 0.010± 0.123
2.525 -0.301± 0.756 -1.299± 0.535 -0.222± 0.579 -0.064± 0.298 -0.023± 0.196 0.042± 0.140 0.268± 0.131
2.575 -0.514± 1.001 -0.205± 0.685 0.058± 0.586 0.158± 0.468 -0.063± 0.231 0.233± 0.169 -0.001± 0.155
2.625 -0.742± 1.005 -1.481± 0.691 -0.690± 0.791 -0.255± 0.525 -0.190± 0.254 0.615± 0.205 0.188± 0.180
2.675 -0.842± 1.258 -1.442± 1.091 -0.245± 1.067 -0.869± 0.695 -0.036± 0.438 0.263± 0.205 0.494± 0.231

Table D.4:PL polarization results binned incos θCM
K andW bins. The listed are only the statistical uncertainties.
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PT POLARIZATION RESULTS
P

P
P

P
P

P
P

PP
W

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

1.6125 0.147± 0.201 0.028± 0.188 0.439± 0.284 0.267± 0.265 0.869± 0.258 0.437± 0.269 0.074± 0.299
1.6375 0.316± 0.137 0.191± 0.125 0.006± 0.188 0.343± 0.167 0.189± 0.164 0.084± 0.158 0.128± 0.170
1.6625 -0.030± 0.117 -0.142± 0.099 -0.174± 0.149 -0.002± 0.139 -0.004± 0.128 0.138± 0.110 0.201± 0.114
1.6875 0.089± 0.105 0.270± 0.090 0.051± 0.129 0.300± 0.125 0.230± 0.107 0.133± 0.092 0.121± 0.088
1.7125 0.132± 0.135 0.018± 4.901 0.297± 0.143 0.206± 0.128 0.098± 0.094 -0.121± 0.052 0.116± 0.075
1.7375 0.254± 0.153 0.273± 0.099 0.075± 0.122 0.162± 0.107 0.045± 0.099 0.109± 0.082 0.140± 0.069
1.7625 0.469± 0.173 0.104± 0.099 0.129± 0.116 0.200± 0.115 -0.092± 0.100 -0.128± 3.341 0.036± 0.069
1.7875 0.302± 0.181 0.002± 0.103 0.212± 0.122 -0.187± 0.109 0.071± 4.532 -0.261± 0.094 -0.015± 0.072
1.8125 -0.189± 0.192 0.006± 0.104 -0.189± 0.128 0.104± 0.112 0.099± 0.103 -0.082± 0.099 0.020± 0.077
1.8375 -0.124± 0.163 0.051± 0.104 -0.360± 0.134 -0.251± 0.117 -0.026± 0.104 -0.099± 0.096 0.019± 0.078
1.8625 0.149± 0.159 -0.027± 0.108 -0.152± 0.136 -0.110± 0.122 0.122± 0.105 -0.017± 0.095 -0.033± 0.076
1.8875 -0.196± 0.164 -0.048± 0.109 -0.069± 0.138 0.179± 0.124 0.015± 0.111 0.173± 0.095 0.101± 0.076
1.9125 0.086± 0.172 0.007± 0.118 -0.001± 0.145 -0.097± 0.128 -0.041± 0.113 0.089± 0.097 0.033± 0.075
1.9375 0.053± 0.171 0.137± 0.128 -0.322± 0.154 0.298± 0.128 0.024± 0.112 -0.005± 0.100 0.128± 0.076
1.9625 0.360± 0.191 0.018± 0.139 0.159± 0.164 0.127± 0.136 0.016± 0.120 -0.130± 0.103 0.131± 0.077
1.9875 0.095± 0.209 0.003± 0.155 -0.269± 0.165 0.150± 0.138 0.155± 0.117 -0.019± 0.107 0.057± 0.079
2.0125 0.354± 0.232 0.201± 0.155 -0.060± 0.161 0.133± 0.143 0.194± 0.123 0.044± 0.114 0.009± 0.081
2.0375 -0.042± 0.290 0.113± 0.163 -0.049± 0.170 0.169± 0.146 0.077± 0.124 -0.057± 0.116 0.170± 0.083
2.0625 0.174± 0.353 0.090± 0.160 0.159± 0.173 0.166± 0.143 -0.348± 0.123 0.081± 0.116 0.051± 0.082
2.0875 0.437± 0.508 0.129± 0.176 0.103± 0.178 0.218± 0.145 0.198± 0.128 -0.086± 0.118 -0.012± 0.083

Table D.5:PT polarization results binned incos θCM
K andW bins. The listed are only the statistical uncertainties.
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PT POLARIZATION RESULTS CONTINUED
P

P
P

P
P

P
P

PP
W

cos θCM
K (-1.0,-0.5) (-0.5,0.0) (0.0,0.2) (0.2,0.4) (0.4,0.6) (0.6,0.8) (0.8,1.0)

2.125 0.664± 0.426 0.041± 0.133 0.043± 0.133 0.053± 0.107 0.237± 0.092 0.138± 0.080 -0.019± 0.063
2.175 0.215± 0.397 0.160± 0.160 0.249± 0.151 0.219± 0.116 -0.057± 0.095 0.054± 0.083 0.098± 0.067
2.225 -0.268± 0.505 0.126± 0.188 0.213± 0.162 0.056± 0.126 -0.021± 0.101 0.127± 0.086 0.010± 0.077
2.275 0.105± 0.600 -0.199± 0.221 0.234± 0.205 0.165± 0.145 0.013± 0.110 -0.068± 0.089 0.043± 0.082
2.325 -0.176± 0.676 -0.243± 0.295 0.214± 0.238 0.395± 0.164 0.116± 0.129 -0.010± 0.097 -0.087± 0.091
2.375 0.025± 0.453 -0.547± 0.350 -0.361± 0.287 0.095± 0.195 -0.040± 0.135 -0.015± 0.100 0.216± 0.099
2.425 0.308± 0.610 -0.600± 0.429 0.144± 0.344 0.321± 0.231 0.032± 0.148 0.406± 0.106 -0.076± 0.108
2.475 -0.247± 0.550 -0.380± 0.437 -0.870± 0.429 -0.031± 0.262 0.234± 0.172 -0.019± 0.124 -0.071± 0.124
2.525 -0.403± 0.690 -0.163± 0.492 -0.510± 0.546 0.072± 0.307 0.192± 0.190 -0.024± 0.140 0.078± 0.132
2.575 0.550± 0.740 0.052± 0.584 0.267± 0.553 -0.071± 0.495 0.325± 0.227 0.131± 0.161 0.107± 0.160
2.625 0.888± 0.745 0.435± 0.737 -0.593± 0.685 1.404± 0.540 -0.357± 0.255 0.211± 0.207 -0.401± 0.182
2.675 -0.212± 0.894 0.001± 0.914 -0.510± 1.042 -0.265± 0.626 -0.674± 0.410 -0.226± 0.209 0.260± 0.226

Table D.6:PT polarization results binned incos θCM
K andW bins. The listed are only the statistical uncertainties.
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