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® General information

* Physics:

* Search for lepton number violating processes in the Left-Right Symmetric Model:
EXOT-2024-03 (EXOT-2025-14)

» Search for axion-like particles (ALPs) decaying into a pair of opposite-charge muons in ultra-
peripheral collisions:
HION-2023-14

e QOther

* Lifein Bologna and Italy 1l
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* Place: INFN, Sezione di Bologna (ATLAS exotics group)

* Position: “Assegno di ricerca” - research grant program aimed at foreign researchers
coming to Italy

* Duration: 1 (+1) year: 2. 11. 2023 - 31. 10. 2025

* First year of the contract: our child was born, so we were all able to move to Bologna

* Second year of the contract: | was allowed to work remotely as our child began kindergarten
and my wife's (MR @02 I1JS) parental leave ended, so we returned to Slovenia.

I N F N Istituto Nazionale di Fisica Nucleare
SEZIONE DI BOLOGNA
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Majorana Neutrinos in the
Left-Right Symmetric Model



* The model was thoroughly studied by our F1 colleagues, who have
now joined ATLAS as short-term associates. arxXiv:2403.0//56

[

* Collaborate with the JSI group in the “umbrella” analysis
(DCH, T3SS).

® Process characteristics:

» Majorana heavy neutrino, NV, pair production via the gluon

fusion and a A (triplet “Majorana” Higgs) resonance. S
100 /|

Vs =13 TeV
My, =4 TeV
sp = (5,1020)% |

e |tis alepton-number-violating process with AL =0, 2.
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* Can lead to two same-sign leptons in the final state % |
(+ additional soft jets) — low SM background. T N\ .n
. . , S | \
* Displaced vertices can be present, which may == _
help reduce the background further. o PO T O AN
10 50 100 200 500

my in GeV arXiv:1612.06840
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* Wr generated 37 signals on a grid of m,, and m,, which have sensible cross-sections.

* Gridpack mode was used for ME calculation and integration.

* Although the total cross-sections are not unreachable, the final state is very low-
energetic. A significant fraction of

O ‘Problematic' masspoints 4.204e-07 pb
events is not detected simply due to 1 Q ettt masspois O : *
the detector acceptance/efficiency: o & o
: pT(]) > 20 GeV, @ © 0.150 5
. p.(e) > 17 GeV 3" oo s 5
Pr ' % Trigger thresholds i‘z @ - g

o pr(p) > 22 GeV.
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ATLAS Truth Simulation
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ATLAS Truth Simulation
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ATLAS Trith Simulation
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Quantity SR2J SR3J SR4J | TopCR DBCR DYCR TopVR DBVR DYVR
P (lieaq) [GeV] <150 <150 < 150 - — - — -~ -
pT(esublead) [GGV] <100 < 100 < 100 = = o - - -
Niets 2 3 4 > 2 <3 = > 2 <3 =
Nbjets 0 0 0 > 2 0 0 > 2 0 0
Leptons charge SS SS SS OS SS OS OS SS OS
mye |GeV] <8 <8 <8 |130-300 200-300 80—120 | 300— 1500 300 —600 120 — 1000
ERss [GeV] <150 <150 < 150 - > 30 - - > 30 —
A(mjje)min [GeV] - - <60 - - - - - -

Additional cuts enforcing orthogonality

SR2J: my =80

i SR3): my,<80
o SR4): my=80
. DBCR: 200 < my; < 300
DYCR
s TopCR
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EXPERIMENT

SR2J lili, N30, Ago Yield SR2J lili, N50, A150 Yield SR2J lili, N7(), AISO Yield
( Expected yield o - £ 1.04 x 103 Expected yield o - £ 1.83 x 103 Expected yield o - £ 621
U tf I ows fo r Number of jets 1.11 x 103 Number of jets 1.86 x 10° Number of jets 630
Crack veto cleaning 1.11 x 103 Crack veto cleaning 1.86 x 10° Crack veto cleaning 630
Two loose leptons 161 Two loose leptons 545 Two loose leptons 202
® Triggers 129 Triggers 467 Triggers 174
Bad muon veto 129 Bad muon veto 467 Bad muon veto 174
s I g n q S R 2J Two tight leptons 58.1 Two tight leptons 278 Two tight leptons 104
Analysis channel 57.4 Analysis channel 274 Analysis channel 103
Charge 26.0 Charge 132 Charge 50.1
b-jet multiplicity 23.7 b-jet multiplicity 126 b-jet multiplicity 47.7
eve n s Missing Fr 23.6 Missing Erp 126 Missing FEr 47.5
my SS lead. pair 23.2 my SS lead. pair 93.6 my SS lead. pair 42.6

Leading lepton pr 23.0 Leading lepton pr 93.1 Leading lepton pr 424

° Subleading lepton pr 22.9 Subleading lepton pr 93.1 Subleading lepton pr 42.3
We I g e Jet multiplicity 4.81 Jet multiplicity 26.1 Jet multiplicity 11.9

SR3J SR4)

l
SR3J I£1%, Nsp, Agg Yield SR3J [£1%, Nsg, A1so Yield SR3J IF1%, Ny, Areo Yield : SRA4J I£1%, Nag, Agg Yield SRA4J 1£1E, Nio, Aiso Yield SR4J I£1E, Nyg, Aqep Yield
Expected yield o - L 1.04 x 103 Expected yield o - L 1.83 x 10° Expected yield o - L 621 I Expected yield o - £ 1.04 x 103 Expected yield o - £ 1.83 x 103 Expected yield o - £ 621
Number of jets 1.11 x 10® Number of jets 1.86 x 103 Number of jets 630 I Number of jets 1.11 x 102 Number of jets 1.86 x 103 Number of jets 630
Crack veto cleaning 1.11 x 10° Crack veto cleaning 1.86 x 10? Crack veto cleaning 630 I Crack veto cleaning 1.11 x 10? Crack veto cleaning 1.86 x 10? Crack veto cleaning 630
Two loose leptons 161 Two loose leptons 545 Two loose leptons 202 I Two loose leptons 161 Two loose leptons 545 Two loose leptons 202
Triggers 129 Triggers 467 Triggers 174 I Triggers 129 Triggers 467 Triggers 174
Bad muon veto 129 Bad muon veto 467 Bad muon veto 174 I Bad muon veto 129 Bad muon veto 467 Bad muon veto 174
Two tight leptons 58.1 Two tight leptons 278 Two tight leptons 104 I Two tight leptons 58.1 Two tight leptons 278 Two tight leptons 104
Analysis channel 57.4 Analysis channel 274 Analysis channel 103 | Analysis channel 57.4 Analysis channel 274 Analysis channel 103
Charge 26.0 Charge 132 Charge 50.1 I Charge 26.0 Charge 132 Charge 50.1 o
b-jet multiplicity 23.7 b-jet multiplicity 126 b-jet multiplicity 47.7 I b-jet multiplicity 23.7 b-jet multiplicity 126 b-jet multiplicity 47.7 C
Missing Er 23.6 Missing Er 126 Missing Er 475 | Mising Br 235 Migging By 126 Missing B 4.5 @
my SS lead. pair 23.2 my SS lead. pair 93.6 my SS lead. pair 42.6 I my S.S lead. pair 23.2 my S.S lead. pair 93.6 my S.S lead. pair 42.6 E
Leading lepton pr 23.0 Leading lepton pr 93.1 Leading lepton pr 42.4 I Leadmg. lepton pr 23.0 Leadmg. lepton pr 93.1 Leadmg' lepton pr 424 qv]
Subleading lepton pr 22.9 Subleading lepton pr 93.1 Subleading lepton pr 42.3 I Subleadl.ngile.pton po_22.9 Subleadlggile.pton gr 8.1 SUblealeg .l(?pton pr 4238 0p)
Jet multiplicity 2.72 Jet multiplicity 17.5 Jet multiplicity 9.40 | | Jetemulbphoity 0,807 Jet multiplictty b Jet manlbipliciy =0 -
| A(mjj;)min 0.406 A(mjﬂ)mm 5.87 A(mjﬂ)min 3.06 LL
! &
O
o
()
08/10/2025 8 O
)
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* We construct control regions to verify
the MC to data agreement.

* At this stage the agreement is good.

TLAS

EXPERIMENT
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Plots from E. Sanzani
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Events

Significance

Events

Significance

SR2J

e ]
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0.0 20 30 4050 100
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103 — Ny Agg
N A
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An alternative approach is to use an MVA method, hoping it will help discriminate the
signal from the background. The plan is to:

* Loosen the cuts as much as possible (keep only the targeted kinematics in), to leave the ML
algorithm greater phase space for learning.

* Use the parametrised neural network to interpolate or extrapolate between signal mass points
— one model to rule them all.

* Define regions based on the MVA output score (control ~ 0, signal ~ 1), which also enters the fit.

Quantity SR2J SR3J SR4J | TopCR DBCR DYCR | TopVR DBVR DYVR
ijets 0 0 0 Z 2 0 0 Z 2 0 0
Leptons charge  SS SS SO OS SO OS OS SO OS
Njets = 2 — 3 =4 Z 2 y 3 — — & 3 —
me |GeV]| <8 <8 <80 | >200 >200 >80 - > 200 > 80
MVA score >08 >08 >08| <04 <04 <04 |[04,0.8] [0.4,0.8] [0.4,0.8]
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Fit results
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ALPs in Ultra-Peripheral Collisions (UPCs)
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| was brought into the heavy ion (+ exotics) analysis to help a student from Poland
(joint PhD AGH University of Krakéw and University of Bologna).

* Actually, not the “usual” Pb-Pb analysis, but a study of UPCs:

* Heavy nuclei at ultra-relativistic energies carry strong electromagnetic fields, which can be
viewed as a flux of virtual (nearly real) photons - N(y) « Z*.

* The impact parameter is usually required to be larger than the sum of the two nuclear radii.

* Photo-nuclear interactions or photon-photon interactions can occur. "

* Such interactions lead to photons with up to 100 GeV longitudinal .
boosts (@LHC energies) that can produce a wide variety of n | | Tt
exclusive final states: dileptons, dijets, and diphotons. b>RA+RB//‘\’\W «\//

* Very low background and almost perfectly balanced in
the transverse direction. i
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* The student already contributed to the yy — u™"u ™ analysis (HION-2016-02) in the

past, + she landed in the Exotics group in Bologna: |
m) Study the processyy — a — u ’,u , where a is the ALP. Y mu-
* We are searching for the resonance in the dimuon invariantmass | ~ »- e
V mu+

spectrum in the range from 6 GeV to 100 (200) GeV.

o yy = uTu~ is now the main background, with some contribution
of the single- and double-dissociative

. -y ATLAS Internal 10* ATLAS Internal
Lb L Scatterln x [ WER Superchicigissoclativa 1o mEm SuperChic dissociative
o s STARIight + Pythia8 yy > p* i~ Cie o, STARIight + Pythia8 yy - p* u~
‘ p p P D p p - : :
4 Y Y g <
T < g 5 5
N Y
’ Y ’ 04 0% 10
10
5 1%
p p P p P p s s
o 1 o L
(a) (b) (c) e 8,
a) exclusive light-by-light scattering, b) single-dissociative (SD) light-by-light scattering, 5
c) double-dissociative (DD) light-by-light scattering. f

- _ax
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* We were studying different coupling
parameters that would give us “observable”
Cross-sections.

* Displacement could be the key!

10 - 4.696e+03 4.697e+01 4.697e-09 10 - 1.262e-01 1.262e-01 1.262e-01 1.262e-01 10 - 1.333e-06 1.333e-08 1.333e-18

1 - 4.704e+03 4.709e+01 4.709e-09 1 1.263e-03 1.262e-03 1.262e-03 1.262e-03 1 - 1.333e-06 1.333e-08 1.333e-18

e ] 4.073e+02

4.259e+01 4.709e-09 le-2 le.2 4 1.333e-06 1.333e-08 1.333e-18

1e-5 4.709e-09 1e-5 1.333e-08 1.459e-12 1e-5 4 1.333e-06 1.333e-08 1.333e-18

10 1

10 1 le-2 le-5

Cao

Cross sections [pb], widths [GeV] and partial widths [GeV] as a function of C_4 and Cj for my,; p = 20 GeV
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* We were stud]

parameters th
cross-section:

* Displacement
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|
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* Currently working on parametrised neural network inference and optimising selection.

* Gaussian Process Regression is planned to model the background in the di-muon
invariant mass spectrum and then look for the bumps.

* The significance seems to be the highest somewhere
in the middle of the invariant mass search window (~50 GeV):

* Low mass regime: High background + preselection cuts
* High mass regime: Tiny cross-sections

Number of events

* My contributions include developing the “truth” framework
(producing and validating the MC samples, as well as
preselection optimisation) and the ML infrastructure.

Integrated significance
o o o o S

1.0
DNN output
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activities |

“BSM Searches Summary” talk at X!
ATLAS Italia Workshop in Rome, and

‘Exotics Run-3 opportunities: new tools and
methods” talk at ATLAS Exotics workshop,
which we also organised in October 2024 in

Bologna.

ATLAS EXOTICS
WORKSHOP 2024

ATLAS

EXPERIMENT

¥ KUl WORK HOP DI ATLAS ITALIA

§‘O‘
i ROMA 16-18 Settembre 2024

Universita di Roma Tre
+ Aula Magna di Architettura {ex Mattatoio)

==ROMA
=TRE

UNIVERSITA DEGLI STUD!

INFN

Comitato Scientifico
M. Bauce

M. Corradi
B. Di Micco
C. Gamme
S. Glagu

M. Pinamonti
M. Sioll

M, Vanadia

EXOTICS WORKSHOP
2024

Bologna
2125 October 2024


https://indico.cern.ch/event/1418507/
https://indico.cern.ch/event/1418507/
https://indico.cern.ch/event/1406535/

* Helped at the “Art & Science
across ltaly” outreach event in
Ferrara.

* |[tis a project by INFN in
collaboration with CERN that
invites high school students to
create artworks inspired by
scientific topics.

* Works are exhibited regionally,
and winners proceed to a
national competition. The best
are given the opportunity to visit
CERN or INFN labs.

d activities Il

r

clence
ACROSS ITALY
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IV classificata

Emma Varotti
Emma Fagan
Anna Degli Uberti

Liceo Statale “L. Ariosto” (Ferrara) - Bologna/Ferrara
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