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INTRODUCTION |

Many experimental results show good Evidence of new physics:

agreement with the SM predictions « Neutrino oscillation
 Rare decay processes of B-mesons
 (Observation of dark matter

* Anomalous magnetic moment of the muon

Vector-like fermions A possible extension

e particles whose left-handed and right-
handed components transform the same
way

* do not interact with the W and Z bosons as
V — A currents, but as pure V currents

4

my; Y directly in the Lagrangian
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INTRODUCTION |

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

 Rare decay processes of B-mesons
* QObservation of dark matter
* Anomalous magnetic moment of the muon

Vector-like leptons (VLLs)
: : A possible extension
Vector-like fermions

Current limits on VLL masses: « particles whose left-handed and right-

x < 100 GeV (LEP) handed components transform the same

x  Singlet 114-176 GeV (ATLAS) way

x  Doublet VLL, 120-790 GeV (CMS) « do not interact with the W and Z bosons as

x Singlet VLL, 125-170 GeV + V — A currents, but as pure V currents
Doublet VLL_ < 1045 Gev (CMS) 4,

x  Doublet VLL, 120-900 GeV (ATLAS)

my; Y directly in the Lagrangian

13/11/2023 3



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
https://cds.cern.ch/record/2816141

VECTOR LIKE LEPTONS

Search for Vector-Like electrons/muons

(VLL,,,) assuming a small mixing with the SM
leptons through Yukawa interactions

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

Search for Vector-Like electrons/muons

(VLL,,,) assuming a small mixing with the SM
leptons through Yukawa interactions

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

Two VLL models: as SU(2) doublets or singlets
with quantum numbers 104;- —_— 3

L B L o 0 B L B E

1 1 13 TeV :gp;:,é,ﬁ; g pp> 17T :12%3 f

LL,R + LL,R — (17 23 _5) + (17 27 5) =10 — pp>\)*c‘_5 =102 Singlet VLL |

Lig= (V,f’;L:R![IL R) , : E=A Doublet VLL = ]
R o _ 1 =
L,R—I_EL,R_(1’17—1)—1_(171?1)' 75) 2- %
310F % 10'F
[2] F [72) C
g | 8 I
o 1L O
Same framework as the analysis that exluded 10 10";

x  Singlet VLL, 125-170 GeV + i ]

Doublet VLL, < 1045 Gev (CMS) 10/06~""200 300 400 500 100 200 300 400 500 600

T mass [GeV] 7" mass [GeV]
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https://doi.org/10.1103%2Fphysrevd.105.112007

Still a work in

The VLL,,, analysis progress]

(I

Signal Samples: VLL,,, singlet & doublet samples @ NLO

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

Blinding: S/B > 5%. S = combined yield from VLL,, doublet at 600 GeV
and at 1 TeV

Events are classified into channels based on lepton multiplicity (2£0S,
32, 4¢) and then classified into orthogonal Signal Regions targeting a
specific signal topology

% Single shot Signal vs Signal vs Background (SvsSvsB) Deep Neural
Network (DNN) to discriminate between signal topologies in the
2¢0S and 3¢ channels

* Shape analysis strategy for the 4 channel due to reduced
statistics/complexity

s Individual SM backgrounds treated with appropriate x-section

Target VLL, and VLL,, separately by placing flavor requirements on the
leptons entering the signal regions
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https://indico.cern.ch/event/1297697/

l From Harry’'s update

Fit with modelling uncertainties across all SRs
=

FITTING = T Aras oo oo ] B E ATCASWonmpoges | 1o
© L \B=13TeV 139" — Prediction 1 ° T2 @=13Tev 1300 —
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95% C.L. W Ep. o ] 10" 95% C.L. BExp. +1o
107" Exp. +2o - Exp. z2¢
VLLy Doublet E 10° VLL#e singlet
) ) ) ) . 10 SR 2LOS+3L+4L 102 L+4L
 Simultaneous profile likelihood fit ?
: : : i 107
of BSM signal together with major 0 ER
SM backgrounds using TREXFITTER 10°s -
» Fit variable: HTlep+MET o 1 B A o L
> Norm factors of the major Mt oot [52V] Myt 0 snges [52V]
backgrounds as free parameters - :
Limits from the CMS analysis on VLL, .
* Results: In case of no excess, the s Ll
.. . c - CMS 3
95% CL upper I|m|t W||| be 1022— Vector-like lepton doublet 5 10° Vector-like lepton singlet E
evaluated on the production cross- ok oo of o . A
section x branching ratio of the _ ik vemegees 4 o b e
VLL signals as a function of the i iR I S el
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10~ E_ —g 10 g— =
104;— —é 10*;— =
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. THE MASS RECONSTRUCTION ALGORITHM

W boson

Z boson

bb

H boson

0.1% vy
A
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Reconstruction of only one
VLL per event

Final state characterised by
the decay mode of the boson
coming from the VLL

[

Boson

=
M lepton
VLL t
W, Z H '
VvV H q
VLL q
\ SM lepton




= .. gs_IHE MASS RECONSTRUCTION ALGORITHM

W boson

* Reconstruction of only one

Final state characterised by
the decay mode of the boson

&VLL per event
/ coming from the VLL

M lepton
W, Z H

vu_\d

I q
Some

q Boson

SM Iepton

Z boson

bb

H boson

0.1% vy

ww*
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Four main decay topologies

are reconstructed:

» Boson to two visible
fermions (B—ff")

» Leptonic W decay

» Z or W to one boosted
jet

» Higgs to electroweak
bosons to four fermions

Reconstruction unfolds in two steps:
~. Boson reconstruction

2. VLL reconstruction —\

\

Use the reconstructed boson and
the unused lepton with the highest

transverse momentum to get the VLL




SM lepton

, B2 ff

W — fv is similar but has an
additional step due to the

e.é reconstruction of the neutrino
d Decays compatible with this type of reconstruction: j
d W—qq,Z—qq,Z— ("¢, H— bb,and Z — bb
/ Jets \1 Index, integer First Step
o< 1 2 3 4
— Jeyy — & — Jet, TLorentzVector
VAS)
0 1 2 3 4 5 6
Z boson
Z Z Z Z Z Z Z ’
0 ! g ° i > \6 TLorentsVector. With n
0 0 0 0 1 1 1 : n(n-1)
jets, one gets — Z
1 3 4 2 3 4 bOSONS
6
Indices of the jets Angular distance / n=-ln [ta'n(i)]
13/11/2023 that make up the Zs between the jets 3




SM lepton

&

, B2 ff

=

W — {v is similar but has as
additional step due to the
reconstruction of the neutrino

J

Second Step

Select one boson to
reconstruct the VLL with.

Two possible strategies:
» y?-only approach
» y?+AR approach

d Decays compatible with this type of reconstruction:
d W—qq,Z—qq,Z— ("¢, H— bb,and Z — bb
/ Jets \1 Index, integer First Step
o< 1 2 3 4
- Jey Jek & — Jet, TLorentzVector
Zs
0 1 2 3 4 5 6
Z boson
Z z z Z Z Z z ’
° ' g ° i > \6 TLorentsVector. With n
0 0 0 0 1 1 1 : n(n-1)
jets, one gets — Z
1 3 4 2 3 4 bOSONS
ARyy ARy ARy3 AR, ARy, ARlS\ARM
Indices of the jets Angular distance
13/11/2023 that make up the Zs between the jets




X>-ONLY APPROACH

gl

The x? is defined as = (mrsee — 1’272%“ shell )2
OB
For each decay mode
1. Calculate the x2 for all bosons
/s
0 1 2 3 4
Zo Zy Z, Z, Z,
0 0 0 0 1
1 2 3 4 5
ARy, ARy, ARy ARy, ARy,
é_/) 0 1 5 . 2
X% X24 X2, 25 2,
0 1 2 3 i
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X 2-ONLY APPROACH

v TECO ~~on-shell \2
(mige> — gl
2
OB

gl

The x2 is defined as XQB -

For each decay mode
1. Calculate the x2 for all bosons
2. Sort the x2s

1 2 3 4 2
ARy ARgy  ARgz ARy, ARy,

X% X X X X4
0 1 2 3 4
X2
0 1 2 3 4
X22 X24 X2O X23 X21
4 0 3 1

13/11/2023




i X 2-ONLY APPROACH

rreco . on-shell\2
( m )

The X2 is defined as % = B

2
0p

For each decay mode

1. Calculate the x2 for all bosons

2. Sort the x2s

3. Use the boson with the lowest x2 (<5) to

reconstruct the VLL
/S
0 1 2 3 4

Z, Z, Z, Zy Z,

0 0 0 0 1

1 2 3 4 2
ARy ARgy  ARgz ARy, ARy,

X% X% X% X3 X%
0 1 2 3 4
X2
The VLL will be 0 1 2 3 4
reconstructed 5 ) 5 ) 5
using Z, X"2 X4 X% X“3 X1
4 0 3 1
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i ¥2-ONLY APPROACH

) _ mreco _ Tnon—shell 2
The x? is defined as XQB - (s B )

For each decay mode

1. Calculate the x2 for all bosons

2. Sort the x2s

3. Use the boson with the lowest x2 (<5) to

reconstruct the VLL
/S
0 1 2 3 4

1 2 3 4 2
ARy ARgy  ARgz ARy, ARy,

X% X4 X2 X?3 X%
0 1 2 3 4
x2
The VLL will be 0 1 2 3 4
reconstructed 5 ) ) ) 5
using Z, X"2 X4 X% X“3 X1
4 0 3 1
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¥2+AR APPROACH

Il

Calculate the x? for all bosons and sort the x?s as with the
other method

2
X
0 1 2 3 4
%2 Xa X% X% XA
2 4 0 3 1




Y 2-ONLY APPROACH X2+AR APPROACH I

gl

The x2 is defined as B (Ml — mg-shell)? Calculate the x for all bosons and sort the x*s as with the
XB ge other method
1. Select the bosons with
For each decay mode Am = |mpeee — mgeco,minl <o,

1. Calculate the x2 for all bosons
2. Sort the x2s
3. Use the boson with the lowest x2 (<5) to

and sort them according to their AR,
2. Use the first boson of the new list to build the VLL

2
reconstruct the VLL 0 1 9 3 4 X
VAS
0 1 2 3 4 %2 X2 X0 X XA
Z, Z, Z, Z, Z, 2 4 0 3 1
0 0 0 0] 1
1 2 3 4 2 Zs 1 2 0 1 2
ARy ARgy  ARgz ARy, ARy, X2 Z, Z, s Z, Z, Z
é_/> o 1 2 3 4 N 1 [t ] ©
3 2 1 2 3 1
X0 X1 X% X3 X4
0 1 2 3 4 ARps  ARj; ARy Riz/ ARgs ARy
x2
The VLL will be 0 1 5 3 4
reconstructed 5 ) 5 ) ) The VLL will be
using Z, X2 X2 Xo X3 @ Xu reconstructed
4 0] 3 1 using Z, o
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1000

N
(9]

Only seven signal samples are available:

[ ATLAS Work In Progress VLLe D1300 | [ ATLAS Work In Progress VLLe D1300

é [ V5=13TeV, 1391 . VileS800 E [ Vs=13TeV, 139" B VLLe S800 ]
e 2 for VLL, doublet model (800 and 1300 GeV), 800 et CO0S e Yt e B e 2 1o Vot
« 2 for VLL, singlet model (800 and 1000 GeV), ool 1 s .
i 1 ] -
* 1forVLL, doublet model (900 GeV), ol 1 & E
» 2 for VLL, singlet model (300 and 400 GeV) : . g :

200~ - 5[ f

Even if one decay IS COmpatib|e with mU|t|p|e o550 0 e mT 00 oF 500 000 7800 20002500
VLL mass (GeV) VLL mass (GeV)

channels, the different lepton multiplicity final
states might lead to plots of varying quality.
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1000

25

Only seven signal samples are available: § [ ATLASWorkinprogess oo | B[ ATLASworkinprogess VLLoD1300 |
it | Vs=13TeV,139 1" e Vile S800 | ] [ V5=13TeV,1391b" N VLLe S800 |
e 2 forVLL, doublet model (800 and 1300 GeV), 800 L 0 e Ve bags. ] PO e W 42 reco Ve oo’
« 2 for VLL, singlet model (800 and 1000 GeV), ool 1 s .
r 1 7 L
* 1forVLL, doublet model (900 GeV), ol 1 & E
» 2 for VLL, singlet model (300 and 400 GeV) : . g :
200 — — 51 -
Even if one decay IS Compatible with mUIUpIe o550 0 e mT 00 oF 500 000 7800 20002500
channels, the different lepton multiplicity final e B
states might lead to plots of varying quality.
I3 :_ ATLAS Work In Progress VLLy D900 _: 5 :_ ATLAS Work In Progress VLLy D900 _:
g 1400 Vs=13TeV,139 b - VLLP S400 g 1400 Vs=13TeV, 139 fo™" - VLLP S400
© VLLey (2£0S) H ] ~ VLLey (2£0S) H ]
1200 — Hadronic Z (x2 reco) VLLy 8300 — 1200 — Hadronic Z (x® + AR reco) VLL S300 ]
1000 — 1000 - -
800 — 800 —
5 600 — - 600 | .
x=-only - ] - X*+AR
400 - 400 |
200 - 200 (— -
% 1000 2000 2500 % 1000 1500 2000 2500
VLL mass (GeV) VLL mass (GeV)
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o CONCLUSIONS AND OUTLOOK S

e Vector-like fermions are predicted by numerous BSM theories
* Vector-like leptons coupling to light leptons have yet to be
investigated experimentally in ATLAS
* The invariant mass reconstruction algorithm was created to fit
seamlessly into the framework of the analysis
* In the future
% The algorithm can be tested on a wider range of samples
% More decay modes can be added
% The mass reconstruction can be used by the DNN or during the
fitting procedure

13/11/2023

11



THANK YOU




13/11/2023 13




INTRODUCTION

Many experiment results show good agreement with the SM predictions

Hiccups

However, there is evidence of new
physics:

Neutrino oscillation

Rare decay processes of B-mesons
Observation of dark matter
Anomalous magnetic moment of
the muon

>

A possible extension

Vector-like fermions

* particles whose left-handed and
right-handed components
transform the same way

* do not interact with the W and Z
bosons as V —A currents, but as
pure V currents

Compatible with: super-symmetric / ‘L

theories, string theories, ...

13/11/2023

my; P directly in the Lagrangian
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VECTOR LIKE FERMIONS

Vector-like quarks (VLQs) Vector-like leptons (VLLS)
* Interact strongly * Do not interact strongly
* Both single and pair production * Only pair-production, primarily in
possible with proton-proton Drell-Yan processes
machines * Production cross-section
e Constrains from QCD depends on the choices of weak
e Searches are quite advanced isospin and weak hypercharge
(e.g. VLQs with ATLAS) for the new states
e Searches on VLLs coupling to
third generation leptons are
quite advanced

13/11/2023



https://www.sciencedirect.com/science/article/pii/S0370269323003532

VECTOR LIKE FERMIONS

Vector-like quarks (VLQs) Vector-like leptons (VLLS)
* Interact strongly * Do not interact strongly
* Both single and pair production * Only pair-production, primarily in
possible with proton-proton Drell-Yan processes
machines * Production cross-section
e Constrains from QCD depends on the choices of weak
e Searches are quite advanced isospin and weak hypercharge
(e.g. VLQs with ATLAS) for the new states
e Searches on VLLs coupling to
Current limits on VLL masses: third generation leptons are
x <100 GeV (LEP) quite advanced
x Singlet 114-176 GeV (ATLAS)

X

X

Doublet VLL_ 120-790 GeV (CMS \ B
Singlet VLL. 125 170 GeV +

Doublet VLL, < 1045 Gev (CMS)

x  Doublet VLL, 120-900 GeV (ATLAS)
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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
https://cds.cern.ch/record/2816141

THE ATLAS EXPERIMENT

H———— @

The analysis uses Run 2 proton- «m | ATLAS coordinate system
proton collision data collected with — (X, Y, z)g (r, ¢, 0)

= : — S TN
the ATLAS detector at 1/s= 13 TeV : / .

and 139 fb! of integrated

luminosity. iﬁ J: o\ //

1: 1“ . . B n, ) lﬁ“ ___‘,‘_v- ;:’__ .}
[/ -] L‘—" ;."' v ,:; \
W =

Rich variety of final states requires
all sub-detectors
* Inner detector for e, y and b-
quark identification
* Electromagnetic and hadronic
calorimeters to detect showers
Muon chambers Solenoid magnet | Transifion radiation tracker
® MUOI’] Chambel’S fOF IJ Semiconductor tracker

25m “

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

13/11/2023 6




i Still a work in
The VLL,,, analysis progress|

n
Input/output Code
Signal Samples: VLL,,, singlet & doublet Semi-Raw
samples @ NLO Vet TN
. Masses: {150, 200, 300, 400, 500, 600, / code vt
700, 800, 900, 1000, 1100, 1200, —
1300} GeV _\
* Blinding: S/B > 5% where S = combined Code Iv2
yield from VLL,, doublet at 600 GeV and s

a specific signal topology, defined using
lepton multiplicity (2€0S, 3¢, 4f), and
neural network cuts

* Target VLL,and VLL , separately

Statistical

. . . variables
* Orthogonal Signal Regions each targeting
N P / tools

13/11/2023 7




|
3L 4L

\ !
SvsSvsB DNN \
Cut & Count

Bleg.

I
I
I
I
'

!

Final Distributions

0 ANALYSIS STRATEGY 0

Single shot Signal vs Sighal vs Background
(SvsSvsB) Deep Neural Network (DNN) to
discriminate between signal topologies in the
2¢0S and 3¢ channels

¢ Trained using VLL mass and flavour
independent input variables

¢ 5 input variables, 2 hidden layers with 22

nodes each, 6 (4) output categories for
240S (37)

¢ Individual SM backgrounds treated with
appropriate x-section

Shape analysis strategy for the 44 channel
due to reduced statistics/complexity



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

BACKGROUNDS

Irreducible backgrounds:

tt,Z + jets, ttV,ttH,VV, tttt,
and rare processes

(ttWW ,tH,tZ, WtZ,VVV,and
ttt)

4L

-
4L VLLu SR 4L VLLe SR
Modelling of major SM
backgrounds (VV + ttZ,
, ttW, ) checked
in dedicated Control &
&gio—ns L Major Backgrounds: VV
mottbar  @E@tW
2LOS Egt-'hers =g(|§gsgn S
W Zjets m Wiets

ee SR

.

un SR

Major Backgrounds: tt, Z + jets

eup+puup SR eee+een SR

Major Backgrounds: V'V, tiZ

production.

Reducible backgrounds with at
least one fake or non-prompt
lepton, mainly due to tt

—>

Template fit method

Dedicated fake-

13/11/2023
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FITTING

L] L]

* Simultaneous profile
likelihood fit of BSM signal
together with major SM
backgrounds using TREXFITTER

» Fit variable: HTlep+MET

» Norm Factors: ttW, WZttZ,
fakes (HF,, HF , LF,
Internal/Material
Conversions)

* Results: In case of no excess,
the 95% CL upper limit will be
evaluated on the production
cross-section x branching
ratio of the VLL signals as a
function of the mass.

13/11/2023

From Harry’'s update
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https://indico.cern.ch/event/1297697/

PRELIMINARY RESULTS

g 10 ‘ T T T | T T T | T T T | T T T ‘ T T 3 —_ 10 ‘ T T T ‘ T T T | T T T | T T T ‘ T T T
fw] 3 ]
o ATLAS Work In Progress L 1 = ATLAS Work In Progress o . . .
i — StatOnly limit 71 — — StatOnly limit
°© L [\E=13TeV, 13910 __ Predicton 1 ° 1E E=13Tev 1300 — Preciction Fit with modelling
weee Exp. limit 3 veee EXp. limit = =
95% CL. v ST 95% C.L . uncertainties across all the
107" Exp. 20 — . Exp. £2¢ . H +
VLLy Doublet 3 10 VLL#e singlet SRs; using HTIep MET as
10 SR2LOSHALHL ] o L+4L / the fit variable
oL 1w No final results, analysis is
- ;] w0 still blinded
10% = .
: ;0
10_5_ ‘ 1 | | | 1 | 1 | 1 1 1 | | 1 1 ‘ | 1 | ‘ 1 i 10—? ‘ 1 1 1 ‘ 1 1 1 | 1 | 1 | 1 1 1 ‘ 1 1 1
200 400 600 800 1000 1200 200 400 600 800 1000 12008
My, pouset [G€V] My e singiet [C8V]
- I1|38|flb':(j?leeIV) 138 fb (13 TeV)
E E 3R AR ERR) LALRN RARAN AR RARR RARNRRARN O
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102 e Vector-like lepton doublet E 107 Vector-like lepton singlet
E —— o(TT+V'V'+TV) E ; — o(t7) E
Limits from the 0F 95% coLbupper dlimits E 0F 95% CL upper limits E
L —<— Observe ] C —e— Observed ]
CMS analysison >z v \, - Medan expecied 3 L Medan epoced 3
=3 F - 68% expected 7 a F - 68% expected 3
VLLT =) 10 ;_ 95% expected _; © 1o ;_ 95% expected _;
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g | 3 F E
1072 E I 5 1078 E— _§
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13/11/2023 m, (GeV) m. (GeV)
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55 THE MASS RECONSTRUCTION ALGORITHM s

=,
npifouteut code WHY? It can be a useful
_\ visualisation tool and a possible
Code vl discriminating variable for the DNN or

/ the fitting procedure

Code Iv2

objects etc... —\
At the second coding level, using

A / \/, WHERE? | calibrated objects and producing
_i variables plotted with TREXFITTER
TRExFitter

/ n HOW?
Stit(:) zltscal\B Let’s get into it!
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s LEPTONIC W DECAYS g

=
Additional reconstruction step in order e Constraining the W to L Calculate the neutrino’s
to obtain the four-momentum of the v be on-shell longitudinal momentum

* Assuming all MET
Is due to one neutrino

Once one neutrino is reconstructed Selection of the boson to use
—> )
out of each charged lepton, a for the VLL performed with
corresponding W boson is calculated the x2-only reconstruction.
.9 457' L L L L B ] ) 60_‘ T T T T T T T T T ]
) = ATLAS Simulation Interna s VLLy D900 3 5 - ATLAS Work In Progress VLle D1300
g 40F v5-13Tev, 139 b VLLy $400 7 T oF V=13 TeV, 139 fo-" m VlleS800 A
35; VLLp S300 —f ° ; t{e_;iiﬁif\f\)l (x2 reco) E::::: géggo ?
0k R 4 =
VLL = E . VLL
T ) —
150 7 20 =
100 E - 1
E 10— -
S 7 u 1
00 ~"250 500 750 1000 1250 1500 1750 2000 Oy 500 1000 1500 2000 5500
VLL mass (GeV) VLL mass (GeV)
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SM lepton

, _BOOSTED ONE-JET DECAYS .,

. Boosted jet
Two jets can be too close to be >
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 B — ff’ 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/~ -
*13-1-‘i; ‘!l_;_ | ; i y !IIL_E___ ]
% 500 1000 1500 2000 2500 05— 500 1000 1500 2000 5500
VLL mass (GeV) VLL mass (GeV)
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I HIGGS DECAYS TO VECTOR BOSONS I

H—- WW*—4gand H— ZZ* — 4q,
H— WW*— 2q + {*v, and
H—Z7"—2q+2/(

1. Fermions are paired up to form all possible
bosons V

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

3. Calculate the x2 defined as

reco on-shell\ 2 reco on-shell\2

2 (M —mYy ) (M —my; )
XEF = 2 + 2
Ox Oy

twice (using each V as the on-shell boson) and
picking the lowest of the two
4. Pick the H boson with the lowest x2 (<10)

13/11/2023

Events

Events

W .

= ATLAS Work In Progress mm VLLy D900 A
70— Vs=13TeV,139 " —

E VlLey (260S) VLLp S400 3
g0l Hadronic H - VV' (2 reco) VLLu S300 7
50 — -
40F =
0E —
20 —
10 —

% 500 1000 1500 2000 2500
VLL mass (GeV)
14 :— ATLAS Work In Progress s VLLy D900 —:

L Vs=13TeV, 139" VLLyS400

T VilLeu (39) A
12 - Semileptonic H— WW" (x2 reco) VLLy 5300 1
10— —

8- =
61 =
4 =
2f- 1 =
OO 560 1000 1500 2000 2500

VLL mass (GeV)
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EXTRA THEORY BITS

A single weak-isosinglet bare fermion mass parameter M
is mostly responsible for the new fermion masses, with a
small Yukawa couplings ¢ to the Higgs field providing the
mixing mass with the Standard Model T lepton, which
also has its own Yukawa coupling y, to the Higgs field.

The charged fermion mass matrix for the 7, T’ system in
each case then can be written in the form

0
M — (yfv )
ev M

The tree-level mass eigenvalues, obtained from the
square roots of the eigenvalues of M TM after expanding
fory.v, evK M, are

M, =yl —ev?/2M* + )
M‘I."I = M{l _|_E12Ejf.fzmj _|_ ___:]

while the tree-level neutral VLL mass in the doublet
model is simply M, = M

In the special case of no mixing with the
tau lepton, € = 0, the lightest VLL would be
absolutely stable due to a conserved
global symmetry.

We assume instead that ¢ is a tiny

perturbation in the mass matrix, but that it

exceeds about 2 x 1077, which is large

enough to allow the VLLs to decay

promptly on collider detector length scales

to Standard Model states

 The fermion mass eigenstates then

consist of a charged Dirac pair 7', 7
in both models, and a neutral Dirac
pair v/, v’ in the doublet VLL model
only

I

13/11/2023
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EXTRA FITTING BITS

The TREXxFitter framework is used to
perform the statistical analysis

Simultaneous maximum-likelihood fit of
BSM signal together with major SM
backgrounds

* |n 8 of the control regions, the fit is
performed on the total event yield.

* Inthe WZttZ CR control region the fitting
variable is the b-jet multiplicity.

* Inthe signal regions targeting VLL, .,
the HTlep+MET distribution is fitted to
measure the VLL, , signal cross
sections, separately for the doublet and
singlet models.

the values of the parameters
that maximise the likelinood qo
function when p is fixed to zero

13/11/2023

The likelihood function depends on three types of

parameters:

* the signal-strength, defined as a multiplicative factor to
the yield of all the VLL signal events;

* A set of 9 normalisation factors for the main backgrounds;

* A set of nuisance parameters (NPs) encoding systematic
uncertainties in the signhal and background expectations.

values of the parameters that
maximise the likelihood function

The test statistic

I
|
Do
[a—
=
—~~

is used to quantify the agreement between the observed
data and the background-only hypothesis (no VLL:-like
phenomena), as well as to make statistical inferences about
the signal strength.
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NEUTRINO MOMENTUM RECONSTRUCTION

—b + Vb? — dac _
Pzv = 5 . with
a

p ’
a = ( z’ﬁ) — 1,
Pe

Here, ¥, are the (x, y) components of
the missing transverse momentum and
P y, ), 1 @re the (x, y, z) components of
the transverse momentum of the
charged lepton.

p-.::,f p + P?}:fp ?“'2 7 Pz ¢
h— 2( T Yy + W ot

Pe 2pe
Pa, ¢ P; + Dy, [/51 ’ -',ru.‘fﬁ, ? 2
= — =+ - —+ p .
Pe 2pe !
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Pe

The twofold ambiguity in the longitudinal
component can be solved by choosing
the smallest root in absolute value
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TEMPLATE FIT METHOD

Technique used to estimate
multiple fake lepton backgrounds
by performing a simultaneous fit
of numerous control regions

>

Leaving the normalisation of various “fake”
contribution templates free-floating in a fit

v

to data. \\//
v

These normalisation factors are then
employed to correct the fake MC estimates.

Obtained from MC
simulations of all
processes contributing to
the non-prompt lepton
background,

Uses a profile likelihood fit, assigning one
scale factor per fake source (along with any
additional non-fake correction factors), and
a minimal set of nuisance parameters.

\ 2008

\ 3¢

‘ I_[FPLIV HFPLIV
e H

HFECLoose  HFECLoose | [ntCO  MatCO

LF.

Signature | i || ep

ue

ue

pp | ep | epp eee || ey

Isolation WPs | ™

TL |

TTT TTL

€ pr [GeV] ‘ > 20

| > 10, 20,20 > 10

Total Charge |

v

+1

Ntaus

0

Njets 22

Defines distinct types of fake/non-prompt
leptons using truth information from MC

| >0

1@ 77%

|  0@77% 0 @ 85%

|
|
Nbjets ‘
|

Z Veto No

| OS Pair No
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Inv Mass |Mﬂg - le <10 |M0| - Mz| <
10 & 150 <
My <250
CO Candidate MatCO & !IntCO IntCO  MatCO MatCO &
IntCO
Additional Cuts My (all £, MET) < 250 GeV nWZpaa =0&
8 < MET <30

Fitted Variable ‘

No. of events
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LEPTONIC DECAYS

VLL, (W — {v) VLL, (Z — ¢7¢7)
J2) 60 r— - - - - - - - - T T 1 T ] o r—— - - T - - - T - T 1 T 1 T ]
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50— VLLey (3¢) VLLe S1000 140 — VLLey (49) VLLe S1000
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- u 120 — —
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- ] 100 — =
F E B0 :
20 = E 60 — =
: : 0} .
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B ] 20 — I —
% 50 1000 1500 2000 2500 % "0 1000 1500 2000 2500
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N
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» L I B L B " T ]
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SIGNAL

REGIONS

Lepton category

2005

3¢

46

Lepton pr[GeV]
Lepton Quality

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

—"\"Ijets

Mise

(20, 20)

(10, 20, 20)

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

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

Muons: FCLooselso

=15
=10

> 2

total_lep_charge = 0

Tight or Medium on SS leptons -
=10 -
0 (1SFOS)

=
> 1 -
> 1 (2SFOS)

Region split

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

{(HH+HW, VV+HZ, WHW, SM) x (e,u)} | (1SFOS, 25F0S) x (e, )

Signal-vs-Signal-vs-Background Neural Networks (S-vs-S-vs-B NNs)
trained in each channel (2LOS and 3L) to discriminate between Q

signal topologies

» Remain optimal for the target VLL search as 100% of the

accepted signal is analysed in the fit

» Advantages: approach has the potential to catch any similar non
VLL-lTke BSM signature in the absence of an overall excess in the
search + easy close-to-optimal re-interpretation for other BSM

theories.
13/11/2023

Input variables for training:

No. of jets

Sum of pseudo-continuous b-tagging score
No. of Higgs—bb

No. of hadronic W/Z decays

Missing Transverse Energy

(I W W

Variables are chosen to be mass and flavour
independent, so DNN is correlated to but does
not learn specifically about VLL topologies

25



DNN Architecture

The training of the DNN is done using the
Keras library with Tensorflow as 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 of 0(100), and the
model evaluated in the last epoch is chosen

Each event is classified in one of the 6(4)
classes in the 2/0S (3¢) channel by the NN -
the predicted class for each event is
interpreted as the highest amongst the class
probability assigned to it

13/11/2023

True label

Input variables for training:;

Q No. of jets

O Sum of pseudo-continuous b-tagging score

O No. of Higgs—bb

O No. of hadronic W/Z decays

O Missing Transverse Energy

Variables are chosen to be mass and flavour independent

Normalized confusion matrix Normalized confusion matrix

hhﬂ 0.17 0.08 011 0.05 0.09 e hh+hw 019 022 015

hvd 020 024 020 013 011 012 05
- g wwhwztzzthz | 012 035 0.16
[i+]
w4 0.04 0.030.05 0.24 015 0.4 I
=3
= wHW4 0.06 0.5 0.07
lvhv4 0.05 002 003 JEER S 0.05 - 0.3
Bkg{ 015 016 004
wwv ] 002 001 006 017 0.2
3 < N s
Bkg] 012 007 012 003 01 & A
[ | <&
T T T T ®
&
o ) o 2
N & < & \4‘?\ Q;t-q <«

Predicted label
Predicted label

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

A
2L0S 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

From Harry’s update

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
+
IHH [ 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 )
C wHY | [ ww { "'H_w }
HW: S wz: s A:S
Bkg Bkg
\_ Y, \ y,
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. SIGNAL CATEGORIES

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
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L]
3L

From Harry’s update

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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4 SIGNAL REGIONS

——— W

From Harry’'s update

@ 10° ErT T T T T g 10% e e
§ - ATLAS Internal -¢- Data 19.0 S f::a - 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 ]
- VLLem v03 Il VLLm D1000 0.6 7 10°L VLLem vO3 I VLLm D1000 24 _

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

- Pre-Fit B tt(Z/g%) 8.6 3 - W tt(z/g*) 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 -

777 \\\\\ \5 \ 10 L OO =

\\§\\\\\

107!
1.25

- NN 5
[¢D] ()
S S
[a [a
- A I 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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2£0S SvsSvsB DNN

From Shalini’s update

—\
* 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 - — — lIHV nvv
— Ihv 030 Y HZ: D+S ZZ,WW: D+S
41 — :::: 025 — :::\.\; \ HW: D J \ WZ: D
wv WV
03 —— 5M Bkg 020 —— 5M Bkg — — e
o 015 IvHV Ivwv
010 HW: S wz: s
014 005 L J o
00 ] I 0.00 ' :
0 4I1m 6 8 1o g.lm]pjcb = 0 9
. 07 1e—6
— IIHH — IIHH — IHH
— |IHV 06 — IIHV — HV
0.8 —_— WV — WV —_— W
— IvHV 05 — IvHV — WHV
WV v WV
0.6 —— SMBkg 04 —— SM Bkg — SMBkg
04 03
0.2
0.2 01 ;
0.0 0.0
z 3 :-; . z : :w o 8 0 200000 mrfﬂ]s??mw 600000  BOODOO
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2£0S SvsSvsB DNN

From Shalini’s update

IIHH

Fit discriminant
s 10F ATLAS \\\Intomal Data  68663.0 E ATLAS  Internal 4 Data 68663.0 10° ATLAS  Internal 4 Data 686630 10° ATLAS  Intenal 4 Data 68661.0 ATLAS  Internal 4 Data 68489.0 —
‘“ F fs=13TeV, 139/ " Il VLLm D600 ;[ f5=13Tev, 139 ' Il VLLm D600 1189 Vs =13TeV, 139 fb "' [l VLLm D600 1189 7 s=13TeV, 139 fb "' Il VLLm D600 189 3 f5=13TeV, 139 1o ' [l VLLm D600 1189 3
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 65 7
E puHH E up HH B  Diboson 10°E Ly HH B  Diboson 133.7 10°E W  Diboson 1337 3 & up HH Diboson 1337 3§
C Pre-Fit 10* [ Pre-Fit ] o ] 12y 107.2 3 = iz 1072 3 g 3
10° s 10 = w1774 g = w1774
F F O tiH 2196 7 O tTH 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
2 ] 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 +
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2£0S SvsSvsB DNN

From Shalini’s update

v

Fit discriminant
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