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I. Theoretical framework
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I. 1. Context and motivation

> From a cosmological and astrophysical point of view, the existence of a non-baryonic and
weakly interacting —electromagnetically neutral (dark)— component of matter is widely
accepted

> Even though dark matter accounts for the 26% of the energy budget of the Universe, its
fundamental component —a DM particle— has not yet been observed

> Cosmologically, DM is currently considered as a main ingredient in the evolution of the
Universe and the structure formation

> In the past few years, the LHC has been studying the possibilities of simple DM models.
Recently, the ATLAS Collaboration and, in general, the HEP Community has begun the study of
more complex models: introducing QCD-like interactions and different DM particle families



I. 2. Theoretical model

> The study is enclosed in the framework of a 3 particle family DM model, with couplings to the
Standard Model connecting different quarks and DM generations

> Coupling is mediated by a coloured scalar ¢ with the same quantum numbers as quarks
Laare = (iXPx — myxx) — (iIXijdridx; +h.c.) + (Dud) (DF¢) — midle — V(, H)

> Main free parameters of the model: masses of the mediator and DM particles, couplings and
mixing angles
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Moyij = My (1 +1(Drii)* + O(X))dy;

> DM particles can be either Dirac-type or Majorana-type, and can couple to either right-handed
or left-handed quarks



I. 3. Specifications

> |n our study we considered Dirac-type DM particles with couplings to right-handed quarks,
leading to a final state with a top quark that decays to a 1 lepton state
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II. Neural Network strategy
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I1. 1. Neural Network strategy

> Classical strategy on signal-background discrimination consists on applying clever selections,
i.e. choosing events with kinematical variables inside some range, so we remove background

events keeping as many signal events as possible

> We aim to enhance the discrimination process through the use of a Deep Neural Network, as
they are, in general, more capable of capturing correlations between variables
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II. 2. DNN hyperparameters

> The neural network has been built-up and trained using the PyTorch library

> The procedure consists on feeding the NN with mixed up signal & background events, so it
learns to tag them properly

> The hyperparameters that can be changed in this particular DNN are:

DNN architecture Dataset division

e Number of hidden layers = 3 e Batch size =32
size of subsets in which are divided the total events

e Number of neurons per hidden layer = 32
e Number of epochs = 8

P Learning rate of the NN = 10° number of times all of the events are fed to the NN
how fast the NN approximates itself to the optimal parameters



III. Data

CONTENTS




IT1. 1. Monte Carlo simulations

> Monte Carlo simulations for different DM parameters

>  ATLAS detector effect is also being considered in the simulations

> Preset benchmark:

013 =6 Dy11=Dy»n=d
012 = 023 = ( D)\,33 =d+ 0.5
BACKGROUND SIGNALS
e tt-bar o ttZ 019 = 013 = a3 = 0
e singletop e Multiboson
o 7zijets e Raretop 6 =0.1 n=20
o Ww-jets e Other (ttH + dijet)

11



ITI. 2. Signal vs. Background plots. Signal samples

Intermediate DM parameters to study the variable behaviour: (6 = 0.1, 1= 0)

Signal samples my/GeV m, /GeV d
Sample 1 1500 100 1.5
Sample 2 1000 500 2.0
Sample 3 500 100 2.0

Variables studied :

e Basic kinematics: MET + p_.

, , beiet ciet e Transverse masses: m_
e Tagged kinematics: p.>*¢ + p.*’

. e Stransverse masses: m.,
e Angular distances: AR
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VII. 1. Basic kinematics
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VIL 2. Tagged kinematics

T T T %) T T T
ATLAS Work In Progress g ATLAS Work In Progress
75=13.6TeV,26.1fb " Signal M & Backgrouns 2 V5 =13.6TeV, 26.1fb ' Sonal (OM) & Background
DM parameters: (m , m,. ) w DM parameters: (m . m . d)
— (500,1002.0f * ~ —— (1000,500.2.0) = — (500,100,20) *  —— (1000,500,2.0)
— (150010015 [ Rare top 5 — (150010015 [ Fare top
[~ I [ Mutibosen 4 iz [ oter
[ over [ ziers ~ [ Matboson [ zviers
B sioeop [ wejets @ Single-op [ weiers
[ 13 %5 M aC: [ I3 P
i
E ] 6 ]
] n 2 3 g
5 4 ] g ¢ E
£ £ | 2 ]
E 2 = = 2] &
=2 L il 2 |
0 oF . @ Us B
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
pif‘ [GeV] pe [GeV]
) T T T T T @ T T T
S ATLAS Work In Progress S 10'°= ATLAS Work In Progress
> S=13.6TeV,26.1fb " Signal (OM) & Background > 10%E- (5=13.6TeV,26.1b ' Sanal (oM) & Background
w DM parameters: (m . m,.d) w DM parameters: (m ,m, &)
= —(600.10020) ¥ — (1000.50020) = 10° EtSc0 0020 ™Y — (1000500.20)
5 — (150010015 [ Raretop = — (150010015 (I Rare top
[ [ Muttivoson B iz = 10 [ 14 [ z+iets
~ [P [ omer =~ 40°E [ oer [ Mottoson
2 [ wiiers Bl sigioop L [ wiiets
S (=1 Pz § 10 = % su
2 o 10°
w w
10°
10?
10
1
107'E
il 107i L 1 T
g ] L ]
§ 4 E § 4 E
k) £ ] L L 1
s 2 = B 2- =
2 L ] 2 C ]
@ oF . @ 0F .
0 50 100 150 200 250 300 350 400 0 20 40 60 80 100 120 140 160 180 200

Py [GeV] pEi [GeV] 15



VIL 3. Angular distances
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VII. 5. Stransverse masses
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V. 1. Good performance vs. Bad performance
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True Positive Rate

V. 2. Impact of variables in discrimination

ROC curves
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VI. Conclusions & Next steps

>

>

4

v

A DNN-based analysis can be decisive on the signal/background discrimination process
We have been able of extracting conclusions based on the kinematical variables used:

e Stransverse masses, angular distances and tagged kinematics do not contribute
significantly to NN performance

e Basic kinematics (AUC = 0.92 with 6 different variables) and transverse masses (AUC =
0.89 with 3 different variables) can achieve a good performance with a low number of
variables

e Just with basic kinematics and transverse masses (MMPV), the performance is nearly
(AUC = 0.93) the performance achieved with every variable considered (AUC = 0.94)

It would be better to prioritise resolving basic kinematics and transverse masses

Future studies will analyse the effects of combining both cuts and DNN strategies:
introducing manual selections of kinematical variables sets and cuts could lead to a
computational cost saving
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SELECTIONS & CUTS SIGNAL VS. BACKGROUND PLOTS



Proposed selections

Significance selections SR1L1c

¢ NIep =1 ¢ Njets 22

¢ Njets 24 ° Nc-jets =0

¢ Nb-jets 21 ® Nb-jets 21

e E MsS>400 GeV e E.™s>200GeV

e 200 GeV s m.(jets, E,™°) <650 GeV o m(cjets, E,™) 2150 GeV
o m(#ell E,™%) =200 GeV o m(b-jets, E/™) =200 GeV

e E ™ significance = 10

o m.(#ell, E,™*°) = 30 GeV
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Basic kinematics
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Tagged kinematics
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Angular distances
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Transverse masses

T

Q
Q,

T T T
ATLAS Work In Progress

{$=13.6TeV,26.1fb "' Signal (OM) & Background
OM parameters: (m . m,, )
—(500,100

T T T
ATLAS Work In Progress

/s=13.6TeV,26.1fb ' Signal (OM) & Background
DM parameters: (m , m,. )
—(500,100,

T T T
ATLAS Work In Progress

Vs =13.6TeV,26.11b ' Signal (DM) & Background
OMparametcs (.,

Q
Q

20207 ™ Y — (1000s00.20) 20y ™Y — (100050020) 20y ™Y — (100050020
— (150010015 [] Other — gs010015 @ — (50010015 [ Zeets
R zvies [ matiboson B sige o0 D zvies 0 ower ] Mutibosen
[ [ B weiets [oer [ matbosen B wiiets [
=1 [~ [ [ wiies (=1 [~
B singie-op 10 - P 10? B singeop P

Events / Total Events

Events / Total Events
Events / Total Events
)

o o il
10 i — i
£ ] 6 6 e R
3 [ 2 3 o 1 3 [ =
S 4 1 S 4r = S 4r E
g e emad g ] £ E
= 2F = | E 2 = = [ A
= E - ° E - ° E
@ o e @ o E E] E
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0 50 100 150 200 250 300 350 400 450 500
mr(jr-zts,Ef“)max [GeV] rnr(c-jets,E?‘“)max [GeV] mT(#eII,E?“S) [GeV]
@ T T T 2 10 T T T = @ T T T
S ATLAS Work In Progress S ATLAS Work In Progress E S ATLAS Work In Progress
> V$=13.6TeV,26.11b ' Signal (D) & Background > /s =13.6TeV,26.1fb ' Signal (OM) & Background _ = {$=13.6TeV,26.1fb "' Signal (OM) & Background
w OM parameters: (m . m, o) w 10 M parameters: (m . m,. o) E w OM paremeters: (m . m. d)
= G0 10020 ¥ — (1000500.20) = G020 ™ ¥ — owoswoze) = e oni0020y ™ Y — (00050020
2 — (150010015 [ Other £ — gs0010045 [ 3 3 — 50010015 [ Otver
s [ zets [ Mutivoson = 10 I Single-0p D ziets = fiss ] Mutiboson
- [ wees [ ~ [ other [ Muitiboson E -
§2] [ >4 [ §2 o [ rare top B waiets 7 2
g B singie-op P g 10 . “b sm E 5
> > Ll >
ir] it} 4 in]

IS
I

Significance
N
!
S

[N N N

Significance

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000 31
e miss: : -Miss, ¢ -Miss:
mr(Jets,ET' )i [GEV] mr(c-Jets,ET‘ )i [GEV] mT(b-Jets,ET' ) [GeV]

‘min

Significance

o




Stransverse masses

@ ————— @ S R
S . F ATLAS Work In Progress S . F ATLAS Work In Progress
S 10 (5 =13.6TeV,26.1 fb ' Sinal (OM) & Background S 10 (5 =13.6TeV,26.1 b ' Sonal (OW) & Background
w DM parameters: (m m . d) w DM parameters: (m . m . d)
= " —(500,1002.0f * = —— (1000,500,2.0) = " —(500,1002.0f *  —— (1000,500,2.0)
g 10 B o A e g 10 —kenioois) [
4 [ 2eies ] Mutiboson 4 [ zeies ] Mutiboson
; 10° = iﬁé“eu E :ave top ; 10° E ;ave top
5 B sngeop P 5 B sngeop P
> >
it] it]
3 £ ] 3 £ a
§ 4 E § 4 E
£ F ] £ E ]
E X E - E
o of ] & of ]
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
me((25" ) [GeV] meldh, o) [GeV]
52 105 T T T 52 T T T
S ATLAS Work In Progress S 10° ATLAS Work In Progress
> 10°E (s=13.6TeV,26.1b "' Snal (OM) & Background > {s=13.6TeV,26.1fb ' Signal (OM) & Background
w DM parameters: (m m . d) w DM parameters: (m . m . d)
= — (500,1002.0f * = —— (1000,500,2.0) = 104 — (500,1002.0f * = —— (1000,500,2.0)
5 10° — (150010015 [Jother 5 — (150010015 [ Other
2 [ zeies ] Mutiboson E . ] Mutiboson
~ A3 [ wiets [ Rare top ~ 10 [ Raretop
2 10°E B iz . 2 .
§ 102 B single-top %4 sm § 102 %4 sm
it] it]
10
1
107
6 - 1 6 ]
] r \—l——’\_ﬁ 1 ] r \_'—I_I—P—JT;
§ E §
£ L il £ L
R S S g R S
®  oF - 5 ®  oF b
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

mTz(t::s?vedJ‘) [GeV] mTz(J:a:Lo’F) [GeV] 3 2



SR1L1c



Basic kinematics

» - T T 0 4T T T T T » T T
€ 10°E" ATLAS Work In Progress g 108 ATLAS Work In Progress g 10°E" ATLAS Work In Progress
U>J 108 {s=13.6TeV,26.1fb '  Signal (DM) & Background U>J 10 {s=13.6TeV,26.1fb '  Signal (DM) & Background U>J 108 {s=13.6TeV,26.1fb '  Signal (DM) & Background
DM parameters: (m  m,, d) e DM parameters: (m . m . d) DM parameters: (m . m . d)
s 107 ——(500,100,2.0) —— (1000,500,2.0) w 10 ——(500,100,2.0) —— (1000,500,2.0) = 107 ——(500,100,2.0) —— (1000,500,2.0)
] —— (1500,100,1.5) [ other S 5 —— (1500,100,1.5) [ other S - —— (1500,100,1.5) [ other
= 108 [ Rare top [ z+jets = 10 [ Rare top [ z+jets = 10 [ Rare top [ z+jets
~ 5 B iz [ Multiboson ~ 1 05 B iz [ Multiboson ~ 5 B iz [ Multiboson
g 10 [ | Single-top - Wiiets 42 . [ | Single-top - Wiiets 42 10 [ ] Single-top - Wejets
g 104 B 555 SM g 10 B 555 SM g 104 B 555 SM
i} w108 w3
10° 102
10 10
1 1
107 T 107
1072~ N T S (R ] B — . 102 E—
6 T T 8 6 8
3 3 E ] 3 c ]
5 § 4 108 4 E
L O C ] O C ]
b= b= P = 2 =
o k=3 = e — . 1
nh o oF = o oF .
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
EM (GeV] P [GeV] pr,[GeV]

34



inematics

9f T T T
108 ATLAS Work In Progress
10° Vs=13.6TeV,26.1fb "' Signal (DM) & Background

5 DM parameters: (m . m,, )
10 —— (§00,10020)" ¥ —— (1000,500.2.0)

T T T
ATLAS Work In Progress

(s=13.6TeV,26.1fb "  Signal (OM) & Background
OM parameters: (m . m,.d)

—— (60010020 ¥ — (1000,5002.0)

—— (1500,100,1.5) [ Other —— (1500,100.1.5) ] other
B Z+jets [ Rare top [ zeiets
[ Mutiboson 10° iz [ Muitboson
B weiets

%% sm

Events / Total Events
Events / Total Events
=
%

6 & ]
g 4 ] 8 ]
§ 4 E § E
£ £ | 2 |
r=I - S S s E
Ry ] 2 |
n oF 5 [} E =
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
pif‘ [GeV] pe [GeV]
@ T T T T T @ . T T T
S ATLAS Work In Progress S 10" =" ATLAS Work In Progress
> V5=13.6TeV,26.1 fb ' Sinal O & Backgrownd % 10°E- 5 =13.6TeV,26.1f ' Sonal 0w & Background
w OM parameters: (m . m,. ) w DM parameters: (m . m,.d)
_ —— (500,100,20 ¥ = —— (1000,500.2.0) = — (800,100.20) ¥ —— (1000,500.2.0) =
g — (0010015 [ zeets £ 10° — (150010015 [Jother
2 [ oter [ Rare top 2 [ 2jets [ Rareop
~ [ I [ Muvoson ~ 10°L iz ] Mottoson J
@ [ vivfess B sigeop @ Single-op B vivfess
& - g 10? T P
I & E
10° E
10
1
107"
ik
il 107i 1 L 1
6

Significance

0 50 100 150 200 250

300 350 400
b-jet
Py, [GeV]

Significance

I
RRRERER

\”

(=]

T

o

20 40 60 80

100 120 140 160 180 200

Py [GeV] 35



Angular distances
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Transverse masses
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Stransverse masses
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Basic kinematics
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Angular distances
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Stransverse masses
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I. Basic kinematics:
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II. Tagged kinematics: p,.°7¢ + p, 7
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ITI. Angular distances: AR
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IV. Transverse masses: m,,
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IanSverse 1masses: M.,
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VI. Basic kinematics + Angular distances
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VII. Basic kinemat
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VIII. ALL: Basic & Tagged kin. + Angular + Masses
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IX. Minimal Most Performative Variables: MET + p.. + m,,
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BACK-UP

SOME OTHER SLIDES



True Positive Rate

“Comparation”: classical cuts vs. DNN
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Reco & Truth Monte Carlo simulations

Truth simulations: Events exactly how they would be produced at the centre of the detector, the
theoretical events without the effects of the detector (i.e. particles that escape the detector, for
example)

Reco simulations: The events of the truth simulations are passed through another algorithm that
simulates the effects of the detector on the data. This simulations is what we really expect to
obtain from our measures.
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