




Figure B.3: Muon Channel: Comparison of the mjj templates for data (black dots) with templates
produced using the SM prediction assuming zero signal (β = 0) and templates produced by varying
up/down the uncertainties of the JES11 (top left), JES12 (top right), JES14 (bottom left) and
JES15 (bottom right) components. The bottom panels contain the difference between the data and
the nominal prediction(β = 0) in black and the difference between the systematic variations and
the nominal prediction in green/red.
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Figure B.4: Muon Channel: mjj templates for the top (top left), W/Z+jets (top right), and Signal
(bottom left) processes are shown. For the top panels, the nominal (blue) templates are compared
with the up and down systematically varied templates corresponding to the JER component. The
bottom panels show the difference between each varied template and the nominal template. The
bottom right plot contains all the data overlayed by the nominal and varied templates assuming a
signal yield of 0 (β = 0). The bottom panel of the bottom right plot contains the difference between
the data and the nominal prediction(β = 0) in black and the difference between the systematic
variation and the nominal prediction in green/red.
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Figure B.5: Electron Channel: Comparison of the mjj templates for data (black dots) with tem-
plates produced using the SM prediction assuming zero signal (β = 0) and templates produced by
varying up/down the uncertainties of the JES1 (top left), JES2 (top right), JES3 (bottom left) and
JES4 (bottom right) components. The bottom panels contain the difference between the data and
the nominal prediction(β = 0) in black and the difference between the systematic variations and
the nominal prediction in green/red.
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Figure B.6: Electron Channel: Comparison of the mjj templates for data (black dots) with tem-
plates produced using the SM prediction assuming zero signal (β = 0) and templates produced by
varying up/down the uncertainties of the JES5 (top left), JES6 (top right), JES7 (bottom left) and
JES8 (bottom right) components. The bottom panels contain the difference between the data and
the nominal prediction(β = 0) in black and the difference between the systematic variations and
the nominal prediction in green/red.
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Figure B.7: Electron Channel: Comparison of the mjj templates for data (black dots) with tem-
plates produced using the SM prediction assuming zero signal (β = 0) and templates produced by
varying up/down the uncertainties of the JES11 (top left), JES12 (top right), JES14 (bottom left)
and JES15 (bottom right) components. The bottom panels contain the difference between the data
and the nominal prediction(β = 0) in black and the difference between the systematic variations
and the nominal prediction in green/red.
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Figure B.8: Electron Channel: mjj templates for the top (top left), W/Z+jets (top right), and
Signal (bottom left) processes are shown. For the top panels, the nominal (blue) templates are
compared with the up and down systematically varied templates corresponding to the JES13 com-
ponent. The bottom panels show the difference between each varied template and the nominal
template. The bottom right plot contains all the data overlayed by the nominal and varied tem-
plates assuming a signal yield of 0 (β = 0). The bottom panel of the bottom right plot contains the
difference between the data and the nominal prediction(β = 0) in black and the difference between
the systematic variation and the nominal prediction in green/red.
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Muon Channel W/Z+jets samples only
JES/JER Systematic on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 121016 N/A 121016 N/A
Effective JES Unc.Component 1 122339 1.1 119627 -1.1
Effective JES Unc.Component 2 118190 -2.3 123890 2.4
Effective JES Unc.Component 3 122472 1.2 119571 -1.2
Effective JES Unc.Component 4 120843 -0.1 121213 0.2
Effective JES Unc.Component 5 121056 0.0 120973 0.0
Effective JES Unc.Component 6 121180 0.1 120835 -0.1
Eta Intercalibration: Stat Unc. 121594 0.5 120450 -0.5
Eta Intercalibration: MC Gen. Modelling Unc. 122008 0.8 120087 -0.8
High Pt jet Uncertainty 121016 0.0 121016 0.0
Closure of the Calib. Uncertainty 121016 0.0 121016 0.0
NPV Pile-up Uncertainty 120901 -0.1 121159 0.1
Mu Pile-up Uncertainty 121091 0.1 120981 0.0
Close-by Jet Uncertainty 121534 0.4 120406 -0.5
Flavor Comp. Uncertainty 128311 6.0 113772 -6.0
Flavor Response Uncertainty 124995 3.3 116971 -3.3
b-jet Uncertainty 121046 0.0 120973 0.0

JER 123509 2.1 123509 2.1

JES components added in quadrature 7.5 7.5

JES and JER 7.8 7.8

Table B.1: Calculated values for the event yield in the muon channel for the W/Z+jets samples
after varying the JES components and JER by ±σ. % Diff. shows the relative percent difference
with respect to the nominal value.
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Electron Channel W/Z+jets samples only
JES/JER Systematic on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 112535 N/A 112535 N/A

Effective JES Unc.Component 1 113683 1.0 111195 -1.2
Effective JES Unc.Component 2 109985 -2.3 115137 2.3
Effective JES Unc.Component 3 113695 1.0 111291 -1.1
Effective JES Unc.Component 4 112333 -0.2 112638 0.1
Effective JES Unc.Component 5 112534 0.0 112504 0.0
Effective JES Unc.Component 6 112655 0.1 112360 -0.2
Eta Intercalibration: Stat Unc. 113040 0.4 111921 -0.5
Eta Intercalibration: MC Gen. Modelling Unc. 113350 0.7 111609 -0.8
High Pt jet Uncertainty 112535 0.0 112535 0.0
Closure of the Calib. Uncertainty 112535 0.0 112535 0.0
NPV Pile-up Uncertainty 112427 -0.1 112513 0.0
Mu Pile-up Uncertainty 112611 0.1 112499 0.0
Close-by Jet Uncertainty 113280 0.7 111727 -0.7
Flavor Comp. Uncertainty 119133 5.9 105877 -5.9
Flavor Response Uncertainty 116085 3.2 108825 -3.3
b-jet Uncertainty 112586 0.0 112495 0.0

JER 113907 1.2 113907 1.2

JES components added in quadrature 7.3 7.4

JES and JER 7.4 7.5

Table B.2: Calculated values for event yields in the electron channel for the W/Z+jets samples
after varying the JES components and JER by ±σ. % Diff. shows the relative percent difference
with respect to the nominal value.
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Muon Channel tt̄ + single top samples only
Systematics on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 6778 N/A 6778 N/A
Effective JES Unc.Component 1 6726 -0.8 6833 0.8
Effective JES Unc.Component 2 6911 2.0 6629 -2.2
Effective JES Unc.Component 3 6694 -1.2 6857 1.2
Effective JES Unc.Component 4 6794 0.2 6764 -0.2
Effective JES Unc.Component 5 6773 -0.1 6785 0.1
Effective JES Unc.Component 6 6771 -0.1 6785 0.1
Eta Intercalibration: Stat Unc. 6745 -0.5 6812 0.5
Eta Intercalibration: MC Gen. Modelling Unc. 6629 -2.2 6919 2.1
High Pt jet Uncertainty 6778 0.0 6778 0.0
Closure of the Calib. Uncertainty 6778 0.0 6778 0.0
NPV Pile-up Uncertainty 6787 0.1 6770 -0.1
Mu Pile-up Uncertainty 6768 -0.1 6781 0.1
Close-by Jet Uncertainty 6691 -1.3 6865 1.3
Flavor Comp. Uncertainty 6546 -3.4 7017 3.5
Flavor Response Uncertainty 6655 -1.8 6900 1.8
b-jet Uncertainty 6730 -0.7 6820 0.6

JER 6734 -0.6 6734 -0.6

JES components added in quadrature 5.3 5.4

ISR/FSR 7128 5.2 7172 5.8

JES, JER, and ISR/FSR 7.4 8.0

Table B.3: Calculated values for event yields in the muon channel for the tt̄ + single top samples
after varying the JES components and JER by ±σ, as well as the rate change due to using samples
with varied ISR/FSR parameters. % Diff. shows the relative percent difference with respect to the
nominal value.
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Electron Channel tt̄ + single top samples only
Systematics on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 6736 N/A 6736 N/A

Effective JES Unc.Component 1 6677 -0.9 6786 0.7
Effective JES Unc.Component 2 6867 1.9 6590 -2.2
Effective JES Unc.Component 3 6647 -1.3 6808 1.1
Effective JES Unc.Component 4 6750 0.2 6719 -0.3
Effective JES Unc.Component 5 6728 -0.1 6743 0.1
Effective JES Unc.Component 6 6729 -0.1 6742 0.1
Eta Intercalibration: Stat Unc. 6699 -0.5 6769 0.5
Eta Intercalibration: MC Gen. Modelling Unc. 6581 -2.3 6871 2.0
High Pt jet Uncertainty 6736 0.0 6736 0.0
Closure of the Calib. Uncertainty 6736 0.0 6736 0.0
NPV Pile-up Uncertainty 6741 0.1 6726 -0.2
Mu Pile-up Uncertainty 6721 -0.2 6741 0.1
Close-by Jet Uncertainty 6643 -1.4 6832 1.4
Flavor Comp. Uncertainty 6503 -3.5 6950 3.2
Flavor Response Uncertainty 6615 -1.8 6845 1.6
b-jet Uncertainty 6690 -0.7 6790 0.8

JER 6614 -1.8 6614 -1.8

JES components added in quadrature 5.4 5.1

ISR/FSR 7105 5.5 7241 7.5

JES, JER, and ISR/FSR 7.9 9.3

Table B.4: Calculated values for event yields in the electron channel for the tt̄ + single top
samples after varying the JES components and JER by ±σ, as well as the rate change due to
using samples with varied ISR/FSR parameters. % Diff. shows the relative percent difference with
respect to the nominal value.
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B.1.1 Tables for aTGC Selection

Muon Channel Signal samples only
JES/JER Systematic on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 923 N/A 923 N/A
Effective JES Unc.Component 1 938 1.5 904 -2.1
Effective JES Unc.Component 2 890 -3.7 948 2.6
Effective JES Unc.Component 3 933 1.0 912 -1.3
Effective JES Unc.Component 4 924 0.0 923 0.0
Effective JES Unc.Component 5 921 -0.3 925 0.2
Effective JES Unc.Component 6 926 0.3 920 -0.3
Eta Intercalibration: Stat Unc. 929 0.6 917 -0.6
Eta Intercalibration: MC Gen. Modelling Unc. 936 1.3 905 -2.0
High Pt jet Uncertainty 923 0.0 923 0.0
Closure of the Calib. Uncertainty 923 0.0 923 0.0
NPV Pile-up Uncertainty 918 -0.6 923 -0.1
Mu Pile-up Uncertainty 918 -0.5 922 -0.2
Close-by Jet Uncertainty 930 0.7 914 -1.0
Flavor Comp. Uncertainty 975 5.6 822 -11.0
Flavor Response Uncertainty 962 4.1 871 -5.6
b-jet Uncertainty 923 0.0 923 -0.1

JER 860 -6.9 860 -6.9

JES components added in quadrature 8.3 13.1

JES and JER 10.8 14.8

Table B.5: Calculated values for the aTGC event selection in the muon channel for the signal
samples after varying the JES components and JER by ±σ. % Diff. shows the relative percent
difference with respect to the nominal value.
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Electron Channel Signal samples only
JES/JER Systematic on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 811 N/A 811 N/A

Effective JES Unc.Component 1 824 1.6 796 -1.8
Effective JES Unc.Component 2 782 -3.6 834 2.8
Effective JES Unc.Component 3 820 1.2 798 -1.5
Effective JES Unc.Component 4 810 -0.1 809 -0.2
Effective JES Unc.Component 5 807 -0.4 812 0.2
Effective JES Unc.Component 6 813 0.3 806 -0.5
Eta Intercalibration: Stat Unc. 817 0.8 805 -0.7
Eta Intercalibration: MC Gen. Modelling Unc. 821 1.3 792 -2.2
High Pt jet Uncertainty 811 0.0 811 0.0
Closure of the Calib. Uncertainty 811 0.0 811 0.0
NPV Pile-up Uncertainty 808 -0.3 810 -0.1
Mu Pile-up Uncertainty 805 -0.6 804 -0.8
Close-by Jet Uncertainty 819 1.0 805 -0.7
Flavor Comp. Uncertainty 860 6.1 711 -12.3
Flavor Response Uncertainty 846 4.3 759 -6.3
b-jet Uncertainty 811 0.1 811 0.0

JER 757 -6.6 757 -6.6

JES components added in quadrature 8.7 14.6

JES and JER 11.0 16.0

Table B.6: Calculated values for aTGC event selection in the electron channel for the Signal
samples after varying the JES components and JER by ±σ. % Diff. shows the relative percent
difference with respect to the nominal value.
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Muon Channel W/Z+jets samples only
JES/JER Systematic on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 26250 N/A 26250 N/A
Effective JES Unc.Component 1 26531 1.1 25930 -1.2
Effective JES Unc.Component 2 25556 -2.6 26869 2.4
Effective JES Unc.Component 3 26642 1.5 25837 -1.6
Effective JES Unc.Component 4 26211 -0.1 26298 0.2
Effective JES Unc.Component 5 26241 0.0 26240 0.0
Effective JES Unc.Component 6 26303 0.2 26196 -0.2
Eta Intercalibration: Stat Unc. 26393 0.5 26054 -0.7
Eta Intercalibration: MC Gen. Modelling Unc. 26480 0.9 25994 -1.0
High Pt jet Uncertainty 26250 0.0 26250 0.0
Closure of the Calib. Uncertainty 26250 0.0 26250 0.0
NPV Pile-up Uncertainty 26179 -0.3 26256 0.0
Mu Pile-up Uncertainty 26248 0.0 26209 -0.2
Close-by Jet Uncertainty 26334 0.3 26130 -0.5
Flavor Comp. Uncertainty 27728 5.6 24691 -5.9
Flavor Response Uncertainty 27070 3.1 25349 -3.4
b-jet Uncertainty 26265 0.1 26234 -0.1

JER 26433 0.7 26433 0.7

JES components added in quadrature 7.3 7.6

JES and JER 7.3 7.7

Table B.7: Calculated values for the aTGC event selection in the muon channel for the W/Z+jets
samples after varying the JES components and JER by ±σ. % Diff. shows the relative percent
difference with respect to the nominal value.
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Electron Channel W/Z+jets samples only
JES/JER Systematic on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 23776 N/A 23776 N/A

Effective JES Unc.Component 1 23895 0.5 23537 -1.0
Effective JES Unc.Component 2 23198 -2.4 24173 1.7
Effective JES Unc.Component 3 24009 1.0 23501 -1.2
Effective JES Unc.Component 4 23726 -0.2 23818 0.2
Effective JES Unc.Component 5 23803 0.1 23767 0.0
Effective JES Unc.Component 6 23792 0.1 23759 -0.1
Eta Intercalibration: Stat Unc. 23863 0.4 23689 -0.4
Eta Intercalibration: MC Gen. Modelling Unc. 23863 0.4 23584 -0.8
High Pt jet Uncertainty 23776 0.0 23776 0.0
Closure of the Calib. Uncertainty 23776 0.0 23776 0.0
NPV Pile-up Uncertainty 23742 -0.1 23764 -0.1
Mu Pile-up Uncertainty 23728 -0.2 23648 -0.5
Close-by Jet Uncertainty 23893 0.5 23616 -0.7
Flavor Comp. Uncertainty 24842 4.5 22325 -6.1
Flavor Response Uncertainty 24271 2.1 22971 -3.4
b-jet Uncertainty 23778 0.0 23766 0.0

JER 23740 -0.2 23740 -0.2

JES components added in quadrature 5.7 7.4

JES and JER 5.7 7.4

Table B.8: Calculated values for aTGC event selection in the electron channel for the W/Z+jets
samples after varying the JES components and JER by ±σ. % Diff. shows the relative percent
difference with respect to the nominal value.
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Muon Channel tt̄ + single top samples only
Systematics on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 1284 N/A 1284 N/A
Effective JES Unc.Component 1 1266.46 -1.4 1306.1 1.7
Effective JES Unc.Component 2 1320.91 2.9 1250.21 -2.6
Effective JES Unc.Component 3 1271.26 -1.0 1299.92 1.2
Effective JES Unc.Component 4 1284.58 0.0 1283.41 -0.1
Effective JES Unc.Component 5 1286.1 0.1 1282.51 -0.1
Effective JES Unc.Component 6 1281.31 -0.2 1287.2 0.2
Eta Intercalibration: Stat Unc. 1276.76 -0.6 1293.45 0.7
Eta Intercalibration: MC Gen. Modelling Unc. 1248.05 -2.8 1321.71 2.9
High Pt jet Uncertainty 1284.2 0.0 1284.2 0.0
Closure of the Calib. Uncertainty 1284.2 0.0 1284.2 0.0
NPV Pile-up Uncertainty 1284.56 0.0 1284.25 0.0
Mu Pile-up Uncertainty 1284.61 0.0 1290.08 0.5
Close-by Jet Uncertainty 1260.37 -1.9 1309.65 2.0
Flavor Comp. Uncertainty 1233.45 -4.0 1330.1 3.6
Flavor Response Uncertainty 1257.56 -2.1 1312.22 2.2
b-jet Uncertainty 1261.3 -1.8 1307.97 1.9

JER 1266.27 -1.4 1266.27 -1.4

JES components added in quadrature 6.8 6.8

ISR/FSR 1346.52 4.9 1333.51 3.8

JES, JER, and ISR/FSR 8.5 7.9

Table B.9: Calculated values for aTGC event selection in the muon channel for the tt̄ + single
top samples after varying the JES components and JER by ±σ, as well as the rate change due to
using samples with varied ISR/FSR parameters. % Diff. shows the relative percent difference with
respect to the nominal value.
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Electron Channel tt̄ + single top samples only
Systematics on Event Yield +σ % Diff. -σ % Diff.

Nominal Values 1272 N/A 1272 N/A

Effective JES Unc.Component 1 1251 -1.7 1294 1.7
Effective JES Unc.Component 2 1308 2.8 1240 -2.6
Effective JES Unc.Component 3 1258 -1.2 1284 0.9
Effective JES Unc.Component 4 1272 0.0 1272 0.0
Effective JES Unc.Component 5 1272 0.0 1272 -0.1
Effective JES Unc.Component 6 1270 -0.2 1275 0.2
Eta Intercalibration: Stat Unc. 1264 -0.7 1280 0.6
Eta Intercalibration: MC Gen. Modelling Unc. 1239 -2.6 1308 2.8
High Pt jet Uncertainty 1272 0.0 1272 0.0
Closure of the Calib. Uncertainty 1272 0.0 1272 0.0
NPV Pile-up Uncertainty 1271 -0.1 1275 0.2
Mu Pile-up Uncertainty 1268 -0.3 1281 0.7
Close-by Jet Uncertainty 1246 -2.1 1303 2.4
Flavor Comp. Uncertainty 1227 -3.6 1312 3.1
Flavor Response Uncertainty 1249 -1.8 1298 2.0
b-jet Uncertainty 1251 -1.7 1299 2.1

JER 1241 -2.4 1241 -2.4

JES components added in quadrature 6.5 6.5

ISR/FSR 1349 6.1 1354 6.4

JES, JER, and ISR/FSR 9.2 9.4

Table B.10: Calculated values for aTGC event selection in the electron channel for the tt̄ + single
top samples after varying the JES components and JER by ±σ, as well as the rate change due to
using samples with varied ISR/FSR parameters. % Diff. shows the relative percent difference with
respect to the nominal value.
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B.2 Additional Systematic Distributions

This section contains additional distributions and comparisons related to non−JES/JER
systematics that were discussed in chapter 7.

• Figures B.9 and B.10 shows the Emiss
T and mjj distributions compared with data in the

QCD systematic CR discussed in section 7.4.
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Figure B.9: Comparison of the mjj distributions for data (solid circles) and MC (histograms)
for the electron (left) and muon (right) channel after applying the QCD systematic CR selection
discussed in section 7.4. The lower panel shows the percent difference between data and the MC
prediction with respect to th MC (solid circles).
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Figure B.10: Comparison of the Emiss
T distributions for data (solid circles) and MC (histograms)

for the electron (left) and muon (right) channel after applying the QCD systematic CR selection
discussed in section 7.4. The lower panel shows the percent difference between data and the MC
prediction with respect to th MC (solid circles).
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Appendix C

Tables for the Fiducial Cross Section
Calculation and Corresponding Signal
Systematics

This appendix contains many tables showing the values used to calculate the A and C
fiducial efficiencies and the corresponding JES, JER and fragmentation/ISR-FSR systemat-
ics. A short description for the varying tables is shown below for easy navigation.

• Table C.1 and table C.2 show the raw values used to calculate the fiducial acceptance
and reconstruction correction factor for the muon and electron channel respectively.
These values go into the equation to calculate Dfid and Dtot , and then eventually into
the fiducial cross section calculation.

• Table C.3 shows the calculated Dfid and Dtot values for both lepton channels.

• Table C.4 shows the fiducial truth selection cutflow for both lepton channels.

• Table C.5 shows the calculated Dfid and Dtot values used to determine the jet veto
scale dependence systematic for the signal as described in section 7.5.4.

• Table C.6 shows the raw values used to calculate the fiducial acceptance and recon-
struction correction factor for the muon and electron channel using HERWIG AND
PYTHIA signal samples. This is used to estimate the normalization uncertainty from
fragmentation in the signal(see section 7.5.2).
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Muon Channel

Sample(MC@NLO) NGen NWW→µνjj
Gen N truth

fid N reco
fid A C

SM WW 1053481.6 153796.2 ± 488.9 12462.6 ± 137.7 8381.2 ± 112.7 0.081 ± 0.001 0.673 ± 0.009
SM WmZ 735937.5 55590.8 ± 286.9 4867.6 ± 85.5 3590.6 ± 72.8 0.088 ± 0.001 0.738 ± 0.015
SM WpZ 739953.0 55664.0 ± 286.6 4710.7 ± 82.2 3263.3 ± 69.1 0.085 ± 0.001 0.693 ± 0.014

aTGC WW 418464.5 60828.1 ± 279.4 4889.6 ± 74.8 3343.0 ± 60.5 0.080 ± 0.001 0.684 ± 0.012
aTGC WmZ 221932.5 16657.7 ± 135.4 1507.6 ± 38.2 1120.9 ± 32.5 0.091 ± 0.002 0.743 ± 0.021
aTGC WpZ 194921.2 14671.0 ± 121.9 1213.5 ± 34.4 905.9 ± 30.4 0.083 ± 0.002 0.747 ± 0.024

SM+aTGC WW 1471946.1 214624.2 ± 563.1 17352.2 ± 156.7 11724.23 ± 128.0 0.081 ± 0.001 0.676 ± 0.007
SM+aTGC WmZ 957870.0 72248.5 ± 317.2 6375.3 ± 93.7 4711.464 ± 79.8 0.088 ± 0.001 0.739 ± 0.012
SM+aTGC WpZ 934874.2 70335.1 ± 311.5 5924.3 ± 89.1 4169.206 ± 75.5 0.084 ± 0.001 0.704 ± 0.012

Table C.1: The table shows the values used to calculate the A and C efficiencies for the nominal
MC@NLO signal sample in the muon channel. Where NGen is the total number of generated events
in the sample, NWW→µνjj

Gen is the total number of generated events that also have a true WW→ µνjj
decay, and Nfid is the total number of events that pass the fiducial event selection at the truth

and reconstruction level. For the variables NGen,NWW→µνjj
Gen , and N truth

fid the events are weighted
by the MC event weight and Z vertex position weight. In the case of the aTGC samples, they are
additionally reweighted to SM values using the MC@NLO reweighting scheme. The variable N reco

fid

contains all additional event weights used for all final event selection at reconstruction level. The
uncertainities on the values just contain the statistical uncertainty.

Electron Channel

Sample(MC@NLO) NGen NWW→eνjj
Gen N truth

fid N reco
fid A C

SM WW 1053481.6 153172.2 ± 487.6 12200.7 ± 137.1 7453.0 ± 107.8 0.080 ± 0.001 0.611 ± 0.008
SM WmZ 735937.5 55283.7 ± 286.8 4828.1 ± 84.7 3190.6 ± 69.0 0.087 ± 0.001 0.661 ± 0.014
SM WpZ 739953.0 56052.7 ± 287.2 4604.0 ± 81.1 3056.8 ± 67.1 0.082 ± 0.001 0.664 ± 0.014

aTGC WW 418464.5 61032.5 ± 278.4 4867.6 ± 75.6 3023.1 ± 59.3 0.080 ± 0.001 0.621 ± 0.012
aTGC WmZ 221932.5 16721.8 ± 129.7 1518.4 ± 36.5 1002.0 ± 29.8 0.091 ± 0.002 0.660 ± 0.019
aTGC WpZ 194921.2 14661.6 ± 121.7 1200.9 ± 33.3 778.1 ± 25.9 0.082 ± 0.002 0.648 ± 0.022

SM+aTGC WW 1471946.1 214204.7 ± 561.5 17068.2 ± 156.6 10476.1 ± 123.0 0.080 ± 0.001 0.614 ± 0.007
SM+aTGC WmZ 957870.0 72005.6 ± 314.7 6346.5 ± 92.2 4192.6 ± 75.2 0.088 ± 0.001 0.661 ± 0.012
SM+aTGC WpZ 934874.2 70714.3 ± 311.9 5804.9 ± 87.7 3834.9 ± 71.9 0.082 ± 0.001 0.661 ± 0.012

Table C.2: The table shows the values used to calculate the A and C efficiencies for the nominal
MC@NLO signal sample in the electron channel. Where NGen is the total number of generated
events in the sample, NWW→eνjj

Gen is the total number of generated events that also have a true
WW→ eνjj decay, and Nfid is the total number of events that pass the fiducial event selection at

the truth and reconstruction level. For the variables NGen,NWW→µνjj
Gen , and N truth

fid the events are
weighted by the MC event weight and Z vertex position weight. In the case of the aTGC samples,
they are additionally reweighted to SM values using the MC@NLO reweighting scheme. The
variable N reco

fid contains all additional event weights used for all final event selection at reconstruction
level. The uncertainities on the values just contain the statistical uncertainty.
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MC@NLO SM Only MC@NLO aTGC Only MC@NLO SM+aTGC
Muon
Dfid 0.679 0.695 0.683
Dtot 6.99E-03 7.08E-03 7.01E-03

Electron
Dfid 0.620 0.627 0.622
Dtot 6.26E-03 6.36E-03 6.29E-03

Table C.3: Table shows the calculated values for Dfid and Dtot in both channels. Values are
calculated for SM and aTGC samples separately and then combined.

Muon Channel Cutflow Electron Channel Cutflow

SM WW SM WmZ SM WpZ SM WW SM WmZ SM WpZ
True lvjj Event 100 100 100 100 100 100

Dressed Lepton, pT > 25 GeV, |η| < 2.47 66.6 69.4 63.8 66.2 68.9 63.8
True Emiss

T > 30 GeV 42.3 44.2 40.9 42.2 44.0 40.8
≥ 2 Jets, pT > 25 GeV, |η| < 2.8, no overlap 22.1 27.2 25.9 21.8 27.1 25.5

MT > 40 GeV 19.8 24.0 22.8 19.5 24.1 22.5
Leading Jet, pT > 30 GeV, |η| < 2.0 16.7 20.2 19.5 16.4 20.4 19.1

Sub-leading Jet, pT > 25 GeV, |η| < 2.0 14.4 17.7 16.9 14.3 17.8 16.7
|∆φ(Emiss

T , Jet1)| > 0.8 13.2 16.2 15.6 13.1 16.4 15.3
|∆η(Jet1, Jet2)| < 1.5 11.3 13.7 13.3 11.2 13.9 13.0

∆R(Jet1, Jet2) > 0.7 || pT (jj) > 250 GeV 10.9 13.3 12.9 10.9 13.5 12.7
Jet Multiplicity == 2 8.2 8.9 8.6 8.1 9.0 8.4

Table C.4: Table shows the event cutflow(in relative percentage to the total lvjj events) for the
truth selection on the SM samples for both channels. Events are only weighted by the MC event
weight, this differs from table C.1 and table C.2 which are weighted by the MC event weight and
Z vertex event weight.

MC@NLO, Nominal MC@NLO, No Veto HERWIG, Nominal HERWIG, No Veto
Muon Channel
Dtot 6.99E-03 9.75E-03 8.27E-03 1.10E-03
Electron Channel
Dtot 6.26E-03 8.93E-03 7.63E-03 1.02E-03

Table C.5: Table shows the calculated values for Dtot for the nominal selection and the nominal
selection without applying the 3rd jet veto in both channels. HERWIG values are computed using
the same branching ratios as the MC@NLO samples in order to remove differences in how the
samples were originally generated since the HERWIG samples were generated with an event filter
and the MC@NLO samples were not.
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Muon Channel

Sample NGen NWW→µνjj
Gen N truth

fid N reco
fid A C

WW Herwig 2471197.8 813710.1 ± 945.2 73973.9 ± 285.0 52241.1 ± 239.1 0.091 ± 0.000 0.706 ± 0.003
WZ Herwig 990826.9 212243.6 ± 482.6 20922.7 ± 151.6 15476.8 ± 130.5 0.099 ± 0.001 0.740 ± 0.006

WW Pythia 397598.6 130528.3 ± 378.7 11932.5 ± 114.5 8777.8 ± 98.1 0.091 ± 0.001 0.736 ± 0.008
WZ Pythia 397602.2 87117.2 ± 309.3 8575.3 ± 97.0 6589.7 ± 85.1 0.098 ± 0.001 0.768 ± 0.010

Electron Channel

Sample NGen NWW→eνjj
Gen N truth

fid N reco
fid A C

WW Herwig 2471197.8 810639.6 ± 943.5 73610.8 ± 284.4 48104.9 ± 231.8 0.091 ± 0.000 0.654 ± 0.003
WZ Herwig 990826.9 209851.8 ± 479.7 21048.7 ± 151.9 14187.7 ± 125.8 0.100 ± 0.001 0.674 ± 0.006

WW Pythia 397598.6 129176.4 ± 376.8 11785.7 ± 113.7 8072.2 ± 94.7 0.091 ± 0.001 0.685 ± 0.008
WZ Pythia 397602.2 86515.7 ± 308.3 8501.1 ± 96.7 5744.3 ± 79.9 0.098 ± 0.001 0.676 ± 0.009

Table C.6: The table shows the values used to calculate the A and C efficiencies for the HERWIG
and PYTHIA systematic signal sample in the muon and electron channel. Where NGen is the total
number of generated events in the sample, NWW→µνjj

Gen is the total number of generated events that
also have a true WW→ lνjj decay, and Nfid is the total number of events that pass the fiducial

event selection at the truth and reconstruction level. For the variables NGen,NWW→lνjj
Gen , and N truth

fid

the events are weighted by the MC event weight and Z vertex position weight. The variable N reco
fid

contains all additional event weights used for all final event selection at reconstruction level. The
uncertainities on the values just contain the statistical uncertainty.
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Appendix D

Additional Studies

D.1 Jet Vertex Fraction Study

The Jet Vertex Fraction(JVF) jet variable is an important variable in distinguishing jets
coming from the primary vertex and those coming from pile-up interactions. The JVF is
defined as the sum pT of all jet-matched tracks from a given primary vertex divided by the
sum of the total jet-matched track pT . A JVF close to 1 means the majority of jet-matched
tracks originate from the primary vertex, while a JVF value close to 0 signifies that the
matched tracks do not. A JVF value equal to −1 is given to jets in which there are an
insufficient number of tracks matched to it. The standard requirement used to reject jets
coming from pile-up interactions is |JV F | > 0.75. This study calculates the efficiency of the
JVF cut as a function of the jet η using a tag-and-probe method in the muon channel. The
selection criteria for the tag jet is defined below:

• Require the event to pass the muon triggers, see section 5.2.

• Require at least 1 good primary vertex, see section 5.4.

• Require exactly 1 muon passing object selection with pT > 20GeV .

• Require Emiss
T > 25 GeV

• Pass the LAr Hole simple veto, see section 5.4.

• Require there to be only 1 jet passing object selection with a pT > 15GeV and |eta| <
4.5.

• Jet pT > 30GeV and |eta| < 2.8.

• Jet JVF != 1, ignore jets which do not contain enough matched tracks in their recon-
struction.

• ∆φ(W (µ, ν), Jet) > 165◦

This criteria selects well balanced back-to-back W+1 jet events which can be used to access
the JVF efficiency. The JVF efficiency is calculated by the ratio of tag jets passing the JVF
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cut over the number of total tag jets. The JVF efficiency as a function of η for data and
MC is shown on figure D.1, as well as the ratio of between the data and MC efficiencies.
In conclusion, the JVF cut is shown to be 95% efficient out to an |η| < 2.5 and the JVF
efficiency in data is modeled very well in MC and no correction scale factor is required.

Figure D.1: Left:Efficiency of the JVF cut as a function of the jet η for data and MC. Right:
Ratio between the data and MC JVF efficiencies.
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D.2 Further Studies on the QCD Contribution

Electroweak Contribution to the QCD Shape for the

Dijet Mass

This section looks at the electroweak contribution to the QCD shape for the dijet mass
distribution after applying the event selection for the cross section measurement. The elec-
troweak contribution that passes the QCD event selection criteria described in section 5.5.1
is subtracted from the data in order to get the shape for the QCD background. Figure D.2
shows the events passing the QCD selection prior to this substraction. The percentage of
electroweak events in the data is shown in table D.1 (approximity 40%) and a breakdown of
the electroweak contribution is shown in table D.2. The final QCD normalization is derived
from a likelihood fit to the Emiss

T , described in section 5.5.1.
Figure D.3 shows the events passing the QCD systematic CR selection(sec 7.4) prior to

the EWK substraction. The percentage of electroweak events in the data passing the QCD
systematic CR is shown in table D.3 (approximately 5%).
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Figure D.2: Distributions of the dijet invariant mass mjj for events passing the QCD selection cri-
teria for electron (left) and muon (right) channels. The points are data and the stacked histograms
are SM predictions.

Stability of Emiss
T fit as a function of the Dijet Mass

The likelihood fit to Emiss
T distribution(no Emiss

T cut applied) that is used to calculate the
multijet contribution in the signal region is compared with doing the fit in three separate
regions of the dijet mass distribution in order to see if the fit returns consistent normalizations
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Electroweak Contribution to QCD Shape

Lepton Channel Data Electroweak Electroweak Percentage

Muon 2773 1209 44%
Electron 31148 12867 41%

Table D.1: This table shows the total number of events passing the QCD selection in Data
and all electroweak processes for the cross section selection. The percentage of the electroweak
contribution with respect to data is also shown.

Electroweak Contribution Breakdown to QCD Shape

Lepton Channel Signal(%) Top (%) W/Z + jets (%)

Muon 1.4 6.2 92.4%
Electron 1.5 4.7 93.9%

Table D.2: This table shows the breakdown of the electroweak events that pass the QCD selec-
tion for the cross section selection. All values shown are in percentages of the total electroweak
contribution.

as a function of mjj . Figure D.4 shows this comparison for regions: mjj < 60 GeV, 60 GeV
<mjj < 110 GeV, and mjj > 110 GeV. The error bars represent the uncertainty given by the
likelihood fit and show good agreement between regions.
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Figure D.3: Distributions of the dijet invariant mass mjj for events passing the QCD systematic
CR selection(sec 7.4) criteria for electron (left) and muon (right) channels. The points are data
and the stacked histograms are SM predictions.
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Figure D.4: Distributions of the multijet normalization returned by the likelihood fit to the full
Emiss
T distribution for the electron (left) and muon (right) channels are compared between the

normalization returned by the nominal fit(green) to the full dijet mass distribution and the nor-
malization returned for separate regions(red) of the dijet mass distribution. The error bars represent
only the uncertainties given by the likelihood fit.
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Electroweak Contribution to QCD Systematic CR Shape

Lepton Channel Data Electroweak Electroweak Percentage

Muon 11084 771 7%
Electron 176243 7830 4%

Table D.3: This table shows the total number of events passing the QCD systematic CR selec-
tion(sec 7.4) in Data and all electroweak processes for the cross section selection. The percentage
of the electroweak contribution with respect to data is also shown.
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D.3 Tables of Systematics for the aTGC Analysis

Bin Number
Syst 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Signal

Total 15 16 21 24 21 23 29 28 48 36 38 34 28 35

MC Stat 1 3 8 11 7 7 13 8 8 18 17 13 11 11
Signal Norm. 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Renorm/Fact Scales 1 3 7 7 8 9 10 11 12 13 13 14 15 18
JER 0 4 9 9 1 3 2 6 30 13 22 11 8 16
JES1 0 0 2 1 3 2 3 7 7 8 3 12 3 15
JES2 0 1 2 3 1 2 0 9 5 1 1 6 3 5
JES3 0 2 3 2 4 3 4 5 10 4 5 6 4 1
JES13 0 1 2 3 5 0 15 5 20 6 16 6 5 1
JES14 0 2 2 9 5 10 8 11 14 16 0 11 7 7
JES15 0 1 3 2 6 6 5 7 14 7 4 10 6 5

Background

Total 18 18 45 41 42 45 44 45 41 45 69 51 52 54

MC Stat 0 2 9 15 4 29 33 6 8 8 51 11 14 10
∆ R 0 2 39 34 36 28 24 36 32 36 37 38 42 46
Qfac 0 3 6 6 7 7 6 10 10 11 13 14 15 16

W/Z+jets Norm. 18 17 17 15 16 14 11 18 16 17 19 20 19 17
Top Norm. 1 2 2 2 3 2 2 1 3 2 1 0 1 2

Multijet Norm. 1 0 0 2 0 2 5 0 0 0 0 0 0 0
JER 0 1 1 2 5 3 3 3 11 10 2 1 7 7
JES1 0 1 1 0 1 2 3 7 3 7 6 10 3 6
JES2 0 0 1 1 0 0 3 1 0 3 2 0 1 1
JES3 0 1 0 0 4 2 1 5 4 0 6 4 2 2
JES13 0 1 3 1 4 6 5 13 7 2 8 12 3 2
JES14 0 3 6 5 6 5 5 1 5 4 6 4 8 10
JES15 0 2 2 1 2 4 3 7 1 7 6 10 3 4

Table D.4: Systematic uncertainties for each bin of pT(jj) in the muon channel for the aTGC
event selection. The systematic uncertainties are given in percentages and only the diagonal entries
from the covariance matrix are shown.
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Bin Number
Syst 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Signal

Total 15 16 21 21 21 33 34 55 33 30 27 96 50 26

MC stat 2 3 12 8 6 11 9 7 10 9 11 41 10 9
Signal Norm. 15 15 15 15 15 15 15 15 15 15 15 15 15 15

Renorm/Fact Scales 1 3 6 7 8 9 10 11 12 12 13 14 15 18
JER 0 2 0 7 4 16 0 50 9 14 7 50 5 3
JES1 0 1 0 1 7 12 18 7 3 8 2 38 7 3
JES2 0 0 2 3 1 2 2 4 5 3 5 39 4 3
JES3 0 2 1 3 3 4 3 1 23 7 1 4 1 2
JES13 0 0 4 1 5 5 16 7 1 9 7 7 2 3
JES14 0 1 1 5 0 13 1 0 4 5 7 2 43 0
JES15 0 1 4 2 1 9 11 1 3 7 6 40 1 3

Background

Total 18 18 46 49 42 46 48 48 53 46 52 50 66 67

MC stat 0 1 4 6 7 6 8 15 16 20 5 33 42 4
∆ R 0 2 41 45 36 41 43 40 46 35 44 33 43 61
Qfac 0 3 6 7 7 8 8 10 10 12 13 10 15 18

W/Z+jets Norm. 18 17 17 17 17 16 16 18 17 19 19 14 20 20
Top Norm. 1 2 2 2 2 3 2 1 2 1 1 0 0 0

Multijet Norm. 1 0 0 1 1 0 1 1 0 0 0 5 0 0
JER 0 1 6 4 0 2 5 4 1 2 5 6 5 4
JES1 0 1 1 1 0 3 1 0 2 1 6 2 2 1
JES2 0 0 1 0 3 2 3 4 1 3 1 1 4 0
JES3 0 1 1 2 1 2 3 2 4 3 3 2 2 2
JES13 0 0 2 2 4 7 7 7 7 3 11 3 3 1
JES14 0 3 5 1 2 7 3 1 6 4 2 1 2 3
JES15 0 2 0 1 0 2 0 1 1 1 3 2 7 3

Table D.5: Systematic uncertainties for each bin of pT(jj) in the electron channel for the aTGC
event selection. The systematic uncertainties are given in percentages and only the diagonal entries
from the covariance matrix are shown.
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