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Theory Motivations

With Mv>0, neutrino oscillations could produce Lepton Number Violation - If the
origin of LNV is only due to SM neutrinos oscillations, rate of LNV is extremely
small at colliders (undetectable)

Lepton Number (and Flavor) is not related to a gauge symmetry=> why
conserved?

— Any observation of LNV at colliders will be a clear signal of physics Beyond
Standard Model

»  Lepton Number Violation is a portal to New Physics at colliders
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A “natural” way to produce neutrino masses is through SeeSaw
mechanism. If neutrino iIs Majorana — Lepton Number Violation

Signatures at LHC

- Type-lll
Type- Type-ll yp

Weak fermion singlet (Ng) Scalar (L and R) triplet Fermionic triplet
coupled with W-boson
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ATLAS analysis in 2 slides: 1

Identify objects, count (number of leptons/jets) and measure (momentum)
Composite or global objects (MET, jet substructure)

Optimize search:
Choose cut & count or advanced stat analysis (MVA), choice of the discriminating variable —

Signal Region(s) (SR)

Reducible backgrounds Irreducible Backgrounds
SM processes with fianl states different from From SM processes that mimic the
signal process
Fake leptons, Fake Etmiss — Data driven Often in peculiar phase spaces - MC
estimates normalllzed_ to d?(t:aa |)n bkg enhanced

. : . : : : control regions
Method validation in Validation Regions (VR) Val dationgin VR - Extrapolation to SR

Combined Fit
CR + SR on the discriminating variable to get number of
events for the contribution of each process
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ATLAS analysis in 2 slides: 2

Two possibilities

Y 4B\

Significant excess over SM olamas T eas oL
bkg — Evidence

: {s=13TeV, 139 fb" Wl Expected limit + 1o
Expected limit £ 20

— Observed 95% CL limit

— Doubly charged Higgs

=o(pp - H'H)

~ o(pp = Hy'Hg or k"k")

%, B(H™ = IF1%) = 100%
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One fundamental mgredlent In most LNV

Same sign lepton pairs are generally suppressed in SM *:$ I
processes. However electrons have non negligible N L
probability to be reconstructed with a “wrong” charge. PE
Not well modeled by simulation — Needs to be data driven = 13%_;;-4;—— -
50 100 150 200 : [Ge\Z;O
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Recent LNV searches in ATLAS

~ HNL in VBS scattering - this talk https://arxiv.org/abs/2403.15016

. : I it |f

> HNL prompt and displaced - this talk JHEP 10 (2019) 265 (Displaced +
prompt) PRL 131 (2023) 061803 (Displaced)

- Right Handed Neutrino (and Wr) - this talk EPJC 83 (2023) 1164 \
* Double Charged Higgs (Type Il Seesaw) - cf Blaz talk ( Additional BSM
Eur. Phys. J. C 83 (2023) 605) . sector (Z

. Wk, ...)
* Type lll SeeSaw cf Jernei and Lara talks (Eur. Phys. J C 81 (2021) 218 and

Eur. Phys J. C 82 (2022) 988 )
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https://arxiv.org/abs/2403.15016
https://link.springer.com/article/10.1007/JHEP10(2019)265
https://link.aps.org/doi/10.1103/PhysRevLett.131.061803
https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9
https://link.springer.com/article/10.1140/epjc/s10052-023-11578-9
https://link.springer.com/article/10.1140/epjc/s10052-021-08929-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10785-0

> HNL in VBS scattering https://arxiv.org/abs/2403.15016
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https://arxiv.org/abs/2403.15016
https://link.springer.com/article/10.1007/JHEP10(2019)265
https://link.aps.org/doi/10.1103/PhysRevLett.131.061803
https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9

Vector Boson Scattering Topology.
Outgoing quarks identified as jets with
large rapidity gap

M;i>500 GeV and A(yiy;)>2

ee, pe and pp final states

— ee complementary at Ov(3[3

— Me and pp at colliders only
Phenomenological type | seesaw model
Mv = 50 GeV - 25 TeV

Introduces right-handed HNL

T X |K}N|4 o X \%NVJN|2

ee channel ep channel

20/06/2024 Bled 2024

Submitted to Phys Lett B

https://arxiv.org/abs/2403.15016 (ee and ep)
EPJC 83 (2023) 824 (uu)
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Results interpreted also as limits on 5" order
Weimberg operator

£t
L5 =——[® L][Ly ] +he.

Heavy Neutrino in Vecton Boson Scattering
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https://arxiv.org/abs/2403.15016
https://link.springer.com/article/10.1140/epjc/s10052-023-11915-y

Heavy Neutrino in Vecton Boson Scattering
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ATLAS
VS =13 TeV, 140 fb~!

pp = L= LEj, Venl =Vl
95% CL Limits

0.1

Combination

= Observed Limit
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Limits on [Ven|? VS My Limits on |VenVun| VS Mn
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> HNL prompt and dishléced JHEP 10 (2019) 265 (Displaced +
prompt) PRL 131 (2023) 061803 (Displaced)

20/06/2024 Bled 2024
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https://arxiv.org/abs/2403.15016
https://link.springer.com/article/10.1007/JHEP10(2019)265
https://link.aps.org/doi/10.1103/PhysRevLett.131.061803
https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9

Heavy Neutral Lepton: Prompt and Displaced

JHEP 10 (2019) 265 (Displaced + prompt)
PRL 131 (2023) 061803 (Displaced)

Targeting the region My in [3,20]
GeV and |Ua|? in [102,107]

SHiP,2x10% pot
- solid: without B,
- dotted: with B, (upper limit)

MATHUSLA200; 3-ab™
— B.D mesons

w WZ FCC-ee

107! 1 10 0’
mN[GeV]]

From J. Phys G: Nucl Part. Phys 47 (2020) 010501
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Channel X

afy

W+

Lepton number conserving (LNC)

Dirac

Lepton number violating (LNV)

Majorana
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https://link.springer.com/article/10.1007/JHEP10(2019)265
https://link.aps.org/doi/10.1103/PhysRevLett.131.061803
https://iopscience.iop.org/article/10.1088/1361-6471/ab4cd2

Main discriminating variable:
HNL mass

use py = p; + p,ﬁ + p,:_' + p, to

l 2
calculate my;,, = (p,ﬁ +p,+ P,)

20/06/2024

o-By topologies

a — prompt

By - Displaced Vertex

Only e and p final states — 6

~‘possibilities (+2 if mixing flavor)

Bled 2024

Normal hierarchy
mmm Allowed by NUFIT (10) 1.0
e Allowed by NUFIT (20)
Allowed by NUFIT (30)

Inverted hierarchy
mmm Allowed by NuFIT (1o)
! Allowed by NuFIT (20)
Allowed by NUFIT (30)

4 benchmark points (2 chosen with more
realistic mixing) from Tastet, Ruchayskiy
and Timiryasov (arxiv: arXiv:2107.12980)

Heavy Neutral Lepton: Prompt and Displaced
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s R =1082mm

Displaced HNL

Key ingredients: e
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Background Sources

Decays from material
interactions

Decays from ;

AR - metastable particles Random track crossing
: such as B hadrons or background
strange baryons

We use a data-driven approach to
estimate the random track crossing

Cosmic muons background

Z — ll decays

Backgrounds we can reduce

. ‘ . S Backgrounds we can’t reduce
using specific selection criteria

Figure from C. Appelt
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Background Sources
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Random track crossing
background

20/06/2024

- ATLAS : :
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Uses data driven approach to estimate the random
track crossing background (SS vs OS)

— Uses track shuffling (from different events) to
increase statistics
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Displaced HNL: Results
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Displaced HNL: Results
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Displaced HNL: Results

| ATLAS
- Majorana

2QDH (NH): ]
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ATLAS

/s =13 TeV, 32.9-36.1 fb’'
95% CL exclusion
—— Observed (prompt, LNV)
—— Observed (displaced, LNV)
——— Observed (displaced, LNC)
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Former analysis
prompt + Displaced
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> i?ight' Handed Neutrino '(and WR)\ EPJC 83'(2023) 1164

20/06/2024 Bled 2024
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https://arxiv.org/abs/2403.15016
https://link.springer.com/article/10.1007/JHEP10(2019)265
https://link.aps.org/doi/10.1103/PhysRevLett.131.061803
https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9

I m(Wg) / m(Ng) > 1

TerEmE - Right Handed Neutrino

e/ut

Left Right Symmetric Models (LRSM) Wr and Ngr: Keung Senjanovic process q
Only ee and py final states (HN does not mix generations) q

- 1<m{Wg)/ m(Ng) <10
Nominal hierarchy (m(W;) > m(NR}){7 Inverted hierarchy (m(Wpg) < m(Ng)) _
q

e/u

Three topologies to &

¢ maximize search reach /
\\» 1 Large-R jet

- m(Wg) / m(Ng) > 10
(New category in this time)

y

Large-R jet

e/

If Nr is Majorana — 50% OS + 50% SS |, I, pairs
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https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9

Resolved Channel

ORE)

Opposite charges

®®
\ A . v

Same charges

q

Z+jet and ttbar main background

Diboson main background

100x more background events in OS wrt SS (10x for em channels)

20/06/2024 Bled 2024
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Events
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Resolved Channel
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Boosted channel

Two kinematical regions g CE s com | B
o 408 y [ Muttiboson [ Multijet
1< m(WR) / m(NR) <10 ) m(WR) / m(NR) >10 = 1 07 ¥5=13TeV, 1301 [y+ets [ ]z+jets
(New category in this time) 106 [ Wijets ~— total SM (+15)
o 105 G, wvme  sme )
. L (4 TeV, 50 GeV)
104 | — — (5 TeV, 50 GeV)
1 03 ===+ (6TeV, 50 GeV)
Large-R jet 102
s 10 —— LT
1
107"
O 14F
ee boosted channel . QO E
Ul boosted channel Single e boosted x 12F
channel - 1E
S 0.8
A(M) = m(Wr)-m(Ng)>4 TeV 1 4 5 6
1 Large-R jet (reclustered Small-R jets) _ m,, [TeV]
Single e boosted
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m(N_) [TeV]

7 Electron channel

Heavy Majorana: Limits

Vs = 13 TeV, 139 fb”', All limits at 95% CL

7

L ATLAS Resolved 36 fb''
B JHEP 01 (2019) 016
6 - ATLAS Boosted 80 fb™' AT_LAS )
C Phys.Lett.B 798 (2019) 134942 Majorana scenario
- CMS Combined 138 fb'
C JHEP 04 (2022) 047
B— e Boosted Expected (+10,,)
C - Resolved Expected (10, )
4 - ——— Boosted Observed
T —— — Resolved Observed T ——
_‘\\\‘I‘IJIIIIIl*#'ﬁ.ﬂlﬁ—lﬂ\llltillilllI
m (Wp) [TeV]
20/06/2024
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m(N_) [TeV]

Muon channel

Vs = 13 TeV, 139 fb”', All limits at 95% CL

II‘I|IIIIIIIII|I\II‘IIIIlIIIIlIIII

ATLAS Resolved 36 o'
JHEP 01 (2019) 016
ATLAS Boosted 80 fb”'

Phys Lett.B 798 (2019) 134942

CMS Combined 138 fb™!

JHEP 04 (2022) 047
Boosted Expected (+1a__)

exp

Resolved Expected (t10,,

Boosted Observed

Resolved Observed

N

ATLAS

Majorana scenario




Heavy Neutrino
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My, [TeV]

Nice interplay between collider physics and
OvBp (neutrinoless double beta decay
searches) (For first generation only)

Biswal, Bhupal Dev Phys Rev D 95 (2017) 115031


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115031

Third Generation

So far explored only couplings with first and second generation. Tau (hadronic) final states
are missing

If couplings go with mass, tau should be enhanced

4
C 10 g T ‘{\I T T T I T T T I T T T ]_I 1-pr0ng-
9 - \\ - 3—prong:
-t = ~ —
o - » -
Q
= 103 | =
) — £ - W =
L B [ TG ]
& || P 102 —
& s © = =
AN o F :
: 3 — = .
> 1 E 101 :r ATLAS Simulation Preliminary
\ ()] E Vs =13TeV
= - Rnifcation
% 100 [T T N T T T NN T N A N N R
0.0 0.2 0.4 0.6 0.8 1.4
Run3 RNN based tau ID algorithm Truth thag efficiency
20/06/2024 ATLAS-PHYS-PUB-2022-044
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-044/

Summary

LNV processes are rare (my, ~0) and require a BSM

enhancement and an efficient reconstruction to be observable at the
LHC - SeeSaw mechanism and Majorana neutrinos could give
sizeable LNV at LHC

Interplay between collider physics, fixed target and neutrino physics

experiments
Tau (hadronic) still unexplored in ATLAS - Many improvements in

tau id — Investigating couplings with third generation is now possible
In Run3
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VBS pp analysis

Observable SR ssSWW VR ssWW CR (highpT VR) | WZ CR
b-jet veto v v v v

mi; > 300 GeV > 300 GeV > 300GeV (—) > 300 GeV
AY;j > 4 > 4 >4 (—) >4

third lepton = 0 (baseline) | = O (baseline) | = 0 (baseline) = 1 (signal)
Z cand. (OSSF only) | — — —_ v

E,‘r“iss sign. <45 € [4.5,5.8] 8.8 4.3

mijy — — — > 100 GeV
p#z — < 120 < 120 (> 120) GeV —

20/06/2024

Bled 2024
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VBS ee

Observable SR CRDilep CR3lI
N b-jets 0 b-jets 0 b-jets 0 b-jets
N leptons 2 2 3
M, — M| > 15 GeV > 15 GeV -
METsig <45 >45 -
M; > 500 GeV > 500 GeV > 500 GeV
Aij >2 >2 >2
Inyl <2 <2 <2
pT, - <250 GeV -
PT, (PT,;) | >30(25) GeV | >45(30) GeV | > 30 (25) GeV
Z Candidate - - 1
M, - - > 106 GeV

METsig < 4.5

METsig > 4.5

20/06/2024 Bled 2024
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Ap <2

20/06/2024

VBS ej

Ap>2

Observable SR CRDilep CRa3l
N b-jets 0 0 0
N leptons 2 2 3
APhi l > 2 <2 -
M, > 500 GeV > 500 GeV > 500 GeV
Aij > 2 > 2 > 2
PT, (PT;) >30(25)GeV | >45(30)GeV | >45(30) GeV
M - - > 106 GeV

Bled 2024
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Heavy Neutrino in tt decays

Final states analyzed: ee, pyu

Focus on SS final states Only diagonal terms
TiepThaa @ISO analyzed with It investigated

leptonic decays

In ee channel 1SR +4 CR Ve n1 0 0
In pp channel 1 SR + 2 CR vmix =1 0 Vunz O
tt and ttW dominant 0 0 V
backgrounds 2

Analysis uses BDT selection

Still not public
To be removed if not public by
the time of the talk
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Heavy Neutrino in tt decays

.g lIII\IIIIIIIII\IIIIIIIIIIIIII\\IIIIIIII\\IIII\II % BG_IIIIIIIII|IIII|IIlIIIIIIIIIII‘IIIIlIIIIIII\IIIIII_ (\J_ E. T I T T T T | T T T T T T T T I T T T T I T T T T | T T
g ATLAS Internal ¢ Data -+ HNL 5 - ATLAS Internal e Data - HNL % = ATLAS Internal =" Expected 95% CL limit
@ ls=13Tev, 140" Wtidecel Mt Q-flip w [ {s=13Tev, 140 16" [l dec [tz ] > [ (5=13 TeV, 140 ib" —— Observed 95% CL limit
m(HNL)=50 GeV [l y-conv [tz - 501~ m(HNL)=50 GeV  [Efiw CJVEW ] 10 ee channel (| Expec‘tﬁ t!m!t (= ;o)
SRee mtw OVEW ] - SRuu ETopother  [tH ] g [ Expected Limit (+ 20)
Post-Fit [l Top other  [ttH h L post-Fit 7 Uncertainty ] o
- Uncertainty E 40— ’ - B
] 102
1073 =
107 E
2 10-5 | L1 L L L IR B
o1 j ) o 20 30 40 50 60 70
§ V& e zziziz iz 7 my [GeV]

Data / Bkg.

01 02 03 04 05 06 07 08 09 1

BDT output 0

Discriminating variable is Pt of sub-leading lepton

The tightest observed upper limit on coupling
parameters among [15,75] GeV are |Ven|2 < 2.8 1074, |
Vun|2 <9 10°and |Vw|2 < 5.9 102

20/06/2024 Bled 2024

BDT output

Still not public
To be removed if not public by
the time of the talk
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Heavy Neutrino in tt decays

Observed 95% CL Limits on |Vy|?

10°

10;

" ATLAS Intert

i
al
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J g
107 g 3
Pl
N
107k ; -
107k 3
10°F I
10°F 3
-7 | o aaul ol s aaaaul
10
10" 10’ 10° 10° 10*
my [GeV]
Bled 2024

ATLAS (This work)

—— HNL from ttbar

£=140fb?
ATLAS t-channel

1 =—— arxiv:2403.15016

£=140fb7!
ATLAS s-channel

1 —— JHEP 10 (2019) 265

£=35.9fb™!

ATLAS s-channel
JHEP 07 (2015) 162

T V5 =8Tev

£=20.3fb?
ATLAS displaced

— arXiv:2204.11988

£=139fb?!
CMS t-channel

- arXiv:2206.08956

L£=139fb?
CMS s-channel

-= arXiv:2403.00100

£=138fb?
CMS displaced

---- JHEP 07 (2021) 081

£=139fb?

Still not public
To be removed if not public by
the time of the talk
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Events
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- ee SR [[JCharge Flip [l Other ]
—Post-Fit =

72 Uncertainty
I - my=500GeV, [Ve?=0.2 -
---my=10TeV, [V f?=1.0

- Weinberg, A/ICy =3 TeV

1
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Events
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s =13 TeV, 140 fo”" [JWZ [l Non-prompt
el SR [[JCharge Flip [l Other

Post-Fit 2 Uncertainty

- my=500GeV, [V Vyyl=0.2
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- Weinberg, A/|05”| =3TeV
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Events

Ratio

80 :L T | LI ‘ LI ‘ T 1T I LI I LI ‘ LI T T T T \i
r ATLAS + Data ]
70— Vs=13TeV, 140 o™ -
- Background-only fit . ssWw ]
- SR -
60— wz oo
[ Post-Fit D ]
C D Non-prompt p 7]
50 ]
r . Other ]
40 ;_ % Uncertainty _;
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| | weinberg a/cy = 2 Tev

i
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| Level Selection Value |
Pre-selection Event cleaning Standard ATLAS event cleaning
Trigger Pass at least one single muon or electron trigger
Trigger matched lepton At least one lepton with Medium (or LHMedium) quality
Primary Vertex At least one (standard ATLAS selection)
DRAW Filter Pass any HNL filter
Prompt lepton quality Medium (muons) or LHMedium (electrons)
Prompt lepton impact parameters dp < 3 mm and |z sinf| < 0.5 mm
Trigger matched lepton At least one
Cosmic veto VE? + (7 - Ap)? > 0.05
Displaced lepton-only vertex At least one
Number of tracks in DV 2
Fiducial volume 4 < L,y < 300 mm
SR selection DV charge Opposite-sign tracks
Prompt+ disp. [ charge Opposite-sign leptons
(one Dirac HNL single-flavour mixing model only)
DV type ee, ey Or pu vertex
Displaced lepton quality Medium (muons), VeryVeryLoose (electrons)
Material veto Applied for ee DVs only
B-hadron veto mpy > 5.5 GeV (uu DVs) —_—
or Diagonal mpy-Lyy cut (ee or ep DVs)
Z mass veto M promptidisp. lep. < 80 or Mprompt+disp. lep. = 100 GeV

Tri-lepton mass
HNL mass

if prompt and displaced leptons have same flavour and OS
40 < my < 90 GeV

MyNL < 20 GeV

Bled 2024
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Resolved Boosted
Electrons Baseline Fake estimation Baseline Leading Fake estimation
pr (GeV) > 25 > 26 > 200
|nl (0,1.37] or [1.52,2.47]
Quality Tight Loose Medium Tight
Isolation Loose Fail Loose or Tight Loose | HighPtCaloOnly Loose but fail
FCHighPtCaloOnly
Muons Baseline Fake estimation Baseline Leading
pr (GeV) > 25 > 28 > 200 -
] < 25 -
Quality High-py if pT > 300 GeV else Medium Medium Tight -
Isolation | FixedCutTightTrackOnly | fail FixedCutTightTrackOnly - Tight -
small-R jet | pr (GeV) =20
7] 25
Large-R jet | pr (GeV) - > 200
ul - <2
20/06/2024

Bled 2024
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Heavy Neutrino and WR (resolved)

efe rCROS2e rVROS2e
¥ JrCROS2mu rVROS2mu
esF rVROSemu

(Used for charge

is-id. validation rVR S S 29

mz + 15 GeV
I

r'VRSS2mu

60 110 300 400

my [GeV]
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1-electron boosted
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: 8 %5 E
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; 38 a
1 e '
. : c : >
o 2 3 4 = 1 2 3 4
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Mee [GeV]

200

120

20/06/2024

ee boosted

bVR2e
bVRZ2e E bVRZ2e E bVRZ2e
[bin1] : [bin2] : [bin3]
>
1 2 3 4

m(WR) [TeV]
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Muu [GeV]

200

120

20/06/2024

uu boosted

bSR2mu bSR2mu
bCRZ2mu bVR2mu [bin1] [bin2]
bVRZ2mu bVRZ2mu bVRZ2mu
[bin1] [bin2] [bin3]

N

w

m(Wg) [TeV]
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Data / Pred.

O

Do d

Type lll SeeSaw (Heavy Leptons)
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¢ Data tt
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L i § L 1 1 1 1 1 il 1
......... gt st
® = R
3 o o =X
Top CR Diboson CR m; VR Signal regions
20/06/2024 Bled 2024

Only e and m in 2, 3 and 4 leptonic final states
2 lep final states uses Same Sign in SR
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Data / Pred.
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https://link.springer.com/article/10.1140/epjc/s10052-021-08929-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10785-0
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