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* Introduction to the Standard Model (SM)

* Beyond the Standard Models (BSMs):

e Seesaw mechanism,
* |eft-Right Symmetric Model (LRSM),
» Zee-Babu model.

e Search for heavy doubly charged Higgs (DCH) bosons:
* Analysis strategy,
* Background estimation,
» Statistical Analysis and Results.

* Lepton Number Violating Higgs decays:

* Test of the KNN UFO model — signal sample validation.
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Introduction to the Standard Model <

* Well-established quantum field theory of elementary particles and their interactions
with high predictive power.

EEEEEEEEEE

* Gives accurate predictions, which (mostly) very well agree with the experiments.
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* The SM cannot explain non-zero neutrino masses at the re-normalisable level. Neutrino
masses can only be obtained by:

* |ntroducing a new degree of freedom, i.e. a right-handed neutrino to build the Dirac mass term:

* Using non-renormalisable dimension-5 Weinberg operator to get Majorana masses:

V2

* The observations of small neutrino masses indicate that either A is very large, A > v,
or y must be small.

* The seesaw mechanism offers an explanation of small neutrino masses compared to
those of quarks and charged leptons. Three types:

type-I: fermionic singlet type-ll: scalar triplet type-lll: fermionic triplet
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‘Left-Right Symmetric Model R

* Parity violation remains unexplained within the SM, therefore we seek higher symmetry,
which is then spontaneously broken at lower energy scales.

* Pati, Salam, Mohapatra, and Senjanovic proposed the left-right symmetric model:
» Extend SM gauge group by an SU(2),, local symmetry:

SU3).x SUQ2), x SU2), x U(1),_,.

* Quarks and leptons become completely symmetric:

2 L
QL,R — (d)LRa LL,R — (6>LR.

o Interaction Lagrangian is written as £ = fi;//“‘Dﬂf, with the covariant derivative containing
coupling strengths:

2 2

. o aaL aaR B— L
Dﬂ=@ﬂ—l gSA T ~+ gLW,ML 2 + gRW/AR + gB .
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'LRSM Spontaneous Symmetry Breaking R

» Higgs sector is extended with two SU(2) triplets A;  and a bi-doublet ®:

o _|ave oA o (¢9 ¢2+>.
- A —ATH/2 LR’ b #

* Spontaneous Symmetry Breaking (SSB) happens in two consecutive steps:

LRSM —- SM SM - EM
e A;(1,3,1,2)and Ay(1, 1, 3,2) triplets, e O(1,2,2,0) (includes SM Higgs boson),
0O O 0
® <AL> =0 and <AR> — (V O) ® <(I)> — (Vl : ),
1 0 v,e™

e In turn, A; develops a tiny induced vev v; = (A;) vz/vR.

* Right-handed counterparts of W and Z bosons acquire masses as a result of the SSB.
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* The existence of two scalar SU(2), singlets k and &, which carry hypercharge, is
hypothesised:

Wt~ (1,1, + 1),
kYt~ (1,1, +2).

* Since there are no right-handed neutrinos in the Zee—Babu model, Dirac mass terms
can not be constructed. Furthermore, k and i cannot contract with lepton and Higgs

doublets to generate Majorana masses at the tree level. i,
PR SO
* Left-handed Majorana neutrino masses are generated 2 v
radiatively via two-loop diagrams. hE YEEE N AT
* Total and differential production rates for H; ™ o Y 4 Ve b
and k** are identical in shape and can only vp e ver der voer Joup

differ in normalisation.
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* Various BSM theories predict the existence of doubly charged bosons.
LRSM Zee-Babu model

* Two chiralities H; and H™. e The k™™ has the same quantum numbers as H; ™ so their
e Can couple to left-, right-handed leptons, vector bosons or electroweak production is the same.
scalars from the triplet. Lepton flavour violation is allowed. e For the Drell-Yan production mechanism, cross-sections and
e The dominant production mechanism is the Drell-Yan differential scalar distributions in the Zee-Babu and type-li
process through an s-channel photon or a Z boson seesaw models differ at most by a normalisation factor.
exchange.
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Doubly charged Higgs analysis
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* Prompt, highly energetic, same-charge lepton pairs represent a striking signature for

BSM physics - such events are produced rarely in pp collisions by the SM processes.

* Considering only final states containing light leptons, including leptonic 7 decays.

* Branching fraction to each possible leptonic final state is assumed equal:

BH™ — eTe™ e u™uu~le t*u=t=/t51%) = 1/6

* Two analysis approaches were tested:

* Cut-based analysis (CB): selection requirements on kinematic variables are chosen
orthogonally. Published in Eur. Phys. J C 83 (2023) 605.

* Multivariate analysis (MVA): a functional dependence on a combination of observables is

implemented.

* A binned maximume-likelihood fit to data is performed on:

o« m(£*¢¥),..q and event yield in the CB analysis,

* |logit MVA score in MVA analysis.

Fit the dominant Drell-Yan and diboson
backgrounds



https://doi.org/10.1140/epjc/s10052-023-11578-9
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'MVA analysis strategy

 Two different binary classification algorithms are tested:
* agradient boosting on decision trees (BDT) implemented in CatBoost,
* adeep neural network (DNN) provided by an ML library PyTorch.

* Due to the different topologies, an individual model is trained for each lepton multiplicity.

e Samples are splitin 50% (training) : 25% (test) : 25% (validation) ratio, using stratified
sampling.

* Features selected based on the BDT feature importance output.

® Neural Networks eXpeCtedIy él(ﬂ? ' [ 1 CatBoost packground
outperformed the BDTs. T boTonts ecgound
[__1 PyTorch signal
* Signal to background was

separated well, so it was
challenging to construct
sensible region definitions:

= use logit MVA score | | | | MVA score

104

103§
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e Six control regions (CR) for:
* Constraining nuisance parameters related to systematic uncertainties,

* Fitting the dominant SM backgrounds: DY (2¢) and diboson (27, 37, 4¢).

* Five validation regions (VR) are used to cross-check the background modelling.

* Five signal regions (SR) as parts of phase space where a signal model predicts a
significant excess of events over the expected background level.

| Control regions Signal regions | Validation regions
| DYCR DBCR2L DBCRS3L CRAL SR2L | SR3L SRAL | VR2L VR3L VRAL
ete” | eTet 0EEPT | 00t | eteT | 0F0E0T | 000 | ete® 0E0ET | gt
% Channel et et et T
= s e =
% M0, 15 )1eaq. [GeV]* | > 300 200, 300) > 300 (100, 200) | > 300 | > 300 > 300 > 300 (100, 300) | [200, 300)
5 P, 6 )caa. [GeV] - - - - > 300 | > 300 - 200, 300) - -
0 AR(0F, 1 ) 1aq. - - - - <35 - - < 3.5
© msc |GeV] - - - - - - > 300 =
Q Emiss [GeV] - > 30 - - - - - - > 30
j= (e, 0)] - | <30 - : — : : : < 3.0 :
O Z-boson veto - - inverted - - v v - v
0 logit MVA result - - - - > () >3 >0 <0 <3 <0
2, m(0F, ) 1eaa. [GeV]* | > 300 200, 300) - - > 300 - - > 300
s pr(0E, £F ) 1caa. [GeV] - : - - > 300 - - - _ ;
< msc [GeV] - - - < 200 - - > 200 - - > 200
< n(¢, )| S : : : - <z0 | - -
E Z-boson veto - - inverted - - v - - v

*Note that the cut on the invariant mass of the leading opposite-charge lepton pair is applied in DYCR region.
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Triggers used in the analysis a8

DiLepton Triggers

2015 2016 201742018

HLT 2el17_1hvloose_nodO OR
HLT 2e24_1hvloose_nodO
el HLT el7_1hloose mul4d HLT el7_1hloose nod0O._muléd
750! HLT mul8_mu8noL1l HLT mu22 mu8noL1l

ee HLT 2el12_1hloose_ L12EMI10VH HLT_2el17_1hvloose_nodO

* To extract the signal, dilepton triggers are used in the analysis - main reason is to avoid
trigger bias on fakes.

* Prescaled single lepton triggers are used for fake estimation (see next slides):
* Average prescales which are derived from luminosity blocks are used.
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e Fake/non-prompt e Misidentified charge
q |14
q,
q Wiz
d
P

n Any other object misidentified as

u /4 lepton (jets, muons, hadrons, ...).

. . . . Charge misidentification
Produced in hard interaction, e.g. | Leptons coming from heavy flavoured | o ctimated by comparing data

| 1 - identifiad iots.
diboson, W backgrounds mesons or mis-identified jets to MC. simulated events

estirr_nated from MC Estimated with data-driven fake corrected with scale factors.
simulations. factor method.
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* Fake-factor method is a simplified matrix method - we define loose
(not tight) and tight regions that are orthogonal to each other.

* Two lepton definitions:
* tight. nominal signal selection - leptons used in the analysis,

* Joose: relaxed identification, isolation cuts.

* Fake-factor is the ratio of tight and loose leptons: F, =

* Fake estimation is done in fake enriched regions, see next slides.

* Fake factors are applied to each fake lepton individually:

dat MC
NSICgla NLz N NLz

Nfake _ Z( 1)NLl+1HFl Z( 1)NLl+1HFl
[2F2+ ZFI ZFIFZ]dam_ [ZF2+ ZFI ZFIFZ]pmmpt

NN &)
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Fake-factor Method

Loose

2 fake
leptons:
-F1F>
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* exactly 1 baseline electron,

* Fake enriched region requires:

o[ {s=13TeV, 139 fb’

- any number of jets

0 GeV <ET™" <25 GeV
. 0<ml<0.7

nominal

at least 2 jets
any EmISS

MC up 10 %

MC down 10 %
Stat. & Sys. Unc.

A

)

ATLAS

EXPERIMENT

o {s=13TeV, 139 fb’

L any number of jets
— 0 GeV <E;® <25 GeV
- 0.7<nl <1.37

nominal

at least 2 jets
any EmISS

MC up 10 %

MC down 10 %
Stat. & Sys. Unc.

* any number of jets,
* b -jet veto.

Electron Fake-Factor
Electron Fake-Factor

o> 0 <«
» o <«
® 0«

> 0 <«

III.|II,:._[?:II.|III.|I
III.|II‘E.EIII.|III.|I

* Four 5 bins, two E'™* bins, variable p;
binning to ensure statistical error below [ %::
a fixed threshold. I —

200 300
Electron P, [GeV]

200 300 0 100
Electron P, [GeV]

Trigger Average prescale Period 3 - p nominal - 1 1138 - p nominal - -
P g enmmy (S IR iaeoonvme (HEEe
HLT_e26_1hvloose_nod0_L1EM20VH 111.2 2015-2016 & 5 g”é'e”\‘/”: ErT"‘SS<125 Gev *Mewion 4 O o é/eV< E%ﬂss!% Gov = Mewiowm o -
HLT_e28_1lhvloose nodO_L1EM20VH 367.60 2017 LCE - 1.52<Inl <2.01 Stat. & Sys. Unc. | LCE §§2.Q1 <yl 1'4?:'4'7 Stat. & Sys. Unc. |
HLT_e28_lhvloose nod0_L1EM22VH 384.5 2018 S o8- 4 |15 o8 iey ¢l =
HLT_e60_lhvloose_nod0 32.93 2015-2018 8 o a EN | ER -
HLT_e70_1hvloose nod0 64.13 2018 Ty N :
HLT_e80_1lhvloose_nodO 40.43 2018 AT B “E B
HLT_e100_1hvloose_nodO 19.45 2018 2 — 2 —
HLT_e120_1lhvloose_nodO 12.15 2016, 2018 - § = ]
HLT_e140_lhvloose_nodO 2.637 2017-2018 | 1 |
HLT_e160_lhvloose_nodO 1.601 2017-2018 ' _ T 1.
HLT_e200_etcut - 2015 Sy o .S e
ALT-e300-etcut _ 2016-2018 10 =00 E?fggtron P, [GeV] 10 =00 E:?ggtron P, [GeV]
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EXPERIMENT

: nominal
s=13TeV, 139 fo' p_(jet) > 40 GeV

T&P, any number of jets * Ad(, u) >2.6
0

Ag(j, u) >2.8
g < h’]l <1.37 E_r;nss <30 GeV

ET > <50 GeV

No ET"° requiremen
MC up 10 %

MC down 10 %
Stat. & Sys. Unc.

nominal

ls=13TeV, 139 fb” p_(jet) > 40 GeV
T&P, any number of jets  * A¢(, u)>2.6
O<mhl<0.7

* Fake enriched region:
* exactly 1 baseline muon,
* any number of jets,

A(j, ) >2.8

ET > <30 GeV

ET > <50 GeV

No ET"° requiremen
MC up 10 %

MC down 10 %
Stat. & Sys. Unc.

Muon Fake-Factor
Muon Fake-Factor

* b -jet veto,
: Eg‘i‘“ < 40 GeV, p;(j) > 35 GeYV,
Ap(p,j) > 2.7.

e Five }/] bins. 4 s e 70 100 | 0 50 6070 100

III|III|III|III6FIII|III|III
III|III|III|III$III|III|III

MC down 10 %
Stat. & Sys. Unc.

MC down 10 %
Stat. & Sys. Unc.

MC down 10 %
Stat. & Sys. Unc.

Muon P, [GeV] Muon P, [GeV]

* Triggers used:

-'8 nominal -'8 nominal -'8 E . nominal

® (s =13 TeV, 139 fb p_(jet) > 40 GeV I (s =13 TeV, 139 fb p_(jet) > 40 GeV S — {s=13TeV, 139 fb p_(jet) > 40 GeV

. : - T&P, any number of jets * Ad(j, u) >2.6 - T&P, any number of jets * Ad(j, w) >2.6 i [ T&P, any number of jets * Ad(, u) >2.6

Trigger Average prescale Period 0 ! A i ) ! - ) - ! -

|f 1.37 <Inl < 1.52 M < 30 GeV |f 1.52 <Inl <2.01 EM 2 30 GeV |f — 201 <l <25 ™ < 30 GeV
HLT _mu24 49.36 2015-2018 c ET < 50 GeV - ET <50 GeV c - ET <50 GeV

o No ET"° requiremen o No ET"° requiremen o — No ET*° requiremen
HLT.mu50 2015-2018 2 MC up 10 % 2 MC up 10 % 2 N MC up 10 %

III|III|III|III5F-III|III|III
III|III|III|III6F-III|III|III
III|III|III|III(7FIII|III|III

II!|III|III|III|III|III|III
!

40 50 6070 100 | 0 50 6070 100 | 0 50 6070 100
Muon P [GeV] Muon P, [GeV Muon P, [GeV]
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* We see good agreement in the whole p;
range.

* Muon fakes mainly present in low p
region ( < 100 GeV).

* Systematic uncertainty only from fakes

and W+jets normalisation in muon
case.

Data / Pred.

Data / Pred.

e Factor Closure

{s=13 TeV, 139 fb" [ IMis-ID lep.

any number of jets
closure

¢ Data W+jets
Drell-Yan
tt 7] Diboson
| |Single top [ ]Rare top
Multiboson ##% MC Stat.
22 MC Sys.

~ any number of jets
—_cleosure (full range)

— (s=13TeV, 139 fb' [Mis-ID lep.

T | T T T T
W+jets

Drell-Yan
tt 7] Diboson

|_]Single top []Rare top
#MC Stat. <<MC Sys.

¢ Data

90

Muon P, [GeV]

Data / Pred.

Data / Pred.

INFN
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ATLAS

EXPERIMENT

s=13TeV, 139 fb" [ IMis-ID lep.
— any number of jets tt

|
Q
@)
»n
C
<
D

Q{>1]>III

2]
% o3
S8
{ ]
%

'LﬂIIIIIIII|IIII|II

Drell-Yan -
[1Diboson —]

l.._

: _.".'".'".'".'".'".'".'".'".'l".'".'".'" '''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

-25-2-15-1-05 0 05 1

1.5 2 25
Electron

— {s=13TeV, 139 fb' [7]Mis-ID lep.
C any number of jets tt

— closure (full range)  [£]Single top
% MC Stat.

WP T T T T T TT T

Drell-Yan
[ | Diboson
I Rare top

25 .2 15 -1 -05 0 05 1

1.5 2 25
Muon n
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Results of the cut-based analysis
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* Both theoretical and experimental uncertainties are considered.

® Leading sources of uncertainty: %Z:H?—lﬁégl;e\l,:;;f;,: R H:
 statistical uncertainty, %; ------------- NN RN SRR AR ERRERRERREEED -
* electron identification efficiency, =R AR ' T
* fake background estimation. 2 LUl

Luminosity |— |

| | I A T T N N N A O
C - h N «© [eo] D [o0] = = - c - (V] D E c [0} - - (aV] [sp] < [Te} © N~ > - > E > c c g g c c - K] (o] (0] c @
SfeszgibaassegiiferessstisesyyasyfEds $S2552S8 852y
o 5 ] . . . . . T E E £ 5 o 2 o o T < 9 o < k] - o o o ) s O © ¢ ° © =
538 33 % 2 » = =23 35 ccc8E 22 55852 835 53000k 5483 FFEEe 2o
: g » ¢ 5§ & &8 28 089§ 5 988 8t 5255 558 8063 83 883 85 a8 o 53 5 5 &8 E 3 5 % 5
O An. 04 -0.2 0 02 04 53828 g8 &8s g g2 E gL 0 1158303 s oS0 psca df 8
umoper Or nuisance e ‘A SRR R RS EE RN EEEEEEN NN RN RN I NS LEEE L N
958222223222 T FE% 2hzasososos = Essg8fs235g = °
L S o m oo oo P Y S 3 5 § $3 33 383383 & 2 - 5 = S
Pre-fit impact on p_ g8 u m & > e ¢ 5 3 =
© . = c c =
o o o g g g
parameters (NPs)
. (2] (2]
—e— Nuis. param. pull S £
' I e ; | U o] |
Stat. only uncertainty §F// (PP PIPP ISP S IIP PP IS ///////7/1
[ ) () . : 7_‘”] :
El. ID efficiency uncorr. NP8 : & :
' = % - 40 | | | | | | |
(SR3L OneDiff Il mlISS1 bin 3) - X — | | _
. : : —_ — 1 1 Iated- 1 1 1 —
¥(DYCR OS ee mllOS1 bin 2) 7 ® — ATLAS , , Uncorre ; . ! ! —
U " f 2 35 fs=13TeV, 139 fb" ' MC Stat. uncertainty | it —
O -ter Slng Stan ar EL. 1D efficiency cor. NP14 = ; c — Is=13TeV, . . — at. uncertainty | . =
” 1 "© — ! ! - = Data Stat. uncertainty ' ! ! -
El. ID efficiency corr. NP13 @ : "9 [ Total uncertalnty : : c . al y : I . —
° . - Muon reco. efficiency, sys. term @ 8 30_ (Correlated) 1 A )_(p_erlm_e_n a I I e o= == —
s - f— 1 1 | | —
HistFitter pruning onl e — | || 5 o ot N
T — | | - | | ]
El. ID efficiency corr. NP10 o] g - 25— | | TlrJ]mmOSIty | 1 I —
: : )] [ I I - eor I I —
° El. ID efficiency corr. NP11 = S [ I | Normgl'sat'on | ! I _
= : — — | | - | | | | | —
49 N PS rel I lall l Y(SRAL HalfHalf llll mavgS$S bin 0) ® © 20— i | . | : | —
® H - - — 1 1 1 1 1 —
El. ID efficiency corr. NP9 o] CCTIZJ — | | -—-— | I | —
- : | 1 1 | 1 1 |
El. ID efficiency corr. NP8 E 15__ : : - _I | E : o mm mm mm mm mm m : —
Diboson PDF variation E — I I - , | ]
: : — 1 1 —
Pile-up modelling E : 1 O — | | ]
: : : | 1 |
Diboson QCD scale ® a L ! —
3 = 3 — | —
Y(SR2L SS mm mlISS1 bin 2) f —— 55 I —
Muon MS track resolution i — .
Y(SR2L SS ee mlISS1 bin 0) | -+ 0 - =
Y(SR2L SS em mlISS1 bin 2) = | H | -+- . éx
After fit NP 0.)/A8 or (N. = v (s+b . i . .
Ch 0) ( | Yi( )i) Control regions Validation regions Signal regions
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observed events.

* Unfortunately, no data event passed the SR4L requirements.

* QOverall good post-fit agreement between expected and

_g') I I I I : I I : : I :
CIC) — ATLAS i ¢ Data Drell-Yan
= 104 V\s=13TeV, 139 fb" | bkl Total SM | FNP
= I Diboson
103 _—— I Other
E P
102 | e
©
O 14
a 1.2
~ 1.0 I/// . .
S 0.8| ¢ pre-fitratio .
© — fit ratio |--------- e I T T P P TEE P :
S 0.6 ¢ Ipost fI’[I ratio | i i . | i i
&GX x y  x . x c ),’9)( »f< x S 9 x 9 )9’9)( JK
c Ge 3\)‘ \}d\}‘ N\ K Ge 3\}‘ \}0\}‘ N\ &K
Control regions Validation regions dignal regions

Data / Pred.

Data / Pred.

NN &)

EEEEEEEEEE

- ATLAS ¢ Data Drell-Yan 7
~ (s=13TeV, 139fb' #TotalSM [JFNP
- SR2L (e"e?), post-fit [ Diboson -

Other 7
— m(H™) = 900 GeV x50 :
— m(H™) =1100 GeV x50 -

m(e”, e’) ., [GeV]

' ' ' ' ' ' I
= ATLAS ¢ Data _|FNP =
-~ (s=13TeV, 139fb"' #Total SM [ Diboson -
~ SRA4L (FFIT), post-fit Other
= — m(H™) = 900 GeV
— m(H™) = 1100 GeV

L11171177177777777717777777777777777777777777777777777777777/ 777777 777777777777777777777777777777.
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Results of the multivariate analysis
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* Studies indicate that this is due to the

uncertainties exceed 100%

muon effic
sensitive logit MVA score. Slight systematic

* pull plots are more scattered,
* more NPs remain after pruning,
variation can produce very different output.

o statistical uncertainty,
* muon fake estimation,

* |eading sources of uncertainty

* Systematic uncer
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 The expected exclusion limit is 1065*2) GeV for LRSM and 880*>) GeV for the Zee-Babu
model.

* The observed lower limit on the H** mass reaches 1080 GeV and 900 GeV when
combining all three channels for LRSM and the Zee-Babu model, respectively.

* The four-lepton channel limit is is the strongest and drives the combined result.

°* MVA did not provide much improvement with respect to the cut-based analysis.

r~y L L L B S R I B R A B I ~ L B B B B IR RN B R
=, 10 ATLAS ---- Expected 95% CL limit — =, 10°Vs=13TeV, 139fb"  ---. Expected 95% CL limit =
S ~ Vs = 13 TeV, 139 fb’ Expected limit + 1o = S - Multivariate Analysis Expected limit + 16 .
I 5 - Expected limit + 2¢ 7 nl B i Expected limit + 2¢ i
‘D % \ — Observed 95% CL limit  _ ‘N 8 10 — Observed 95% CL limit _
=1 & B — Doubly charged Higgs | %‘ N s — Doubly charged Higgs 3
o 1§ —o(pp = H'H) - c| 3 : —o(pp = H'H) -
G| 5 - o(pp — HEHS or k'K 3 $ c D o(pp — HyHy or k™K) -
| = i £ BHE - EI%)=100% = © = £, BHE - 1) =100% 3
P o - o _ ]
S| T E I ‘
5 S NN B % 10 ; __________________________________________________________________ T%
O i \\: = n .
1T A T B F U W P PR SN W 1T A N S W W B W= S - S S
400 500 600 700 800 900 1000 1100 1200 1300 500 600 700 800 900 1000 1100 1200 1300
m(H™) [GeV] m(H™) [GeV]
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Event: 1742126393
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dielectron—-muon candidate event
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‘Motivation for our future work R

* Lepton Number Violating Higgs decay is a signal within the Left-Right Symmetric Model
that can create a (same-sign) two-lepton final state.

* The Higgs can act as a gateway to the origin of heavy Majorana neutrino mass. This
process is complementary to the existing nuclear and collider searches for lepton

number violation and can probe the scale of parity restoration even above other direct
searches.

* We relaxed the “A constraint” and are generating inclusive gg — NN process (goes
through A/A/H/Z/Zy/h. Gain 0(20%) in production cross-section.

ly
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* Mass points were chosen based on arxXiv:1612.06840 studies. Masses of all three
heavy neutrino flavours are degenerate.

M(N) [GeV] m(A) [GeV] m(WR) [TeV] cross-section [fb] @13 TeV cross-section [fb] @13.6 TeV
29 65 4.0 4.60 4.90
29 100 4.0 2.959 2.0(
25 150 4.0 1.54 1.67
65 150 4.0 1.06 1.15
- » —— 1.000 — l A 70 (Bramnss%) A\
il s = e ] 3 o W My, =4TeV | I
_ E 1\\4/; :fTZVV - 0.500:— e =45GeV | cof My, =4 TeV
100 - so = (5.1020)% | - 7 *
2 5 ya
= 3 ' >
P 10E 10 1ié 16 20 25 7 | k=
R | 3
3 1 " | | | 1\
().1- . | o0 i ! \ \\\\!\\ / . | [ ] /—'\\\ u - |
20 50 100 200 500) 100 150 200 300
my in GeV my 1in GeV mu 1n GeV
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 Number of As and Heavy neutrinos.
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® Reconstructed invariant masses.
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* Number of leptons and quarks.
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* Heavy neutrino displacement is detectable and can play a significant role in our
analysis!
ATLAS Truth Simulation ATLAS Truth Simulation
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* Theoretical models relevant for the DCH analysis were presented.

* Search for a doubly charged Higgs analysis was outlined:
* Two analysis approaches were tested,
* Results are interpreted in different models,
* Background modelling is crucial,
* Preliminary studies show that MVA techniques provide modest improvements, indicating that
the current cut-based analysis is well executed.

* Improvements can be made in the MVA approach, especially with the new person
power joining the new round of the analysis.

* Signal sample validation of the LNV Higgs decays was presented.

Thank you...
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The Large Hadron Collider
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* The Large Hadron Collider (LHC) is the most powerful particle accelerator and collider

* |tislocated on France - Switzerland border at CERN ~100m below the surface.

* |t can accelerate both protons and heavy ions, which is done in multiple stages.

* |t was designed to reach centre-of-mass
energy of pp collisions \/E = 14 TeV.

* Four major experiments:
* ALICE, ATLAS, CMS, LHCDb.

* |t delivered:
e 546 fb1+22.8 fb1in Run 1,
e 156 fb71in Run 2, and
e 70 fb'in Run 3

to ATLAS.
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o — e
North Are
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* The ATLAS detector is a multilayered general purpose detector, located at Point 1 of the
LHC. It consists of several subsystems:

* |nner Detector,

* Electromagnetic and Hadronic calorimeters,

* Muons spectrometers,
* Central solenoid and toroid magnets,

‘ - i “ .. p : ‘ Pixel detector
. FO rW a rd d et e Ct O rS ( I u m I n O S Ity) ) Muon Chqmbe:rOi Zo::woid magnet | Transition radiation tracker
nductor tracker

* Two-level trigger.

* |t was developed to detect various types of elementary
particles with different reconstruction and identification
techniques:

* Electrons, muons, jets,
tau leptons, missing transverse energy.
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» Search for H** pair production in all lepton flavour and charge

, +
combinations: H= — ¢+, ¢, =e, u, t. ; < /
* Results can be interpreted for: /}; SN
* Type-ll Seesaw mechanism within Left-Right Symmetric Model: .’
two chiralities Hfi and Hﬁi [arXiv:0305288, arXiv:1105.1379]. Z/y* SSCH-, -
» Zee-Babu neutrino mass model: k** [arXiv:2206.14833] q \<
* Type-ll seesaw mechanism: one of the simplest known ways to 0"

account for the smallness of the neutrino masses.

e | epton flavour violation is allowed. Lo | BT Bl - W)

0.8 1

* v, — 0 GeV: exclude decays to W bosons.

* Search for m(H**) € [300 — 1300] GeV and focusing on two-, 5 e Z 1LY
three- and four-lepton final states.

0.2 1

* Using NLO cross-sections with corresponding uncertainties

0.0

from Phys. Rev. D 101, 075022. o
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Electrons ¢

Requirement Signal electrons (tight) Background electrons (loose) ' Requirement Analysis jets

Identification LHTight LHLoose ] ,
AND j t Jet type AntiKt4EMPFlowJets
Isolation FCLoose fail tight selection i JVT working point Tight
- pr cut pr > 40 GeV pr > 40 GeV : { fJVT working point -
| n cut In| < 2.47 and veto 1.37 < |n| < 1.52 |n| < 2.47 and veto 1.37 < |n| < 1.52 »‘ {  pr cut pr > 20 GeV
|do|/og, cut |do|/og, < 5.0 |do|/og, < 5.0 :

|20 sin(@)| cut |29 sin(f)| < 0.5 mm 20 sin()| < 0.5 mm { _‘ m cut | | In| < 2.5
Bad cluster veto yes yes ¢ b—tagging DL1r with FixedCutBEff_77

Muons / Missing Transverse Energy

Requirement Signal muons (tight) Background muons (loose)

Quality HighPt if pr > 300 GeV else Medium HighPt if p > 300 GeV else Medium §f Requirement Nominal

Bad muon veto yes yes {
Tsolation FixedCutTightTrackOnly fail FixedCutTightTrackOnly i Lype Track-based Soft Term
pr cut pr > 40 GeV pr > 40 GeV i Working point Tight

g n cut n] < 2.5 n] < 2.5 t Forward jets

i |dol/0g, cut dol/od, < 3.0 dol/od, < 3.0 | Pile-up jets in

- |20sin(0)] cut |20 sin(f)| < 0.5 mm |20 sin(f)| < 0.5 mm significance calculation

i
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* Fake enriched regions require exactly 1 baseline lepton with any number of jets and a
b-jet veto ( + additional kinematic constraints in the muon fake estimation due to tag-
and-probe technique).

» Estimation performed in 4 (5) # and two EY’”?"SS intervals with variable p- binning.

* Prescaled single lepton triggers were used.

electrons muons

[ ATLAS Internal e nominal .
o {s=13TeV, 139 fb” e p(iet)>40GeV ]
_ T&P, any number of jets  * A9(, ) >2.6 -

- o AQ(j, 1) >2.8 B
— 1.37 <Inl < 1.52 . E™ 230 GeV -

ET" <50 GeV
No E7"° requirements;
» MC up 10 %
v MC down 10 %
Stat. & Sys. Unc.

. I I I I I I | I I I I I I I I
_ ATLAS Internal e nominal
" {s=13TeV, 139 fb™ o atleast 2 jets

N4) : . pmiss

~ any number of jets ﬁ‘ﬂny T

- i » MC 10 %

" 0GeV<E™ <25GeV - MG down 10 %

. O<ml<0.7 v Stat. & Sys. Unc.

Electron Fake-Factor
Muon Fake-Factor

vyvYy "'vvvvvvvy

S 0233388808008 ° oqupN
e AAAA A A ;
A A A A A

- O

100 200 300 40 50 6070 100 |
Electron P [GeV] Muon P, [GeV]
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 The expected exclusion limit is 1065*2) GeV for LRSM and 880*>) GeV for the Zee-Babu
model.

* The observed lower limit on the H** mass reaches 1080 GeV and 900 GeV when
combining all three channels for LRSM and the Zee-Babu model, respectively.

* The four-lepton channel limit is is the strongest and drives the combined result.

Y UL B I I SSLRE B BN LR I Y UL B I I SSLRE B BN LR I
= 10 ATLAS ---- Expected 95% CL limit _| =, 10 ATLAS — combined .- stat. only _
S ~ Vs =13 TeV, 139 fb” Expected limit + 1o - S /s =13 TeV, 139 fo! ----two-lepton ----three-lepton =
= F Expected limit + 26 - = F - lourlepton - 961 -
o | — Observed 95% CL limit _ S T\ Y _
N — Doubly charged Higgs h Ll N NNl T e
a3 1§_ —o(pp » HH) E 3 1§_ — Doubly charged Higgs =
o - o(pp — Hy Hs orkk™) o - —o(pp = H'H) .
© i £ BHE 5 EI1%)=100% © i o(pp = HyHgork™k') -

O o T NN
= 107" = = 107 T s N =S
N Y. N D e s s M TN
10—2|||||||||||||||||||||||||||||||||||||||||| 10—2||||||||||||||||||||||||||||||||||||||||||

400 500 o600 700 800 900 1000 1100 1200 1300 400 500 o600 700 800 900 1000 1100 1200 1300

m(H™) [GeV] m(H™) [GeV]
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» The expected exclusion limit is 1071 Ofgg GeV for LRSM and 81 Ofgg GeV for the Zee-
Babu model.

* The observed lower limit on the mass reaches 1050 GeV and 890 GeV when
combining all three channels for LRSM and the Zee-Babu model, respectively.

* Not much improvement with respect to the cut-based analysis.

B L B L BRI B AL LR B B L L L L L B L L L BN LA B
é 10° = s =13 TeV, 139fb"  ---- Expected 95% CL limit = é 10 Vs =13 TeV, 139 fo!' — combined - stat. only  _
S = Multivariate Analysis Expected limit + i~ = S - Multivariate Analysis ----]Ewo-llepton -+ three-lepton =
= [ Expected limit + 26 = F -~ four-lepton -
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* The predicted SM yield is a function of the nuisance parameter (systematics).
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pp=P(q, < q)7|B) = J fq,|B)dq,
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