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|NTRODUCTIO

Many experimentl results show good Evidence of new physics:
agreement with the SM predictions A Neutrino oscillation

A Rare decay processes of Biesons

A Observation of dark matter
A Anomalous magnetic moment of the muon

Vectorlike fermions Apossibleextension

A particles whose lefthanded and right
handed components transform the same

way
A do not interact with the W and Z bosons as
V. | A currents, but

4

m[ [ directlyin the Lagrangian
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|NTRODUCTIO

Many experiment results show good Evidenceof new physics:
agreement with the SM predictions A Neutrino oscillation

A Rare decay processes of Biesons
A Observation of dark matter
A Anomalous magnetic moment of the muon

Vectorlike quarks VLQ3 -_
Vectorike leptons (VLL9 _ .
; ; A possibleextension
Vectorike fermions

Currentlimits on VLL masses: A particles whose lefthanded and right

x <100 GeV LEB handed components transform the same

x Singlet114-176 GeV ATLAS way

x Doublet6 , 1,120-790 GeV CM9 A do not interact with the W and Z bosons as

x Singlet6 , 1,125-170 GeV + vV Acurrents, but as pure V currents
Doublet6 , ;<1045 Gev(CMS 4,

X Doublet6 , ;,120-900 GeV ATLA — . : :
f > m. [ directlyin the Lagrangian
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VECTORLIKE LEPTONS

Search for Vectot.ike electrons/muons
(VLL,.) assuming a smalimixing with the SM
leptons through Yukawa interactions

Decays to SM leptons and Higgs, W or Z
bosons (SM couplings)
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VECTORLIKE LEPTONS

Search for Vectot ike electrons/muons

(VLL,.) assuming a smalimixing with the SM
leptons through Yukawa interactions

Decays to SM leptons and Higgs, W or Z
bosons (SM couplings)

Two VLL models: as SU(dpubletsor singlets
with quantum numbers O T T T ] o

1 1 13 TeV :g";:;};-? : pp> 1T :12%3

LL,R —I— LL,R = (]_’ 2, —5) + (]_7 2, 5) S103E — pp>u‘c‘_E 3102'_ Singlet VLL

Lir= (VerLrlhR) / ; = Doublet VLL 3 &= 77 ¢ ]
v . L 1 c r
trtlr=(11-1)+(1,11). s | g |
3 10¢ % 0%
w r w r
g | 8 I
o 1 o F

. 10F E

Same frameworkas the analysisthat exluded g : 10°F

x  Singlet6 , ;,125-170 GeV + I i : :

Doublet6 , ;,< 1045 Gev(CMS 10000~ ~"200 300 400 500 100 200 300 400 500 600

v mass [GeV] 7" mass [GeV]
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TheVLL,. analysis S regronsl

(I

Signal SamplesVLL,; singlet & doubletsamples @NLO

A Masses: {150, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100,
1200, 1300} GeV

A Blinding:S/B > 5% S = combined yield fromVLL,; doublet at 600 GeV
andat 1 TeV

A Events are classified into channels based depton multiplicity (271©S,
3/b4/Bpand thenclassifiedinto orthogonal Signal Regiondargetinga
specific signaltopology

x Single shotSignal vs Signal vs BackgrounggvsSvsB Deep Neural
Network (DNN}o discriminate between signal topologies in the
2/®S and Jkchannels

x Shape analysis strategyor the 4/tchannel due to reduced
statistics/complexity

x Individual SM backgrounds treated with appropriatesection

A TargetVLL, and VLL; separatelyby placing flavor requirements on the
leptons entering the signal regions

13/11/2023
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https://indico.cern.ch/event/1297697/

l FromH a r rupdétes

Fitwith modelling uncertaintiesacross all SRs
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U Normfactors of the major M poust [9€V] M50 snge G8V]
backgroundsas free parameters — :
Limits from the CMSanalysison VLL -
A Results In case of no excess, the T BRI AR CY)
.. . C - CMS ]
95% CL upper Ilmlt Wl” be 1022— Vector-like lepton doublet —_ 102;_ Vector-like lepton singlet _é
evaluated on the production cross e o aporis
section x branching ratio of the _ ik vemegees 4 o b e
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m. THEMASSRECONS

RUCTIAINGORI

Z boson

bb
H boson

0. 1% YY
~ 72*

wws
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A Reconstruction of only one
VLL per event

LA Final state characterisedby

the decay mode of the boson

coming from the VLL

[

Boson

M lepton
VLL !
W, Z H i
V - q
VLL q
SM lepton

AN




THE MASSRECONS

RUCTIAQINGORI

HM

A Reconstruction of only one

Z boson

bb

wws

VLL per event
Fnal state characterisedby

coming from the VLL

the decay mode of the boson

M lepton
I J W, Z H
Some

q Boson VLL V

SM Iepton

Fourmain decaytopologies

U Bosonto two visible

fermions (0 ® "(Qee
U LeptonicWdecay

H boson

u Z or W to oneboosted

13/11/2023

0.1% v

jet
U Higgs toelectroweak
bosonsto four fermions

Reconstructionunfolds in two steps:
~. Bosonreconstruction

2. VLLreconstruction—\

are reconstructed '/

\

Use thereconstructedbosonand
the unused lepton with the highest

transversemomentumto getthe VLL




SM lepton

60 "ORe

&

=

=

W® 'Bis similar but has an
additional step due to the
reconstructionof the neutrino

W @,

Decayscompatiblewith this type of reconstruction
00, Z *Bw BHbb,andZ &b

J

Jets \1 Index, integer

Jet, TLorentzVector

0 1 3 4
Jet, Jet Jet, & Jet,
Zs
0 1 3 4
Zy Z Z Zy Z,
0 0 0 1
1 4 2
Ry  HRon Rz FRu  #Ry
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Indices of the jets
that make up the Zs

5

3

6
Z o Z
1\1

First Step

Z boson,

bosons

TLorentsVectarWith n
jets, onegets

Z

4

AR = /A 1 A,

4
+ R13 \:':Rl

Angular distance
between the jets

- = ()




SM lepton

0 O
3

W® 'Bis similar but hasas
additional step due to the

=

XRe
8 reconstructionof the neutrino

W @,

Decayscompatible with this type of reconstruction

: -

Zqq,® Z "B BHbb,andZ &b

Jets \1 Index, integer

First Step

Jet, TLorentzVector

0 1 2 3 4
Jet, Jet Jet, & Jet,
Zs
0 1 3 4
Zy Z Z Zy Z,
0 0 0 1
1 4 2
Ry  HRon Rz FRu  #Ry
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Second Step

Select onebosonto

c reconstructthe VLL with.

Indices of the jets
that make up the Zs

3

6
Z o Z
1\1

Z boson,
TLorentsVectarWith n

Z

jets, onegets
bosons

Twopossible strategies:
U ..2-onlyapproach
U ..2+3"Yapproach

4

4
+ R13 \:':Rl

Angular distance
between the jets




..2-ONLYAPPROACH

gl

25 - : (,,nreco _ rnon—shell)Q
TheG is defined as X2 =B B
| )

For each decay mode
1. Cal cul &forall bodores G

ZS
0 1 2 3 4
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..2-ONLYAPPROACH

v TECO ~on-shell\2
(mige> — gl

gl

The @ is defined as %
/ B 2
0p

For each decay mode
1. Cal cul &forall bodores G
2. Sort2sthe G

Zs
0 1 2 3 4
Z 4 Z Z3 Z,
0 0 0 0 1
1 2 3 4 2

¥Ry ¥Ry, #Ryz #Ry  #Ry, )

N
o
w
[
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..2-ONLYAPPROACH

rnreco . on-shell\2
(mige> — gl

gl

The @ is defined as XQB -

2
0p

For each decay mode
1. Cal cul &forell bodores G

2. Sort=sthe G
3.Use the boson 2@®5btoh the I|@dOwest G

reconstruct the VLL

0 1 2 3 4
Zy Z, Z Zs Z,
0 0 0 0 1
1 2 3 4 2

*R01 #ROZ *ROS *RO4 :FR12

Zs

The VLLwill be

reconstructed . - . 5 5
using % G, G, Gy G, G,
4 0 3 1
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..2-ONLYAPPROACH ..2+3Y APPROACH I

gl

The @ is defined as = (migee — mp-shell)2 Calculatethe G for all bosonsand sort the Gs as with the
* U% other method

For each decay mode
1. Cal cul &forell bodores G

2. Sort 2t he G

3.Use the boson 2@®5btoh the I|@dOwest G )
reconstruct the VLL 0 1 2 3 4 G
7 A e o - 5, &6, G, G, G,
z AN - A 2 4 0 3 1
0 0 0 0 1
1 2 3 4 2

*R01 #ROZ *ROS *RO4 :FR12

The VLLwill be

reconstructed . . . . .
4 0 3 1
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..2-ONLYAPPROACH ..2+3Y APPROACH I

gl

TheG is definedas | 2, — (mjge — mggshell)? Calculate the@ for all bosonsand sort the Gs as with the
B o2 other method
For each decay mode 1. Selec‘Et’he bo’sons Wlt'h .
Ya & a <.

1. Cal cul &forall bodores G . .
- and sort them according to theid Yg ¢

2. Sort 2t he G . : .
3.Use the boson 2btoh the | vg'e SUlse tl‘@ first boson of the new I|§t to build the VLL
reconstruct the VLL . 0 . . 3 " G
S : . : -

0 1 2 3 4
7 AN . A 2 4 0 3 1
0 0 0 0 1

1 2 3 4 |2 S o 1 2 o\ 1 2
FRu  FRy, #Rps FRy  FRy & Z, 2y Z, Z, Z, Z,
é_/> o 1 2 3 4 L 1 g |1t 0 W
6, & @6 e a . 2 2 | 3 1
0 1 2 3 4 TRy; FRy;  FRy R, | #FRy3  FRy
_ G
The VLLwill be 0 1 2 3 4
reconstructed The VLLwill be

N
o
w
[

using % \é G, Go CGs Gy reconstructed
usin
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Only seven signal samples are available: & Ariasirn rose wieoo | E | ATLASwor e teoion ]
A 2 for VLL, doublet model (800 and 1300 GeV)} | b " et R = s -
A 2 for VLL, singlet model (800 and 1000 GeV), ool | 1 e E
A 1 for VLL doublet model (900 GeV), ok RN ]
A 2 for VLL singlet model (300 and 400 GeV) | i . Z
Even if one decay is compatible with multiple o Eﬁm I s TP W
channels, the different lepton multiplicity final B B

states might lead to plots of varying quality.
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Only seven signal samples are available:

Events

A 2 for VLL, doublet model (800 and 1300 GeV),
A 2 for VLL, singlet model (800 and 1000 GeV),

A 1 for VLL; doublet model (900 GeV),

A 2 for VLL singlet model (300 and 400 GeV)

Even if one decay is compatible with multiple
channels, the different lepton multiplicity final
states might lead to plots of varying quality.

" —
o — ATLAS Work In Progress
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S CONCLUSIONSNDOUTLOOKQ

A Vectotlike fermions are predicted by numerousBSM theories
A Vectotrlike leptons coupling to light leptons have yet to be
Investigated experimentally in ATLAS
A Theinvariant massreconstructionalgorithmwas created to fit
seamlessly into the framework of the analysis
A In the future
% The algorithm can be tested on a wider range of samples
X More decay modes can be added
% The mass reconstruction can be used by the DNN or during th¢

fitting procedure

13/11/2023
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|NTRODUCTIO

Many experiment results show good agreement with the SM predictidns

Hiccups A possibleextension

Vectorike fermions

However, there is evidence of new
A particles whose lefthanded and

physics:

A Neutrino oscillation right-handed components

A Rare decay processes of Biesons > transform the same way

A Observation of dark matter A do not interact with the W and Z
bosons as V I A «

A Anomalous magnetic moment of

the muon pure V currents

Compatible with:supersymmetric / ‘L

theories,stringt heor i es,| e directlyin the Lagrangian
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VECTORLIKE FERI\/IIONS

VectoHike quarks VLQ3

A Interact strongly

A Both single andpair production
possiblewith proton{proton
machines

A Constrainsfrom QCD

A Searches are quite advanced
(e.g.VLQs with ATLAS

Vectorlike leptons (VLL9

A Do not interact strongly

A Onlypair-production, primarily in
DrellYan processes

A Production crosssection
depends on the choices of weak
Isospin and weak hypercharge
for the new states

A Searches on VLLs coupling to
third generation leptons are
quite advanced

24


https://www.sciencedirect.com/science/article/pii/S0370269323003532
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VECTORLIKE FERI\/IIONS

VectoHike quarks VLQ3
A Interact strongly
A Both single andpair production

A Constrainsfrom QCD
A Searches are quite advanced

possiblewith proton{proton
machines

(e.g.VLQs with ATLAS

Currentlimits on VLL masses:

X

X
X
X

< 100 GeV LEB

Singlet114-176 GeV ATLAY
Doublet6 , ;,120-790 GeV CM9
Singlet6 , ;,125-170 GeV +
Doublet6 , ;<1045 Gev(CMS
Doublet6 , ;,120-900 GeV ATLAY

Vectorlike leptons (VLL9

A Do not interact strongly

A Onlypair-production, primarily in
DrellYan processes

A Production crosssection
depends on the choices of weak
Isospin and weak hypercharge
for the new states

A Searches on VLLs coupling to
third generation leptons are
quite advanced,
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https://www.sciencedirect.com/science/article/pii/S0370269323003532
https://www.sciencedirect.com/science/article/pii/S037026930101005X
https://doi.org/10.1007%2Fjhep09%282015%29108
https://doi.org/10.1103%2Fphysrevd.100.052003
https://doi.org/10.1103%2Fphysrevd.105.112007
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THE ATLASXPERIMENT

e

The analysis uses Run 2 proten «m | ATLAS coordinate syster‘n
proton collision data collected with — . (X y Z) or (r' )

the ATLAS detector a§i = 13 TeV |
and 139 fb? of integrated
luminosity.

Rich variety of final states require$ : \ vz N
all sub-detectors N | AN A T T e
Al nner detect-or| folr / “ \
guark identification
A Electromagnetic and hadronic
calorimeters to detect showers
S Muon chambers Solenoid magnet | Transition radiation tracker
A Muon chambers |[for k Stticonducce ke

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector
LAr electromagnetic calorimeters

Toroid magnets
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TheVLL,. analysis stllavork

S
Input/output Code
Signal SamplesVLL,; singlet & doublet SemiRaw
samples @GNLO TN
A Masses: {150, 200, 300, 400, 500, 600, / code vt
/700, 800, 900, 1000, 1100, 1200, S
1300} GeV _\
A Blinding:S/B > 5% where S = combined Code Iv2
yield fromVLL,; doublet at 600 GeV and /

variables
A OrthogonalSignal Regionsach targeting Conn
a specific signal topologydefined using
lepton multiplicity (2©S, 34/ and
neural network cuts

A TargetVLL, and VLL; separately

Statistical

tools

A Inerrl [VLLm D&00 94
w = 13Tev, 138 & Doz 40
Vileu w03 iz b a8

1] R K2 gt an
re-Fi REZH M a9
(Zh* ag
v ag

i 1z |
bars LF 1.5
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|
3L

\ |
SvsSvs® DNN

!

Final Distributions

I
I
I
I
'

0 AI\IALYSI§TRATEGY

Single shotSignal vs Signal vs Background
(SvsSvsB Deep Neural Network (DNNp
discriminate between signal topologies in the
2J®Sand 3/kchannels

x Trained usingVLL mass and flavour
independentinput variables

X 5 input variables, 2 hidden layers with 22
nodes each,6 (4) output categories for
27S(3/B

x Individual SM backgrounds treated with
appropriate xsection

Shape analysis strategyor the 4/tchannel
due to reduced statistics/complexity



https://indico.cern.ch/event/1297697/

BACKGROUNDS

Irreducible backgrounds:

\\ﬁn E Blvem"’\ \rd’tb(ﬁ \\B\l—

and rare processes

(OO hd D oo O o wioA T

o0)

4L

-
4L VLLu SR 4L VLLe SR
Modelling of major SM
backgrounds - 1 <
—>| < <, ) checked
A |in dedicatedControl&
Regions L Major Backgrounds: VV
SR B
2LOS EOthers =D(|bosc;n S
( ee SR un SR W Zjets m Wiets
I I eup+puup SR eee+een SR
Major Backgrounds: tt, Z + jets L Major Backgrounds: V'V, 77

production.

Reducible backgrounds with at
least one fake or noRprompt
lepton, mainly due toool’

—>

Templatefit method

Dedicated fake-
enriched CRs
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FromH a r mupddies
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PRELIMINARRESULTS
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fw] 3 ]
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s, IHEMASSRECONSTRUCTIANGORITHM g

=
nput/outpu ode D
- t/_ = . WHY: It can be auseful
—\ visualisationtool and a possible
Code Ivi discriminating variable for the DNN c
/ the fitting procedure|

Code Iv2

objectsetcé —\
At thesecond codinglevel, using

A / \/, WHERE? | calibrated objects and producing
im variables plotted wWithTREXHTTER
TRExFitter

ctistical HOW? ~ - :
tools L e tgétisto It!
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LEPTONIGN DECAYS

=

Additional reconstruction stepn order

) —>
to obtain the fourmomentum of the’

A Constraining the W to
be onshell

A Assuming all MET
IS due to one neutrino

iy

Calcul ate t
longitudinal momentum

Once one neutrino is reconstructed

out of each charged lepton, a

corresponding W boson is calculated

Selection of the boson to use

for the VLL performed with
t h éonlGreconstruction.

o 45 L S e S B B B . ) 60 T~ T a

§ = ATLAS Simulation Interna s VLLy D900 3 § - ATLAS Work In Progress VLle D1300

G 40 /513 Tev, 139 1o Vilysdo0 4 3 T V5=13TeV, 139 fb™" W Vile S800

- VLLy 8300 3 50 viLey (39) VLLe S1000 |

3B H = - Leptonic W (x? reco) VLLe D800

30 = 40 —
o5F 3 -

VLL - ] 0 VLL,

20 — L

15[ = 20 -

o N
5— - L

00 ~""250 500 750 1000 1250 1500 1750 2000 Og 500 1000 1500 2000 2500

VLL mass (GeV)
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VLL mass (GeV)
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, BOOSTEIDNEJET DECAY S,

VLL
=
: W, Z Boostedjet
Two jets can be too close to be > J
reconstructed as two separate objects.
Reconstruct vector bosons out of a single boosted
(pT > 50 GeV) jet whenever possible, otherwise employ
the two-jet approach described for the 6 © "C@topology
P — —— 4, 1000
§ | ATLAS Work In Progress VLLe D1300 o ~  ATLAS Work In Progress VLLe D1300 |
D 2000 vs=13TeV,139 b B VLleS800 — @ | Vs=13TeV,139 1" B Vile S800 |
B VLLey _(2808)2 VLLe S1000 ] 800 - VLLey (2£0S) VLLe S1000 |
| Hadronic W (x< reco) VLLe D800 | | Hadronic W (x? reco) VLLe D800 |
1500 |- . - ]
L | 600 — —
B . i l ]
1000 |- — - 1
500 |~ . 200/~ -
B | /—JI -.__ | : - y L ]
% 500 1000 1500 2000 2500 05— 500 1000 1500 2000 2500
VLL mass (GeV) VLL mass (GeV)
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s HIGGSDECAYS’OVECTOFBOSONS%

H @0O°e0 4q anddad 4ay
H @n’® 2q* tands

2B

H @mweo 2q +

1. Fermions are paired up to form all possible
bosonsV

2. Set of Higgs bosons obtained by summing the
four-momenta of all possible pairs oV0 s

3. Cal cul &definedtab e G
5 (mlﬁco _ m(j)}l-shell)Q N (ml";eco _ m(‘)/n-shell)2
XH = P 2

o7 Oy

twice (using eachV as the onshell boson) and
picking the lowest of the two
4. PicktheHboson with?lhe |

13/11/2023

Owe

Events

Events

- o w P [41] (o2} | [0}
o o o o o o o o
oI\H‘I\II‘II\I‘H\I‘\I\Illl\l‘\l\\‘\l\l

o

—_ —_ —_
PO A~ @ o2} o no B
O ‘ 1T ‘ T 1T ‘ 1T | 1T ‘ T T

o

ATLAS Work In Progress
Vs=13TeV,139 1"

VLLey (2£0S)

Hadronic H - VV~ (x? reco)

500 1000

= VLLy D900
VLLy 400

=
=
=
1)
w
=}
o

1500

2000 2500
VLL mass (GeV)

———————r
ATLAS Work In Progress
Vs=13TeV, 139 tb™'

T Viley (39)
- Semileptonic H— WW~ (x2 reco)

500 1000

1500

mmm VLLy D900 ]
VLLy S400 T

VLLy 300

2000 2500
VLL mass (GeV)
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EXTRATHEORMBITS

A single weaklisosingletbare fermion mass parametefQ
IS mostly responsible for the new fermion masses, with a

small Yukawa couplings to the Higgs field providing the A In the special case of no mixing with the
mixing mass with the Standard Modet lepton, which tau lepton, - = 0, the lightest VLL would b
also has its own Yukawa coupling; to the Higgs field. absolutely stabledue to a conserved

. _ . global symmetry.
The charged fermion mass matrix forthg f6 sy st efr

each case then can be written in the form A We assume instead that is a tiny
v,v 0 perturbation in the mass matrix, but that i
M = ( cv M exceeds about 2x 10' 7 which is large

enough to allow the VLLs to decay

The treelevel mass e_|genvalues, obtained from the | promptly on collider detector length scale$
square roots of the eigenvalues of A after expanding to Standard Model states
fory+, -1L Q, are A The fermion mass eigenstates then

consist of a charged Dirac paitee, ftae
in both models, and a neutral Dirac
pair’ K in the doublet VLL model

while the treelevel neutral VLL mass in the doublet only
model is simplyQ._, 0

M, =yv(l—ev?/2M* + - )
M‘I."I = M{l +E12f;2flr2Mj _|_ ___:]
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EXTRAFITTINGBITS

The TREXxFitteframeworkis usedto The likelihood function depends on three types of
performthe statistical analysis parameters:

Simultaneousmaximuntlikelinhood fit of
BSM signal together with major SM

A the signalstrength, defined as a multiplicative factor to
the yield of all the VLL signal events;
A Aset of 9 normalisation factors for the main backgrounds;

backgrounds A Aset of nuisance parameters (NPs) encoding systematic

A In 8 of the control regions, the fit is uncertainties in the signal and background expectations.
performed on the total event yield. values of the parameters that

A In the WZttZCR control region the fitting The test statistic remisee Jielhondtineton
variable is the bjet multiplicity. e values g Ty, o= —2In (E(u = ?, iﬂ_(i: 6’#_0))

A In the signal regions targeting/Ll; ,, (fenetion when K is fixed to{AaX,0)
the HTlep+METdistribution is fitted to is used to quantify the agreement between the observed
measure theVLL; signal cross data and the backgrounebnly hypothesis (no VIike
sections, separately for the doublet ang phenomena), as well as to make statistical inferences about
singlet models. the signal strength.
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NEUTRINOMOMENTUMRECONSTRUCTION

b+ VB2 —4dac Here, h, ,) are the (x, y) components of
Pz = o , with the missing transverse momentum and
AL P x. ,areihe (xyy, z) components of
a = ( pp) — 1, the transverse momentum of the
b o (iu,f?{r T Pyep, N ’“%v) Pzt charged lepton.
Pe 2pe ) pe

Dot +Pueh m2 A\ The twofold ambiguity in the longitudinal
o= ( Dl TPy T "W) + P2 component can be solved by choosing
e 2pe the smallest root in absolute value
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TEMPLATEHT METHOD

Technique used to estimate >»Leaving the normalip { Obtainedfrom MC
multiple fake lepton backgrounds| | contribution templates freefloating in a fit 7| simulations of alll
by performing a simultaneous fit to data. processes contributing to

of numerous control regions the nonprompt lepton

These normalisation factors are then background,
employed to correct the fake MC estimates
. . . . . | 260S | 3¢
Uses a profile likelihood fit, assigning one THFY HERY G HECes | [mCO | MaicO IF,
scale factor per fake source (along with any Signawre | pe  ppllen  pe  pullen | epn cee || eup
additional nonfake correction factors), and bolulon WPs | TM L ke
. ) £ pr(Gev] | >20 | >10,20,20 > 10
a minimal set of nuisance parameters. Total Charge | 4
¢ Ntaus ‘ 0
Njets \ >2 | >0
Defines distinct types of fake/nomprompt Nbjets | 1@ 77% | 0@77% 0@385%
. . . Z Veto \ No | OS Pair No
leptons using truth information from MC P : A <10 e wl s
10 & 150 <
My <250
CO Candidate MatCO & !IntCO IntCO MatCO MatCO &
IntCO
Additional Cuts My (all £, MET) < 250 GeV - nWZpa=0&
8 < MET <30
Fitted Variable ‘ No. of events
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| EPTONIDECAYS

VLI(VV co)g VLIZ BB

o B — T T T T T T T 1 ] o C —r— 1 - 1 T T T T T T T ]
5 - ATLAS Workn Progress VLLe D1300 ] § 160~ ATLAS Workn Progress VLLe D1300 ]
m L Vs=13TeV, 139 b B Vile S800 4 i - Vs=13TeV,139fb™" B ViLe S800
50— ViLew (3¢) VLLe S1000 140 — VLLey (4¢) VLLe S1000 —]
- Leptonic W (x? reco) VLLe D800 - - Leptonic Z (x? reco) VLLe D800 -
- u 120 — —
40 — -] — i
- ] 100 — =
0 E 80 -
20 — i 60— =
: : 0] .
10— - - .
- ] 20 —
O——""80 1000 1500 2000 2500 Og——== 1000 1500 2000 2500
VLL mass (GeV) VLL mass (GeV)
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N
[$)]

» L I B L B " T ]
& L ATLAS Simulation Internal mem VileS800 - & 3500 ATLAS Simulation m=m VLLy D900 —
@ T Vs5=13TeV,139 1" VLLe S1000 ] i - Vs=13TeV, 139" VLLy S400
o0l VLLe D800 ] a000 Viled (260S) VLLy S300 —
B VLLe D1300 - Hadronic W (x? reco) H m
B ] 2500 —
15 — 7 C ]
- . 2000 — —
10— - 1500 =
B ] 1000 |- —
5 j ] C ]
C B ] 500 | -
% 500 1000 1500 2000 2500 % 500 1000 1500 2000 2500
VLL mass (GeV) VLL mass (GeV)
J! 35 C — T T T T T T T — 1 T T ] n ™ T — 7 — T —— T n
o T ATLAS Simulation = VlleS800 & 1400/ ATLAS Work In Progress == VLLy D900 _|
W 3of Vs=13Tev, 139 VLLe 81000 ] i - V5=13TeV,139 b VLLy S400 7
C VlLey (3) VLLe D800 C VLLeu (2£0S) K ]
C  Semileptonic H - WW™ (x2 reco) VLLe D1300 1200 — Hadronic Z (x? reco) VLLy S300 —
25 - C 1
C ] 1000 — —
20 = - 7
C ] 800 — -
1.5 — : ]
- l ] 600| =
1.0 E 400 =
05— I i - - E
- B B 200 - ]
0-0 L . 1 1 L L 1 — " " 0 B 1 [ L L B
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
VLL mass (GeV) VLL mass (GeV)
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SIGNALREGIONS

Lepton category

2005

3¢

46

Lepton pr[GeV]
Lepton Quality

PLIV
mllOSSF [GeV|
ImllOSSF — mz| [GeV]

—"\"rjets

Mise

(20, 20)

(10, 20, 20)

Electrons: FCLooselso + TightLH ID
Muons: FCLooselso + Medium 1D

=15
=10

> 2

total_lep_charge = 0

Tight or Medium on SS leptons

=10

> 1

(10, 10, 10, 10)
Electrons: FCLooselso

Muons: FCLooselso

> 0 (1SFOS)
> 1 (2SFOS)

Region split

{(HH, HV, VV, WHV, WWV, SM) x (e, p)}

{(HH+HW, VV+HZ, IWHW, SM) x (e, )}

(1ISFOS, 2SFOS) % (e, )

Signalvs-Signalvs-Background Neural Networkg=vs-S-vs-B NN9 Input variables for training
trained in each channel (2LOS and 3L) tascriminate between C No. of pts
signal topologies C Sum of pseudecontinuous btagging score
U Remain optimal for the target VLL search a<)0% of the C No.ofHi ggs obb
accepted signal is analysedh the fit C No. of hadronicW/Z decays

U Advantages: approach has theotential to catch any similar non |& Missing Transverse Energy

VLLike BSM signaturein the absence of an overall excess in the Variables are chosen to be mass and flavour

: : . independent, so DNN is correlated to but doe
tsr:earc_h + easy closdo-optimal redinterpretation for other BSM not learn specifically about VLL topologies
eories.
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DNN Architecture

The training of the DNN is done using the
Keraslibrary withTensorflowas a backend

and the variables listed to the right are used|

to discriminate between the categories

2 dense layers with 22 nodes each with a
drop-out rate of 0.2 between the layers

Activation functions for the 2 dense layers
are rectified linear units RelLu

The network is trained with batch size of
2,000 with a maximum number of epochs
set to a large number oft! (100), and the
model evaluated in the last epoch is chosen|

Each event is classified in one of the 6(4)
classes i n the 2BO0OS-
the predicted class for each event is
interpreted as the highest amongst the class

probability assigned to it

13/11/2023

G

O O O 0O

Input variables for training

No. of gts

Sum of pseudecontinuous btagging score

No.ofHi ggs obb
No. of hadronicW/Z decays
Missing Transverse Energy

Variables are chosen to be mass and flavour independent

Normalized confusion matrix

hhﬂ 0.17 0.08 011 005 0.09 e

hv 4

VV

ue label

Ivhv A

3 Iv\5~

Bkg

0.20 0.24 020 0.13 011 0.12

0.04 0.030.05 024 015 0.4

0.05 0.02 0.03 QR 0.05 0.3

True label

0.02 0.01 0.06 0.17

o
<

T
=
i

0.12 0.07 0.12 0.03

T T T T
© 3 S 3 S
N ES ) & \4\?\ ¥

Predicted label

Normalized confusion matrix

hh+hw 019 022 015

o d| G 035 016

wHw4 006 0.5 0.07

t Bh_ 0.15 0.16 0.04

Predicted label

Figure 5: Normalised confusion matrices for 2SS (left) and 3£ (right).

26

0.7

0.6

0.5

0.4

0.3

0.2

0.1



SIGNALCATEGORIESM

2LOS 3L

pT>10,20,20 GeV; FCLoose Iso; Medium ID mu/TightLH ID e; T|| M on SSlepton pair; nd >=1, Z veto; lepQ = +-1

FromH a r rupdétes

OS leptons pT>20 GeV; FCLoose Iso; Medium ID mu/TightLH ID e; nd >=2, Z veto

e IIHH: 2 i — bb (high n(b)Jets, low MET) e HH+HW: 1 h & 1 W = [v (from A in the case of hh

e IHV: 1 h — bb &1 Z/W — gq (high nJets, nbjets, low MET) production): high n(b)Jets, low MET
« IIVV: 2 Z/W — gq (high nJets, low MET) e HZ+ZZ+WW+ZW:1Z — ggand 1 h - WW (low

e IVHV:1 h — bb & 1 W = [u (low nJets, bjets, High MET) nJets, low MET)
. IWV:1Z/W = qq &1 W — lv (low nJets, High MET) * WVHW: 1W — gq &1 h — WW (low nJets, High MET)

13/11/2023

( \ ([ HH+HW A
+
IIHH [ HH: D+S }
(D+S) HW: D
IIHV ) v HZ+ZZ+WW+ZW
HZ: D+S ZZ,WW: D+S (D+S)
. HW:D ) . WzZ:D
( wHY | [ ww { "'H_w }
HW: S wz: s A:S
Bkg Bkg
\_ Y, \ y,
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https://indico.cern.ch/event/1297697/

2LOS

OS leptons pT>20 GeV; FCLoose Iso; Medium ID mu/TightLH ID e; nd >=2, Z veto

IIHH: 2 & — bb (high n(b)Jets, low MET)

IHV: 1 h = bb & 1 Z/W — qq (high nJets, nbjets, low MET)
VV: 2 Z/W — ggq (high nJets, low MET)

IVHV: 1 h — bb & 1 W — [v (low nJets, bjets, High MET)
IWV: 1 Z/W — gq &1 W — v (low nJets, High MET)

Normalized confusion matrix

hh 0.17 0.08 0.11 0.5 0.09 0
hvd 020 024 020 013 011 0.12 0.5
T 4004 008 0.05 024 0.15 0.4
K
w <
2 jvhy4 005 0.02 0.03 GELl 0.05 -0.3
w4 0.02 001 006 0.17 r0.2
Bkg{ 012 0.07 012 0.03 ro1

< Q Q S
SRS \4@ &
Predicted label

13/11/2023

1 SIGNALCATEGORIESm

FromH a r rupdétes

3L

pT>10,20,20 GeV; FCLoose Iso; Medium ID mu/TightLH ID e; T|| M on SSlepton pair; nd >=1, Z veto; lepQ = +-1

HH+HW: 1 2 & 1 W = [v (from h in the case of hh
production): high n(b)Jets, low MET
HZ+ZZ+WW+ZW:1 Z — ggand 1 h - WW (low
nJets, low MET)

IVHW: 1W — gq & 1 h - WW (low nJets, High MET)

Normalized confusion matrix

0.7
hh+hw 019 022 0.5
0.6

0.5
T Ww+wz+zz+hz | 0.12 035  0.16
=2 0.4
s
= IVHW 4 0.06 0.15 - 0.3
- 0.2
4 0.15 0.16
Bkg Lol
&
N
X
N\ <
&
$X
®

Predicted label
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https://indico.cern.ch/event/1297697/

4be|GNALREG|ON5m

FromH a r rupdétes

@ 10° ErT T T I T g 10% e e e T
g E ATLAS  Internal -#-Data 190 1 @ - ATLAS  Internal -¢-Data 451.0 7
L L {s=13TeV, 139 fb™ il VLLm D600 94 | W [ {s=13TeV, 139 fb™* i VLLm D600 345 ]
- VLLemv03 [l VLLm D1000 0.6 7 10°L VLLemv03 I VLLm D1000 24

102 emmSR [l Diboson 4.0 - 2SFOS VLLm SR [l Diboson 304.7 4

- Pre-Fit W tt(z/g%) 8.6 3 - W tt(z/ig*) 36.4

C [ Jttw 0.0 ] [ Jttw 0.0 |

i CJttH 32 | 10° CJttH 41 3

10 B ttbar+LF 1.5 | [ Bl ttbar+LF 1.5 A
......................... [ Jttbar+c 0.4 -

\\\\\ ) \ \ 10 L 0 O

\\§\\\\\

10!
1.25

- NN 5
[¢D] ()
S S
[a [a
- A A ISR IR, =
o = % ©
] ®
8 075 b

//7‘////7‘///7%;/‘ S e 5 B AL G G A

0.75
0. I50 200 400 600 800 1000 1200 1400 1600 1800 2000 0. 50 200 400 600 800 1000 1200 1400 1600 1800 2000
MET+HTlep MET+HTlep
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https://indico.cern.ch/event/1297697/

2JBSSVsSVSBEDNN

4 ~

FromS h a | wpdated s

* Input variables for training: nJets, SumPCB, nHiggs_to_bb, nWZhad, MET IIHH
* SM backgrounds weighted according to their production cross-section (D+S)
* All signal mass points used in the training
e p 4
05 1 — — lIHV lvv
— IV 030 — IHV HZ: D+S ZZ,WW: D+S
" S 025 = . HW:D . WZ:D
WV WV
03 A —— SMBkg 020 —— SM Bkg — —
o 015 IvHV Ivwv
010 HW: S wz: S
01 - v -
0.05
004 I 0.00 ' :
0 2 idm 6 8 10 g.lm]pjcb B 0 9 )
Lo 07 le-6
— IIHH — IIHH — IHH
— |IHV 06 — IIHV — lIHV
08 —_ W — WV — W
— IvHV 05 — IvHV — WHV
WV v WV
0.6 —— SMBkg 04 —— SM Bkg — SMBkg
04 03
02
0.2 01 ;
00 1 00 . . . ! . ‘
! ! : i ! 4 8 0 200000 400000 600000 800000
0 2 rH?ggs_to_bb 6 8 nWZhad MET (MeV)
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https://indico.cern.ch/event/1232203/

2JBSSVsSVSBEDNN

FromS h a | wpdated s

IIHH

Fit discriminant
§ 10°F AmAS internal Data  68663.0 F ATLAS  Intemal 4 Data  68663.0 10° ATLAS  Internal 4 Data 686630 =  10°c ATLAS  Intenal 4- Data 68661.0 = ATLAS  Intenal 4- Data
o F fs=13TeV, 1391 "' il VLLm D600 ;[ f5=13Tev, 139 ' | VLLm D600 118.9 s =13 TeV, 139 fb ' [l VLLm D600 1189 3 s =13TeV, 139 b " Jlj VLLm D600 1189 3 fs=13TeV, 139 b "' il VLLm D600
105 VLLu vo7 HVLLm D1000 10°E Vit vo? BVLLm D1000 o[ Vilpvo7 WVLLm D1000 65 o[ Vilpvo7 BVLLm D1000 65 7 VLLy vo7 BVLLm D1000
E puHH E up HH B  Diboson 10°E Ly HH B  Diboson 133.7 10°E W  Diboson 1337 3 & up HH Diboson
[ e 104'_ Pre-Fit [} o ] wzy") 107.2 3 = T2y 1072 3 o
10° s 10 = w1774 g = w1774
3 F =] tH 2196 3 O fH 2196 3
L 10°E W  tbarlF 453496 - B  tbarlF 453496
10°E E 10° ttbarsc 107413 5 10° [  tbasc 107413 3
F L ttbar+b  7225.7 7 | ttbar+b 72257 7
2k ] Ziets 53940 1
107 10° 10? 5 10? = 4 98 3 3
F F 7 ] 12995 7 i
10 10 10 - 10 = 22
E E 3 707853 3
s 1 1 1 y 1 4 +
g 1St 3 15F 3 1.5F 4 15F = 1.5 E
£ 5 z f
= 3 >—e g 1 e T o — 1 —— 1 1o . 3
8 0S¢ 05E 4 osf 4 05E 3 o 05E E
% 12 3 4 5 6 7 8 9 10 % 6 8 10 12 14 16 T T B R S A O T2 s 4 5 6 7 8 % 100 200 300 400 500 600 700 800 900 1000] % 200 400 600 800 1000 1200 1400 1600 1800 2000
New sumPsbtag nWzhad nHiggs_to_bb MET L htlep+met
lIHV Fit discriminant
( )
@ [ S SNSRI SR L T T T T T T T T T T Sl B S b i R it n SALARARARS RARS RARS REAR LASS RARS ASAH RAS
= (] E
§ 10°F amas Internal 4 Data E ATLAS Inlernalrl -+ Data  56260.0 10°E ATLAS Internal 4~ Data 562620 = 10°g ATLAS Internal . + Data 56262.0 10° ATLAS Internal Data 562620 — [10°E ATLAS Internal 4~ Data
@ £ fs=13TeV, 1391 ' Il VLLm D600 F (5=13TeV, 139 1o ' Il VLLm D600 179.1 {5 = 13 TeV, 139 b "' [l VLLm D600 1791 /5= 13TeV. 139 o * Il VLLm D600 179.1 {5 = 13 TeV, 139 b "' [l VLLm D600 179.1 {5 =13 TeV, 139 b ' [l VLLm D600 X
1oL VLK vo7 EVLLm D1000 VLLy v07 H/LLm D1000 120 1051 VLLu vO7 EVLLm D1000 20 1 < VLLu vo7 VLLm D1000 120 7 VLLy v07 BVLLm D1000 120 VLLy v07 EVLLm D1000 120 ]
E upHYV W  Diboson E uuHV B Dioson 2216 up HV B Dboson 2216 I up HV Diboson 2216 py HV B Diboson 2216 up HV B Dboson 2216 3
E Pre-Fit @) AN Pre-Ft 1146 Pre By 14s ] wzy) 1146 3 B @y 146 B @ 3
104 £ 10¢ < 10* liV_N 1722 m W 1722 ] '
£ E E fH 1017 O @ 1017 3 i}
E ] 5 ttbar LF 37306.4 ] ttbar LF 373064 1 )
10° =z 10 ttbarsc 71983 O ttbarsc 71983 O
E 3 ttbar+b  1899.4 B tbarsb 18994 3 =
E 9 Ziets 82234 = 82234 ] u
10 107 7 10 Wjets 17.9 ] 179 =
E E| Others 12922 ] 12022 1
10k 10 < 10 Otres L% [ 11
£ 3 Total  56740.0 Total 567400 3
i ] Uncertainty 4 3
1 ] } ! } i | PN
L1 1 -
g 155 i 5B 3 15F 4 15F 3 15t 155 3
S e 1 e " 1 * 3 1 . .
& osE 4 05 1 osf 4 OSE 3 osE ¢ 3 Jost 3
0, 0
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2JBSSVsSVSBEDNN

FromS h a | wpdated s

v

Fit discriminant

2 ‘nidbihd BIAA T3 35 DA RAARE RARA2 BOAME ARAI DAART LA SRR RS A R I I N NS XU AR RS AR RS LARAS RARAN LAARN RRRE- SRS RS LAARS RAARE RARAE RARLE RARRE RARE- (e )
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E ttH 242 3 0% il 242 Y m 1iH 242 3 tiH 242 ~§ (i} -
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E ] F 845.1 B  Ohers 8451 - “iOthers  845.1
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