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Lara Calic, June 20th 2024 Background estimations

An overview on the Exotics analyses * vacuum expectation value of the

left-right spontaneous symmetry breaking

e The dominant production mechanism of the doubly
charged Higgs (DCH) boson: Drell-Yan mechanism

e This search focuses on small values v, *(decays into a pair of
same charge leptons, irrespectively of flavour combination)

e Lepton Flavour Violation (LFV) is allowed by this model

Interested in
2L,3L, and 4L
final states
with electrons

or muons

(2]
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https://cds.cern.ch/record/2873588
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Charge - flip

e Significant source of background from
misreconstructed objects (Reducible backgrounds)

° ncorrectly reconstructed jets

e |Non-prompt leptons from meson decay within jets FAKES

e |Electron-photon conversion o s e
e Usually, modeled relatively poorly in Monte Carlo » 8000 :}a;engTeV’ 139 fb” 4 Total SM gg:;sgg

strong motivation to use data-driven approaches i O

S Lo b b b lisae b

m; 5 [GeV]

0
©
~|
o
IS
N

7 N
- g
5000F 3
'@' T T T T T T T T T T T T T T T T T T T 23

e'; Total Unc. — Stat. Unc. ATLAS ) ] 4000: g
z we Theary SeiFakis 5=13TeV, 36.11b £ S
s Charge-Flip - -- Yield fit 3000 g
@ . EXD AAAAA L i :_ ] =
g e 2000? E 3
't% f 1000":- . = %
= { . e B S S D O (DS O
. B 14r 7 3
Lol o 1.2- - o | 4
i - 1.0 o - - - - =
ol s 08 Ll A=

= 8 0.6 |

L 50 100 150 200 250 300 350 400

4

BLED 2024: International Workshop on Lepton Number Violation


https://cds.cern.ch/record/2643902/files/CERN-THESIS-2018-196.pdf
https://cds.cern.ch/record/2643902/files/CERN-THESIS-2018-196.pdf
https://cds.cern.ch/record/2730768
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Background prediction

Prompt SM backgrounds

Background estimations in Exotics analyses

o Estimated using simulated samples https://cds. cern.ch/record/2643902/files/ CERN-THE SIS-2018-196.pdf
3
o Discard MC events with fake leptons to 210 aTev. 21" - Daa | mwoe A - - e
i | ith d dri 210" S e ] O , = dbocons
avoid overlap with data-driven o e SHEE 4 2 sroeee BETS
. . ys. Unc. ys. Unc.
estimations 07 1 &
10° .
10° = 1
Electron charge misidentification iy - k
o  Main background in the electron channel e T ]
. 4143
due to charge-flip from bremsstrahlung e , aa-&L i+
o  Stiff tracks: incorrect charge, correctly 9 14F T S . © 5 9 14
@ 1"1 B T I .’ e l_n 1‘c1 ] PO B
matched track (high momenta, few hits) s 8.gE — 0 s 08
. ) : O TTEgg 00 200300 1000 2000 © 345 1 050 05 T 15 2
o  Estimated with MC where charge-flip b (6) (GeV] il
probabilities are corrected to match the i -
data
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https://cds.cern.ch/record/2643902/files/CERN-THESIS-2018-196.pdf
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Validation of Charge Misidentification

di-electron mass distributions

> X](')e"A""I""l""l""1-'--;;1603

© 2F ATLAS + OC data 4 SCdata . . . .

O | gf Z—eepeak  #£0CSMsim. #4SCSMsim], , e The misidentification of charge of prompt electrons

£ 16 el o EN (charge-flip) is responsible for the largest background
O 14 | in electron channel

1.2 y e Three regions: the main region and two sidebands
e orthogonal to the main region
6 e Side-bands regions are used to estimate the non-Z

14 background and subtract it from the main region

—
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https://cds.cern.ch/record/2873588

7 80 85 90 95 100 105 Event type main region side-bands
m(ee) [Ge

i ( )[. V] opposite-sign |m(ee) — mos(Z)| < 14 GeV 14 GeV < |m(ee) — mos(Z)| < 28 GeV

*OcC/scC - °pp05|telsame charge pairs same-sign |m(ee) — mss(Z)| < 15.8GeV  15.8GeV < |m(ee) — mss(Z)| < 31.6 GeV

Comparison between OC/SC data (filled markers) with
Monte Carlo simulation (solid line) after applying
corrections for charge misidentification
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Background Modelling

e 2types of fake leptons:

o Misidentified hadrons (wrongly classified as leptons by reconstruction algorithms)
o Non-Prompt leptons (actual leptons that are not produced at the primary vertex)
m Includes leptons from decays of long-lived hadrons (e.g., b-quarks, c-quarks) or photon
conversion
m Excludes prompt leptons produced at the primary vertex or from short-lived particles
indistinguishable from it

.
) > H
W=
Real leptons Fake leptons 7 L @/
N jet

'1/,

Prompt leptons Conversion Heavy/light
coming from W leptons from flavour fakes from
and Z bosons photon radiations jets
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Matrix Method

e The core equation that maps the number of

events with a real or fake lepton onto the number c) Expression for Fake events in Tight Selection:
of events with a tight or loose lepton

. . ¥
a) Matrix Method (MM) expression for one lepton: N} =fNg= ﬁ((l —r)N' —rN).
t
N i )= ¥ / s . f - fake lepton efficiency
N l—r 1-f Ny
N.-N._. , N-N
' Hoht loose Loose selection (orthogonal to the
r — efficiency of real leptons e Tight nominal selection)
) Tight selection (same as nominal
Nr -N real ! Nf -N fake selection)
t tight
N* = N9 ke

b) Solving for N.and N : It can be generalized for Multiple Leptons as:

Mo Frs if jy=tip=r
[iafiovty iM — Jk s .
1 =1 f N'\ [ N, Nihedu = % 3 .y (He,-[) Niigeosing® gu_Jfo ifie=tip=1
f —ip 1—r —r N/ o Nf ie(r.f)ire{r.f) ir€(r.f)

k=1 T A =ry), ifji=lig=r
A=fo. ifjo=Liy=f
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Matrix and Fake Factor Method
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Fake Factor Method

If we start with the inversion of the matrix :
* connects the number of real and fake objects to

°
the number of tight and loose objects

NRrr (1-f) (f=0f f(f-1

NRrF 1 F=DL=rk (L~FF Fl—F)

New |[ G=f2| G-D1-p) A=-rf rd-p) R = REAL LEPTONS, F = FAKE LEPTONS
(1-r)? (r—=Lr r(r-1)

NrF
Approximation for the matrix (real rate r=1, and parameters A, B, C are given by this expression):

[ ]
Total contribution of fake leptons to the nominal selection:

A=a2rf(f-1DA=r)+ f2(1 =r)*], B=a(l — f)fr?, and C = —ar?f?

N;?Tkes =WN7r7l+ B(NTL’ * NL’T) HCNp 1
. . FAKE FACTOR
Contamination of the fakes:
fakes 2 2 F = L
Nrr~ % (F(Nrr + Nur) = F™Np v )daa|-)(F(Nrre + Nur) = FPNL/ L) Ngg fromMC 1—f
*f - fake rate, T, L' - tight/loose

objects

This expression in commonly used in our analysis, and shows that Fake
Factor is not a constant (it should be evaluated for each lepton separately)

BLED 2024: International Workshop on Lepton Number Violation
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https://cds.cern.ch/record/2643902/files/CERN-THESIS-2018-196.pdf

Fake Factor method

/ \ What is the advantage of using FF

; 2
Loose region: events method?

with loose selection L. .
Eliminates the need to obtain the real

Loose Tight —j—— criteria R . . g
Tight region: events with rate directly from data, instead using S
tight selection criteria prompt-only Monte Carlo for evaluation 3
Fake rate: §
Fake Factor (FF): measured by N fake (real)pass - NUMber of fake ¢
. . . ; = Vike, pase (real) leptons passing the ¢
observing the ratio of objects in the  — 9
Nfake sl . - selection criteria g
Fe J tight  Nyum numerator to those in the 8
C1—f  Nfake 7 pfake denominator within a fake-enriched o
loose-tight den A
: sample z
Real rate: E
“ Ok d on this formul 5
ocused on IS TOrmuia " Nfake real), total total number
r= # of (fake) real leptons
real, total

iepon _ [z R4TR-TR Fz]
LL

II_ LPS.//CUS.CEIML.CIN/TEeCOrd/£Z7 SU 00
12
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https://www.sciencedirect.com/science/article/abs/pii/S0168900223003662
https://cds.cern.ch/record/2730768

Electron Fake Factor Measurements
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Loose and Tight electrons in the fake-enriched region

Distribution of p_ for loose and tight electrons Distribution of calorimeter cluster n for loose and
tight electrons
210" 5-137eV.189%0" yDaa  faweits ]  E10"[ f5=13TeV. 199" yDam  raweiels - @ a ?%;';g};\;l';g;g:'l;'ga',;"'l"'w;;;‘;""': 2 ?']‘0 : A S e g s (7
Lﬁ‘o‘o 3 :ta’l;eaf;colggeestumanon []gir:g-sf):n*gingle top L Lﬁmm ’a:ta IZZ;??gS::'ma“on [jg;:::;z:n*'gingle top 8 4 225- Fake factor estimation  Drell-Yan[ "] - 4 [ Fake factor estimation = Drell-Yan[ 1t ] 8
0% : [ Rare top Multioson 3 10° l M Rare top ~ Multiboson AN W 20F atleast one jet [ Diboson [ Single top 3 W 30 atleast one jet [l Diboson [T Single top “J R0
108 R Y45 MC Stat 3 4 MC Stat N E [ Rare top © ' Multiboson 3 F [iRare top = Muiltiboson 1O\l
.. # . L # g S 18¢ #5MC Stat. : ¥ #4MC Stat. 15
L S 16 E > 13
. 3 T . E : T 18
L = EE et T 20F ., g S
] £ 12f i P o - 45
.=I ; g 10F = 15: ': =
4 8 g+ R F 12
# s 3 3 19 @
3 S % F : i
E | aF o L 4
C ] 5 =
10*% f § 2k = : §
AU e o | A e B = E E - 4
40 100 200 300 1000 40 100 200 300 1000 S s 050 05 115 2 55 g o R R B
Loose Electron Py [GeV] Tight Electron P [GeV] Loose Electron Calo-Cluster n Tight Electron Calo-Cluster n
e Loose distribution: Shows a broader e Loose distribution: Shows how electrons that pass
distribution (indicating a mix of true and fake loose criteria are distributed in the detector, often
electrons) with wider coverage (more fake electrons)
e Tight distribution: Shows a narrower . o
distribution, indicating a higher likelihood of e  Tightdistribution: Shows a more concentrated
true electrons distribution, indicating regions where tight criteria

are effective in identifying true electrons
14
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https://cds.cern.ch/record/2730768
https://cds.cern.ch/record/2730768
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p, dependence of Fake Factor on the variations of the bins

1st bin 2nd bin 3rd bin the last bin

o0
S Vs=13TeV, 139 fb" 1 5 “CE TaTev T s 14 ! 5 14 B9 1o N
2 s= eV, « at least one jet . = s= eV, « atleast one jet p= [ (s=13TeV, 139" « at least one jet 2 [ {s=13TeV, 139 b « atleast one jet ] o©
E 1.2F 0GeV < ET™ <25 GeV ::\'eaiﬁj jets - 5 1.9F 0 GeV < ET"™ <25 GeV ¢ z:,:(eés,‘,?le‘s o 1.2 0GeV<E“<25GeV -+ at lgg':rtﬂg?:tf & 120Gev< EM™ <25GeV * at Iggér:z)rj‘:t‘se = 2
° 0<Ml<0.7 MC g 10 % 3 7y 0.7 <l <137 MC up 10% w [ 152 <l <201 - any EC u E 201 <l <247 « any E 1 N
~ . 2L 1 ~ . i 7] Q o » MCup10% 3 (] L 2+ MCup10% 1
(] » MC down 10 % 7 5] + MC down 10 % ] fu i v MCdown 10% = é 1t Ly + MCdown10% = O
w Stat. & Sys. Unc. ] 1S Stat. & Sys. Unc. ] = I Stat. & Sys. Unc. ] = é; 2 ; o.':- Stat. & Sys. Unc. ] B
v E 5 o & e A 3
g O " = s 0 = S o8- k 3 S 0gier ¢taatend 4 o
£ s ] = ] S F & ] <) L1ty EEDE R {1 @
8 o Arteie 2l 1 8 o ] 8 o6 .. 1 8 od 4 =
— A . =1 — A - | o' ", v -l =N - —
w - b ] o . : ] m % Sul b 1 o °% t 15
04fEie e 1ot ¢ 5 0.4B3; s : 3 Boiamey - eagg H 3 s i ] Z
B T Y ] AEig e i3 ] 0.4p="34 - 0.4+ -] =
s “ i F Map E i 1 s i 1 o
0.2 L T 0.2 = 0dk s o 0k U I
E ) ] E . E : b o : 173
- — g o 15 o 15 =
S 1OmHEEL ggprrirrnmineliEE S 10mi i dangprgeitiiiigimemr CRREY LIRSSt ER St ITIERRRT TR T 1O0p i E I HHE e+ ] 8
OAJI— Oar o 0.5 o 5 =
: <
40 100 200 Eﬁ’ggtmnp [Ge1\lo]00 40 100; ;200 E?gg"onp [Ge‘VU]OO Py 00 200 300 7000 7y 00 200 300 7000
T T Electron P, [GeV] Electron P, [GeV]

e Each plot represents a different systematic variation . Lo
applied to the fake factor estimation Impact of the systematic variations

e The yellow shaded areas represent the systematic

. L. .. Variation Purpose
and statistical uncertainties R — o T = =
. . . ipped requirement on the number of jets ake composition
e The black dots with error bars indicate the measured  genoving £ requirement biksastinostion
fake factor for each pT bin MC scaled up by 10% MC modelling, cross-section and luminosity
MC scaled down by 10% MC modelling, cross-section and luminosity

1
BLED 2024: International Workshop on Lepton Number Violation


https://cds.cern.ch/record/2730768

Machine Learning Solution
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Simplify idea of Normalising flows (NF)

_____

-----

Base distribution

Normalizing: means
that the change of
variables gives a
normalized density
after applying an
invertible
transformation

_____

‘‘‘‘‘

Normalising
flow direction

Zz+1 e o o > p— x
it 4
II \‘
! \
! \
1
Flows: means that the 1 .
invertible transformations \ 57
can be composed with % | ) 4
each other to create more ‘\ /’
complex invertible R &7
transformations
2 ~ pi(2k)

Target distribution
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https://github.com/janosh/tikz/blob/main/assets/normalizing-flow/
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Flow - chart on our idea

*MC sample (background, ttbar)
* Fake Factor calculation
* Closure test

Test and

validate a fake y

/ factor method 1
on MC samples

o « Test and
R validate a Train your
methqd on model on data
synthetic data

1000 1500 2000 1
Hir (GeV)

*DataToys sample
*Gaussian distribution (with

fakes and reals) New method that
* Closure test can be widely
used in all ATLAS

* Probability Density Function
* Training on Normalising Flows

physics analyses e E
TrainT Apply
CR
bbbbackground estimation[Roguljic, Hartman] - H
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https://cds.cern.ch/record/2883372/files/ATL-PHYS-SLIDE-2023-642.pdf
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Gain with the Machine Learning solution

4 ) 4 N

Increase the statistics of the
anti-Tight regions with
with a multi-dimensional generative models to reduce

. the statistical uncertainty in
ML-based solution . :
fake background estimations

\ / \ /

Replace the 2D p_, eta
dependent fake factors

500 1000 1500 2000 1
He (GeV)
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Machine Learning solution

Base Distribution: Start with a simple base distribution (in our case Gaussian).
Transformations: Apply a series of invertible transformations to map this base distribution to the complex

target distribution observed in the real data.
e Density Estimation: Use the transformed distribution to estimate the probability density of observed events,

enabling precise background modeling.

This is what we want to test it

~

Training process: Train the normalizing flow on both Monte Carlo (MC) simulations and real data

Apply the trained normalizing flow model to estimate the background (with the systematic variations)

Use the trained model to generate samples with more variables (e.g., p,, n, ET"“SS) for a complex analysis

- )

How are we going to deal with
negative MC weights

BLED 2024: International Workshop on Lepton Number Violation
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DataToySa m ple *T - tight objects

IT - anti-tight objects

Closure test

30 1 o Fakes_A . . .
= B * scale_factor e Performing a closer test in fakes-enriched
- 1 region using the same lepton classification

-':r,,, || “

e X, - feature (variable) of choice

’ [ Work-in-progress ]

- e Scale factor - ratio between number of fakes
5 in region C/D
g e Background in the signal region (CR) can be
2 predicted from the C,D,B regions (VR
2% regions)
)
apply
& A !
. NsNc :
Ny =
A Np
" D B
“.. Gaussian distributions where we made train
certain assumptions (including 50% f—

fakes and 50% reals)
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DataToySample 7 Santi-tight objects

Total number of events per each region

. I Cregion (T & x; < x_cut)
175 1 [ Work-in-progress ] g ——

D region (IT & x; <= x_cut) Chosen 2 independent variables (X;:X,)
150 - B region (IT & x; >= x_cut)

A region (T & x; > x_cut) Applied lepton classification criteria
1251 -== X_cut=0.5y_cut=10.5 (tight and loose objects)

Validation of fake factor method: number
of data points falling into each of the four
ABCD regions based on the given
thresholds

Nevents per bin
=
N 1)
a <)

}
]
1
1
1
1
1
1
1
1
1
]
i
i
i
i
I
i
i
I
't

wu
o

N
w
L

Additional simple tests of our method:
verify the calculations by comparing the

3 4 estimated number of fake events in region
A with the actual number of fake events

o
|
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Conclusion

Accurate background \
estimation is crucial for making
precise measurements in HEP

Data-driven technique that
gives us more insight on
systematic uncertainties

Fake Factor method enhanced
by machine learning are key

\ tools in achieving accurate !

) background estimates J
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BACKUP SLIDES
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NF key concepts

In Normalising Flow model mapping

Forward and inverse directions ; W T ,
etween Z and X is given by:

e Forwarddirection: z, = T}(z,_,) fork=1,..., K with z, = u (infer)
e Inverse direction: z,_, = T, *(z;) fork =K, ..., 1with zx = x (train) ) L i i
It is deterministic and invertible such
e Thelog-determinant of a flow is that:
K K X = fo(2)
log ldetJr (zo)| = log Hdet}n (ze2)| = Y logldet]y, () 2= 1'%
= k=1

T (20) Te(ze1) Tir (22) Using the change of variable, the

@ @ @ @ . likelihood is given by:
. px(2:0) = p2(f; (@) |det ( 242
/ \ .’ \ { !
\ ! S j ¥ 1
'\ d % / \ /

Base dlstrlbutlon Zi, ~ Py, (21) Target distribution
Z) ~ Py (Z(]) = Pu (u) ZK ~ Dzg (Zk) =DPx (x)

e Similar to autoencoder: forward mode < decoder, backward mode < encoder

More details in paper [J. Gavranovic, B. Kersevan]
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https://inspirehep.net/literature/2710627
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Closure test on MC sample

Closure ABCD method - ttbar

3

h_2D D
0.4 =

ET C Enties  1.574784e+07 [0

Q = Mean x 66.47

o C

= 0.35 — Mean y 0.01991

c(}‘) C Std Dev x 447 0

g = Std Dev y 0.02154

o 03—

2 =

o C

a E

o = 200

0

250 300 350 400 450 500
MET [GeV]

Samples: ATLAS Open Data
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MC Sample: ttbar - electron identification

mc_410000.ttbar lep.llep.root

Samples: ATLAS Open Data
BLED 2024: International Workshop on Lepton Number Violation
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MC Sample: ttbar - electron identification

pT distribution (Loose vs
Tight selection)

Loose e : py x10? Tight e :py

mc_410000. ttbar lep.llep.root

Samples: ATLAS Open Data

BLED 2024: International Workshop on Lepton Number Violation
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MC Sample: ttbar

Region A Region B
17500
15000
800000
12500
600000
& ., 10000
€ =4
H] H]
@ @
400000 4 500
5000
200000
2500
) 0
0 100 200 300 400 500 0 100 200 300 400 500
MET [GeV] MET [GeV]
Region C Region D
800000
700000 12000
600000 16556,
500000
8000
§ 400000 §
“ * 6000
300000
4000
200000
100000 - 2000
ol— - 0l— T T
[ 100 200 300 400 500 0 100 200 300 400 500
MET [GeV] MET [GeV]

Samples: ATLAS Open Data mc_410000. ttbar lep.llep.root
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MET distribution in Control and Validation regions

e Region A o Region B
*Log scale

Events
>
Events

10° 4

10° 4 l IJ l
10° 5 H

000 0 100 200 300 40 500 600 100 0 100 200 300 400 500 600
MET [GeV] MET [GeV]
. Region C 1 ATLAS Internal Region D ATLAS
@ @
§ —=C § — D
w w
10°
10° ! ; ; ; 10° ; ;
100 0 100 200 30 00 500 600 100 0 100 200 300 400 50 600
MET [GeV] MET [GeV]
Samples: ATLAS Open Data mc 410000.ttbar lep.llep.root 0

BLED 2024: International Workshop on Lepton Number Violation



Lara Calic, June 20th 2024

mc_410000.ttbar lep.llep.root

ATLAS Intemal Isolation Distribution ATLAS
w T T T L] T ! X T ' T )
=
o MET_CUT = 30
m 107 _
S S B
| Variable | Min | Max |
S S B
105 lep_pt | 2.50e+04 | 2.96e+06 |
lep_etcone20 | -3.71e+04 | 5.52e+04
met_et | .51e+01 | 6.59e+06
isolation | 0.00e+00 | 9.14e-01
_______________ I RS SO
103 —
10' —
0.0 0.2 0.4 0.6 0.8 1.0
Isolation
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P_, MET distribution in Control and Validation regions

107 Region A 10 Region B
é E == % E — o
R MET 4 @ r MET
o 5 B =| 1081 =
N i ] = 3
10° = _‘j-i::', =5 = . = -
- Bt 1 = E
= B = B . =
F i S i ] 10" = =
103 = tEan - E j"; 3
: gt i i
102 = 109 Lr =
101 I I I L 10—1 | L I I
0 100 200 300 400 500 0 100 200 300 400 500
Variable [GeV] Variable [GeV]
o Region C 6 x1072 ATLAS Internal Region D ATLAS
5 - ] 5 C -
I = MET —| I H MET _|
C 1 4 — —
I | 2F =
10 = 0 -
i 1 2F g
| ‘ i B il
| ‘ 4= il
u | 7 —% 77}
4 1 C ]
-1 Ll I | | N | L . L
10 0 100 200 300 400 500 60 100 200 300 400 500
Variable [GeV] Variable [GeV]
Samples: ATLAS Open Data mc_410000.ttbar lep.llep.root
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Comparison of Fake Factor components

- s Left hand-side = represents the background
Numecrator ,". (S R)
— ' 2

— Right hand-side = represents the fake factor
modeling of the background: W +jet (CR)

Jet veto
application

Numcrator

LH RH

Numerator

Numerator Numerator Numerator f . - extrapolates to fake background (there is

0
% / % no overlapping jets)

f, - extrapolates to fake background (but

Denominator Denominator Denominator

‘ includes overlapping jets)

Inclusive P e Reconstructed Jet ( \
Key relation that ties the:

Dinormaroe Ixneenrator

N' = fN;

fake factor rate between
k signal and control region )

A *numerator = events in the signal region

*denominator = events in the control region
BLED 2024: International Workshop on Lepton Number Violation



DataToySample

A Region (T & x; > x_cut): Fakes

Feature 0 - Feature 1 ATLAS
300 -
real real 500 Internal
fake fake
300 -
250 1
250 400
200 1 )
X
200 1 fid
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BLED 2024: International Workshop on Lepton Number Violation



“’Slicing approach”

Multijet background

Closure ABCD method - ttbar

MET cut at 25 GeV

: S ATLAS
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Similar approach already exists
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-28/

Outline

LUND

UNIVERSITY

Background estimations in Exotics analysis
Significance of the statistics

Fake Factor method

Machine Learning solution

Summary and importance of Fake Factor (FF) method

u P WEN -
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