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Abstract

In this project three unfolding methods are tested on three different observables for the Hygr — WW
channel. Iterative Bayes Unfolding, Singular Value Decomposition, and Matrix Inversion are tested on the
distributions of My, p¥, and p4. These results are compared to research completed prior to the project
to see if different methods give better results, and if statistical uncertainties are the main contributor to
the accurate choice of regularisation strength in unfolding. It was found that regularisation is preferable for
all observables, and some unfolding methods that had not been previously tested proved better than other
methods. Statistical uncertainties showed to have less effect on the regularisation strength than systematic
uncertainties.

1 Introduction
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Figure 1: Feynmann diagram of the production of the Higgs Boson, and its decay to WW

The Higgs Boson is mainly produced at the LHC through the interaction of 2 gluons. Since gluons carry no
mass, a closed loop of massive particles, such as quarks, must exist to allow the Higgs Boson to couple. There
are many decay mechanisms available to the Higgs Boson; this channel produces many events with a signal over
background ratio large enough to study. It first decays into two W bosons, then subsequently decays into two
leptons and two neutrinos. The two leptons are most likely to be a muon and an electron due to the energy
available. Their spin must be anti-aligned due to a net 0 spin from the W bosons.

Although this decay has a relatively high branching ratio, there are many difficulties with studying this
channel. Despite the high numbers of events there are many background events too. Some of these background
events are difficult to remove as the distribution is similar to the signal distribution. The main source of
irremovable background events is the production of WW via other mechanisms, as well as Z+jets. Similarly,
there is a large background from top quark production, however this background contribution can be reduced.

1]

Unfolding

The production of a Higgs Boson, and its decay, are now understood moderately well. The properties of the
Higgs Boson, however, are not yet understood to the same level so it is necessary to continue to study the Higgs
Boson to get a complete understanding of it. One method used to do this is unfolding. Unfolding is the process
of taking measurements from a detector, then removing the effects of the detector to get an estimation of the
true distribution. There are many unfolding methods, each with their own advantages and disadvantages. To
find the optimum unfolding method, one must find the balance between the natural bias of the method, and



the variance. Bias occurs in the methods mostly due to the Monte Carlo model used to find the estimators.

Unfolding methods fall into two major categories; regularised or un-regularised. Regularised methods use a
function to represent the smoothness of a distribution. This function is then minimised to smooth the distribu-
tion. If the distribution is smoothed in excess then valuable information may be lost. Prior to determining the
most suitable unfolding method, the regularisation strength for each regularised method must be optimised so
that the uncertainty is reduced without changing the distribution too much. The main regularised methods in-
clude: Tterative Bayes Unfolding (IBU); Singular Value Decomposition (SVD); TUnfold; Iterative Dynamically
Stabilised (IDS); Guassian Process (GP). In this project IBU and SVD are tested. The unregularised methods
are Bin-by-bin and Matrix Inversion. [2]

Prior Research

For this Higgs Boson channel two unfolding methods have been tested up to the beginning of this project,
Iterative Bayes Unfolding and a method comparable to SVD; In-Likelihood unfolding. Both these methods
are regularised thus no un-regularised methods were tested. These two methods were tested on many different
observables, in this project the observables were limited to My, p{! , and pffé, the main three observables with the
highest sensitivity. This paper will compare the results of the previous study on expected data, this paper will
compare the results on expected data with statistical uncertainties to examine the influences on regularisation.
All observables studied here look at final states with only 0 or 1 jet to lower the chance of any events from other
production modes.

2 Method

There were two main steps in the method for this project. All the data was provided at the start of the program
with the relevant cuts and selections made. The first major step was to run the fit chain for each observable to
prepare the data, then the data was unfolded using a chosen method.

FitChain

FitChain is a code repository used to complete several steps in this process. The first part of FitChain selects the
appropriate events from the data. This means events with the correct final state that were measured accurately
within the detector. From those selected events a subset is selected to improve the signal to background ratio.
The remaining data is then fit in a low signal region that looks similar to the signal region to correct the Monte
Carlo prediction in the signal region. The data within the signal region is then unfolded with different methods
and different regularisation strengths. These results are then plotted and compared to the prediction of the
interaction without taking into account the effects of the detector.

Unfolding

Three unfolding methods were tested in this project: Iterative Bayes Unfolding, Single Value Decomposition,
and Matrix Inversion. IBU and SVD are regularised methods and matrix inversion is unregularised. The code
for all three was written prior to this project. Details of the unfolding methods and their differences can be
found in Ref [2]. Each unfolding method was run for the three observables. The regularised methods were run
for several different choices of iterations. IBU was run for 1-10 iterations in steps of 1, and 10-100 in steps of
10. SVD was run from 2 iterations up to the number of bins.

3 Results and Discussion

This project uses Run 2 expected data from ATLAS. Below only the graphs with the optimised regularisation
will be shown, the rest of the results can be found in the appendix in section B. In conjunction with the graphs
there are tables of the errors and uncertainties produced from the unfolding which can be found in Appendix

A.
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(a) My, unfolded with IBU with 1 iteration
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Figure 2: Unfolding results for My,, each with the regularisation optimised. The data is represented by the
black dots with error bars showing the uncertainties, and the expected results from the model with uncertainties
are shown as green boxes

As seen from the graphs in figure 2 the three unfolding methods produce very similar results. None of the
graph show significant migration between bins, however it is immediately clear that the matrix inversion method
produces the highest uncertainties. Using the tables in appendix A the error on unfolding was smallest for svd
with 2 iterations. Therefore, for this observable, despite being the lowest number of iterations possible, some
regularisation may lead to better results. This little regularisation is expected since there are few events due
large number of background events found in this channel. Many background contributions have been removed
leaving a lower number of events, and thus less variation will be seen in the bins. The previous study found
that the ideal number of iterations for the SVD inspired unfolding method was 7, suggesting that systematic
uncertainties have a greater effect on the distribution than the statistical uncertainties.
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Figure 3: Unfolding results for PtH, each with the regularisation optimised. The data is represented by the
black dots with error bars showing the uncertainties, and the expected results from the model with uncertainties
are shown as green boxes

For PtH it is again true that regularisation seems to improve the results as the uncertainties produced from
matrix inversion are the largest of the three methods. Unlike My, the best method for PtH was the iterative
bayes unfolding method with a regularisation strength of 1 iteration. These results can be seen in figure 3. The
previous study concluded that 18 iterations were best. It is expected that PtH would favour a different method
to Mys. Most of the events in the PtH distribution are in the first bin, whereas the Mp, distribution is more
even, this means that bin migration will behave differently for each distribution and each unfolding method
treats bin migration differently. This shows why it is important to investigate more than one observable.
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Figure 4: Unfolding results for P&, each with the regularisation optimised. The data is represented by the black
dots with error bars showing the uncertainties, and the expected results from the model with uncertainties are
shown as green boxes

For P4 SVD proved to be the best method based on the uncertainties. The un-regularised matrix inversion
method had significantly higher uncertainties than both SVD and IBU; SVD also had lower uncertainties than
IBU in every bin. The best regularisation strength found for SVD was 2 iterations, again the lowest it could be.
The previous study found the best regularisation for the comparable method was 8. There is a clear pattern
that the systematic uncertainty distorts the distribution more than the statistical uncertainty regardless of the
observable, thus when determining the best unfolding method systematics must be taken into account before
any method can be considered the best. However, since systematic errors are the main contributors, increasing
the regularisation significantly could lead to the statistical errors being smoothed out in excess, leading to a
loss in information. This knowledge is important as it is common place to find the optimum unfolding method
and regularisation strength using statistical errors, then applying that method to sys + stat data.

Despite matrix inversion consistently being the the worst method for each observable, it was important to
look investigate whether regularisation has a significant effect when unfolding this data. Even just from a visual
comparison of the graphs shown above, it is clear that some degree of regularisation can significantly reduce
uncertainties on the unfolding method. A full conclusion about regularisation cannot be drawn since only one
unregularised method was used. Similarly another regularised unfolding method may produce better results
than the two studied here. Due to time constraints on this and other projects the code for other unfolding
methods could not be produced in time, thus an investigation into them was not possible. Work has been done
to study the observable Y1l in this project, however due to technical troubles it could not be completed in time
for the project deadline.

4 Conclusion

From this project it can be concluded that different unfolding methods are necessary for different observables,
however regularisation is preferable for all. It is clear that systematic uncertainties have a larger effect on
the regularisation strength that statistical uncertainties in this channel and therefore must be included in any
unfolding tests. It cannot be concluded which unfolding method is best for each variable as not all methods
could be tested, but from the two methods tested here that have not been investigated prior to this project
SVD shows a lot of potential as a good method for some observables.



Appendix

In the appendix select results have been chosen to show why the optimum regularisation was selected.
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Table 1: a: Uncertainties from My, unfolded with IBU with 1 iteration; b: Uncertainties from Mj, unfolded
with IBU with 2 iterations; c¢: Uncertainties from My, unfolded with IBU with 3 iterations; d: Uncertainties

from My, unfolded with IBU with 100 iterations
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Table 2: a: Uncertainties from My, unfolded with SVD with 2 iteration; b: Uncertainties from Mpy, unfolded
with SVD with 3 iterations; c¢: Uncertainties from My, unfolded with SVD with 4 iterations; d: Uncertainties
from My, unfolded with SVD with 5 iterations
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Figure 5: Uncertainties from My, unfolded with Matrix Inversion



Now unfolding. ..
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Uncertainties

Table 4: a: Uncertainties from P unfolded with SVD with 2 iteration; b: Uncertainties from P unfolded
with SVD with 3 iterations; c: Uncertainties from P unfolded with SVD with 4 iterations; d: Uncertainties

from PH unfolded with SVD with 5 iterations
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Figure 6: Uncertainties from PtH unfolded with Matrix Inversion
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Calculating covariances due to number of measured events
coverage probability: 68.26% 68.22% 68.24% 68.16% 68.13% 68.03% 68.19% 68.15% 68.27%

Train  Train Test Test Unfolded Error on
Truth Measured  Truth  Input Output Unfolding

182 761.8 307.3
286  1000.9 298.7
405  1254.6 282.8
427 1248.4 243.3
364 226.8
262 196.5
177

Train  Train Test Test Unfolded Error on
Bin  Truth Measured  Truth  Input Output Unfolding

182
286

272 544.5 231.6

2587  7424.1 146.0

Test Unfolded Error on
Truth  Input Output Unfolding

Train  Trai Test Test Unfolded Error on
Truth Measared  Truth Input Output Unfolding

182 761.8 307.3
298.7
282.8
243.3
226.8
196.5
176.8
172.9
272 544.5 231.6

7424 2587  7424.1 146.0

Bin-by-bin Chi’2/NDF=1.75655e-29/9
scaling to lumi 139.@, acceptance 0.8513 and branching ratio 0.6230

Bin-by-bin Chi*2/NDF=1.488450-29/9
total XS: 45.259 [pb]

scaling to lumi 139.9, acceptance 9.8513 and branching ratio .0238
total XS: 45.259 [pb]

Table 5: a: Uncertainties from P4 unfolded with IBU with 1 iteration; b: Uncertainties from P4’ unfolded with
IBU with 2 iterations; c: Uncertainties from P unfolded with IBU with 3 iterations; d: Uncertainties from
P¥ unfolded with IBU with 100 iterations



SVD init 9 x 9 bins, kreg=2
Subtract 343.126 fakes from measured distribution
coverage probability: 6B.26% 68.27% 68.27% 68.27% 6B.27% 68.27% 68.26% 68.26% 6B.26%

Test Unfolded Error on
Input Output Unfolding

Test
Truth

Train  Train
Bin  Truth Measured

182 761.8
286  1000.9
405  1254.6
427 1248.4
364 995.7
262 67

177 443.5
213 500.4
272 544.5

Test Unfolded Error on
Input Output Unfolding

Train  Train
Truth Measured

182 761.8
286  10008.9
405 1254.6
427 1248.4
3646 995.7

Bin-by-bin Chi"2/NDF=5.75797e-14/9
scaling to lumi 139.@, acceptance 9.0513
total XS: 45.259 [pb]

and branching ratio 9.023¢

SVD init 9 X 9 bins, kreg:
Subtract 343.126 fakes from measured distribution
coverage probability: 68.22% 68.23% 68.27% 68.23% 68.24% 68.27% 68.26% 68.25% 68.26%

Tes!

Train  Trais t
Truth

n Test Unfolded Error on
Truth Measured b!

nput  Output Unfolding
762 182 761.8  196.4
1001 286  1000.9
405 1254.6

1248.4

Train  Test  Test Unfolded Error on
Truth Measured  Truth  Input Output Unfolding

182 761.8

7424 2587  7424.1
Bin-by-bin Chi"2/NDF=!
scaling to lumi 139.9, acceptance ©.0513
total XS: 45.259 [pb]

and branching ratio 0.0230

Table 6: a: Uncertainties from P4 unfolded with SVD with 2 iteration; b: Uncertainties from P unfolded
with SVD with 3 iterations; c: Uncertainties from P4 unfolded with SVD with 4 iterations; d: Uncertainties

from Prfi2 unfolded with SVD with 5 iterations

Subtract 343126 fakes fron measured o
68.26% 68.23% 68.24% 68.17% 68.14% 68.04%

est
Truth

Bin-by-bin Chir2/NDF=1
scaling to luni 139.8, acceptance 0.0513

Figure 7:

.202710-28/9

bution

Test Unfolded Error on
Input  Output Unfolding

Test Unfolded Error on
Input  Output Unfolding

and branching ratis

10

68.19% 68.

SVD init 9 x 9 bins, kreg=3
Subtract 343.126 fakes from measured distril
coverage probability: 68.24% 68.25% 68.27%

Test Uy
Input

Train  Train Test
Bin  Truth Measured  Truth

182
286
495
427
364
262
177
213
272

7424 2587

Test
Truth

Train
Truth Measured

Input

182
286
408
427
364
177
213
272

-026460-16/9
acceptance 0.0513

SVD init 9 x 9 bins, krej

Test Unfolded

bution
68.26% 68.26% 68.27% 68.26% 68.25% 68.25%
nfolded Diff
Output Unfolding

761.8
1000.9
1256.6

500.4
544.5

7426.1

Error on
Output Unfolding

761.8
1000.9
1286.6
1248.4
995.7
78
3.5
500. 4
5644.5

7426.1

and branching ratio 0.0230

Subtract 343.126 fakes from measured distribution
coverage probability: 68.23% 68.22% 68.26% 6B.19% 68.22% 68.25% 68.25% 6B.24% 68.26%

Test
Input

Train  Train Test
Bin  Truth Measured  Truth

182
286
405

Test
Input

Test
Truth

Train  Train
Truth Measured

762 182
1001 286
1285 405
1248 427

364

Bin-by-bin Chir2/NDF=3.80409¢-18/9
scaling to lumi 139.8, acceptance 8.8513
total XS: 45.259 [pbl

16% 68.27%

Unfolded Error on
Output Unfelding

761.8
1000.9

Unfolded Error on
Output Unfolding

761.8
1080.9
1284.6
1248.4

and branching ratio 9.6230

Uncertainties from P{ie unfolded with Matrix Inversion



B Graphs
B.1 My

c)

Table 7: a: My, unfolded with IBU with 1 iteration; b: My, unfolded with IBU with 2 iterations; c:

da [pb]

do [pb]
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unfolded with IBU with 3 iterations; d: Mpy, unfolded with IBU with 100 iterations

)

Table 8: a: My, unfolded with SVD with 2 iteration; b: My, unfolded with SVD with 3 iterations; c:

do [pb]

do [pb]
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do [pb]
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unfolded with SVD with 4 iterations; d: My, unfolded with SVD with 5 iterations
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Figure 8: My, unfolded with Matrix Inversion
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c)

Table 9: a: P unfolded with IBU with 1 iteration; b: PH unfolded with IBU with 2 iterations; c¢: PH unfolded

d)

with IBU with 3 iterations; d: P unfolded with IBU with 100 iterations
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c)

Table 10: a: PH unfolded with SVD with 2 iteration; b: PH unfolded with SVD with 3 iterations; c:

da [pb]

do [pb]
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unfolded with SVD with 4 iterations; d: P unfolded with SVD with 5 iterations

do [pb]
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Figure 9: Uncertainties from PtH unfolded with Matrix Inversion
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B.3 PY

c)

Table 11: a: P& unfolded with IBU with 1 iteration; b: P& unfolded with IBU with 2 iterations; c:

do [pb]

do [pb]
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unfolded with IBU with 3 iterations; d: P4’ unfolded with IBU with 100 iterations

c)

do [pb]

do [pb]
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do [pb]

do [pb]

12—
[_ ATLAS Internal
[ H-WW _evuv + Data
10/~ 1s=13Tev, 139 10"
r Powheg+Pythia8
8 } \
= * +
41* + +
2~ t
Covn b bl o b b a b Low o L
40 50 55
pT, [GeV]
12~
- ATLAS Internal
 H-WW —evuv + Data
o[ Vs =13Tev, 1391
r Powheg+Pythia8
8- \ }
= \ {
4\ + +
A3 +
Covn b bl b b a b Lo Luaas
40 55
Pt, [GeV]

144
PT

Table 12: a: P& unfolded with SVD with 2 iteration; b: P unfolded with SVD with 3 iterations; c: Pt
unfolded with SVD with 4 iterations; d: P{QK unfolded with SVD with 5 iterations
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do [pb]
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Figure 10: P unfolded with Matrix Inversion
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