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Neutral lepton searches in ATLAS

* Wide ranging searches for neutral leptons
* Look for very heavy - ~TeV scale

* Heavy Wr decaying to heavy Nr
* Look in decays of tt - ~15 - 75 GeV

* First time exploiting tt decays for heavy right-
handed neutrino search

* Complementary to other searches

* Look for long-lived - ~1 - 20 GeV

* Focus on more-displaced decays requires
specialized reconstruction

* Nicely complementary in mass and ct
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95% CL limit

Observed
Expected

Prompt 2¢+ 2 2 jets
JHEP 07 (2015) 162
Vs =8TeV, 20.3 fb

Prompt 3¢
JHEP 10 (2019) 265
Vs =13TeV, 36.1 fb!

VBF Same-sign 2¢
EPJC 83 (2023) 824
Vs =13 TeV, 140 fb~!

ft Same-sign 2¢
PRD 110 (2024) 112004
Vs =13 TeV, 140 fb!

Displaced tracker
arXiv:2503.16213

Vs =13TeV, 140 fo!

<=

Other Experiments

CHARM, PLB 166 (1986) 473
DELPHI, ZPC 74 (1997) 57
NuTeV, PRL 83 (1999) 4943
BELLE, PRD 87 (2013) 071102

95% CL limit
—— Observed

Expected

Prompt 20+ 2 2 jets
JHEP 07 (2015) 162
Vs=8TeV, 20.3 fb!

Prompt 3¢
JHEP 10 (2019) 265
Vs =13TeV, 36.1 fb™"

VBF Same-sign 2/
PLB 856 (2024) 138865
Vs =13 TeV, 140 fb~!

ft Same-sign 2¢

PRD 110 (2024) 112004 <=1
Vs =13 TeV, 140 fb~!

Displaced tracker

arXiv:2503.16213 <=
Vs =13 TeV, 140 fb'

Other Experiments

CHARM, PLB 166 (1986) 473
DELPHI, ZPC 74 (1997) 57

L3, PLB 517 (2001) 67

BELLE, PRD 87 (2013) 071102
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EXPERIMENT

Heavy right handed Wgr and Ng

* Left right symmetric model
* Compatible with type-l and type-ll seesaw mechanisms
* Introduces heavy right handed Wr and Nr
* Nrgauge partners - left-handed neutrino fields
* Single flavor coupling to e, uy, assuming no flavor mixing

* Dirac - 100% LNC, and Majorana - 50% LNC, 50% LNV [ 3

Highest end of the mass range - promptly decay
Analysis targets Keung-Senjanovic process
* Two scenarios - mw, > mn, and mn, > mw,

* If mwg ~ mng or mw, < mng, resolved regime

* If mw, >> mn, - boosted regime

arXiv:2304.00553 4
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EXPERIMENT

Heavy right handed Wgr and Ng - Resolved

* mw, - mn, <4 TeV (including mw, < mn,,), resolved regime
Two distinctly reconstructed R = 0.4 jets

Four different signal regions for Majorana interpretation

Two signal regions for Dirac
'VROS2e (binnég?r?r:jjz(e)r M)

* Fit variable in rSROS:
(bmnrsjlcn)ilzung: m”jj)

* mw, = my; (Iif mw, > mng) ere

* Binned 0 -5 TeV in 500 GeV steps

vy
* mw, = m; (if mMw, <m
WR JJ( VVR NR) e+ o erRQSemu )
. . INNned IN Mjj Or mMuyjjj
* Binned 0 - 3 TeV in 500 GeV steps
o : - e*e* rCRSS2e 'VRSS2e SRSS2e
F|‘t Vanable N rSRSS (binned in hrt) (binned in ht)
0

* Five variable bins 400 GeV - 2.2 TeV 60 110 30 400

arXiv:2304.0055 5 mi [GeV]
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EXPERIMENT

Heavy right handed Wgr and Ng - Resolved

* Main backgrounds in rSROS category - tt and Z+jets
* Normalization factor for Z+jets to correct multijet

mismodelling
* rCROS not used In fit because of this

* Main backgrounds in rSRSS category
- WZ - ¢, WZ — ¢ty
- Z — ee (t+)ets), t events with charge
misidentification
- Charge flip probability determined in
extra control region

* Small extra background from misidentified
leptons calculated through fake factor

* Shaded bins used in the fit

arXiv:2304.0055 6
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rCROS2e VROS2e _ElRoisde
(binned in mj or myj;)
(binned in m;; or myj;)
rCROSemu
rCRSS2e rSRSS2e
(binned in hrt) VRSS2e (binned in hrt)
rCRSS2mu rSRSS2mu
(binned in hr) VRSS2mUl  binned in hr)
60 110 300 400

mi [GeV]
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EXPERIMENT

My, [GeV]

Heavy right handed Wr and Nr - Boosted

* mw, - MmN, > 4 TeV boosted regime
Reconstruct one large-R (R = 1.0) jet and 2 leptons

or
Reconstruct large-R jet and one e (u can be
distinguished within jet)

Discriminant variable becomes
Mw, = Miy O Mw, = MeJ

* Divided into 4x 1 TeV bins -
expect signal in two highest mass bins

|
bSR2mu 1 bSR2mu

bCRZ2mu bin] | [bin2]
|

200
In u channel, require myy > 200 GeV

bVRZZMU ' bVRZZmu ! bVRZ2mu Main background from Z+jets
[bin1] [bin2] I [bin3]

* Only one jet, so no mismodelling issue
120

VR regions used to verify method and extrapolations to higher
mass bins

7



https://arxiv.org/abs/2304.09553

arXiv:2304.0055.

EXPERIMENT

Heavy right handed Wr and Nr - Boosted

For the 1 large-R jet + 2e regions, mw, = Meey

* Target range where mw, - mn, > 4 TeV but mw, ! >> mn,

* Expect signal in two highest mass bins

Main background
from Z+jets

Events
o
2

Validation regions
used to check
data vs MC shape

Good agreement 1

seen 10

Data / Pred.
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EXPERIMENT

Heavy right handed Wr and Nr - Boosted

* New category added since previous version of search

* Target higher mw, - mn,, orthogonal to 2e channel

* Signal regions are 3-4 and 4+ TeV bins of mw, = Mey

* Here, no my variable - use cos(0), polar angle of

e from W decay, and S : PCRLowte || e
quality of the e % _i_) 3 bCRyTe
* Main backgrounds: Y e g
o = = bCRyte = 2
W+jets, di-jet and > b : b
o . = = bCRFakele VRFakele VRFakele
y+jets, with a fake e g ¢ ol i

* Shaded regions used
in the fit

|
bVRWie | bVRW1e
[bin1] ' [bin2]

bCRW1ie

arXiv:2304.0055 9
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EXPERIMENT

Electron channel Vs =13 TeV, 139 fb™", All limits at 95% CL
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EXPERIMENT

Heavy neutrino via top production

* First time searching for HNL in tt events )
* Type-l seesaw mechanism

* 3 Majorana HNL candidates, with SIS _
single flavor mixingto e, uy, 1 0"

* Target final state in which 7, ¢, are g a3
same-charge ee or uu

* Only focus on LNV processes
* Consider N mass range 10 - 75 GeV aa
* HNL dec ays prom ptly *charge conjugate also considered*
* Other W and W* both decay hadronically

* Final state - 2 same sign, same flavor leptons, 2 b-jets, 4 light jets

arXiv:2408.05000 12
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EXPERIMENT

Heavy neutrino via top production - e¢ analysis regions

* Prominent backgrounds from ttW, (also ttH, ttZ, tty), as well as from photon
conversion, mis-identified charge, mis-reconstructed hadrons

* Electron charge determined by curvature of the track - more difficult for high-pt e
* BDT-based tool used, known as “electron charge identity selector” (ECIDS)

* Likelihood based discriminant used for e/y ambiguity removal

*'mi<80GeV-m<mW

Analysis regions for the ee channel

Region  Tight isolation e/y ambiguity removal ECIDS criteria m,, requirement

SR Both e Both e Both e < 80 GeV

ttW CR Bothe Both e Both e > 100 GeV

HFCR Atmostonee Bothe Both e > 70 GeV

PCCR - At most one e Both e > 75 GeV and Z veto
CFCR - Both e Atmostone e > 60 GeV and Z veto

arXiv:2408.05000 13



https://arxiv.org/abs/2408.05000

.

e’ y ¥

EXPERIMENT

Heavy neutrino via top production - g analysis regions

* Again, ttW is a dominant background

process
For u charge flipping found to be negligible

Main source of same-sign uu pairs from
heavy flavor decays

Once again, m; < 80 GeV - mj < mW
For uu channel, no Z-mass veto needed

For HF CR, despite isolation criteria on < 1 of
the muons, my, requirement > 75 GeV to
reduce signal contamination

For all signal regions, BDT used to further
separate signal from background

arXiv:2408.05000 14

Analysis regions for the puu channel

Region Isolation criteria m,, requirement
SR Both u < 80 GeV
ttW CR  Both u > 80 GeV
HF CR At most one u > 75 GeV
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Heavy neutrino via top productlon

BDT

40— ATLAS

Two BDTs trained -
low mass (15 - 40 GeV) :
high mass (45 - 75 GeV) =

35:— SR ee+uu (merged)
- Post-Fit

Events / 10 GeV

20:""-:. ''''''''' :

- {s=13TeV, 140 fb

¢ Data tt dec e
tt Q-flip ttdecu -
Lt y-conv  [tTW -
ttz Bl Top other —

VEW  [BtH

7 Uncertainty
~-my =15 GeV
~-my =75 GeV

Events / 20 GeV

* Mixture of signal samples and all -
background samples i f
* Key variables: 1:
* Invariant mass m s
* Missing energy - Ermiss § :,Z
0"

* Invariant mass of W1 - myj;
pt of the subleading lepton p1?>

arXiv:2408.05000 15
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- SR ee+up (merged)

_ Post-Fit
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tt Q-flip tt dec p
Ltt y-conv  []ttW

V EW B H
7 Uncertainty
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—
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EXPERIMENT

Heavy neutrino via top production- BDT

* Two BDTs trained -
low mass (15 - 40 GeV)
high mass (45 - 75 GeV)

* Mixture of signal samples
and all background samples

* Key variables:
* Invariant mass mj
* Missing energy - Exmiss
* Invariant mass of W1 - myj;

Events

* pr of the subleading lepton pt7,

arXiv:2408.05000

Data / Bkg

60r

501

40

30

0.5¢

o 01 02 03 04 05 06 0.7 08 09 1

ATLAS . ¢ Data tt dec u
- (s=13TeV, 140 fb" . Ww E
~ 5, =0.015 pb
- SR VEW [l Top other
- Post-Fit BitH 7 Uncertainty
- ~--m, = 50 GeV
i my =75 GeV
7/ _
Z%

1

16 High-mass BDT output

Events

Data / Bkg.

NS
80 _I T | T T | T T | T T | T T | T T | T T | T T | T T | T T
- ATLAS | ¢ Data tt dec e
70[= Vs =13 TeV, 140" M5 .iip [ tt y-conv =
~ 0, =0.04pb , i, ]
- ttz Lttw _
60— SR ee 7
" Post-Fit VEW [l Top other ’
501 B+ 72 Uncertainty -
N ~-—-my =50 GeV ]
401 ~-my =75 GeV -
2 . :
302 i -

20_ *

o
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el
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a O O
I
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o

(@)
T

O 01 02 03 04 05 06 07 08 09 1
High-mass BDT output

* BDT found to provide
better separation than
the Individual inputs
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Heavy neutrino via top production

* No significant excess found

* Limits set for couplingto e, u, and 1

* First ATLAS search to target 1 coupling
* Extends the mass range of the previous ATLAS

prompt search

(QV

Tz
W
=

arXiv:2408.05000

1
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. - -1
-
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5_----- Expected
= ATLAS Observed
C (s=13TeV, 1405’ mm Expected- o
| : | | Expected = 20
= combined JHEP 06 (2024) 123 [CMS 138 5]
= 95% CL limits = Z. Phys. C 74 (1997) 57 [DELPHI]
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
20 30 40 50 60 70
my, [GeV]

(\I_ EI ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] ] ] ] ] ] IE
Z =~ ATI A e Expected -
>® B ATLAS 4 ~—— Observed .
= oL V\s=13TeV, 140 fb' @@ Expected=+ 1o N
= [ ] Expected+ 20 =
= 6e channgl e JHEP 10 (2019) 265 [ATLAS 36.1 f57] 3
— 95% CL limits JHEP 06 (2024) 123 [CMS 138 5]
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10° & [E
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0% e =
1 0—6 _I | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_
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(\,I_Z 1 §I ] | ] ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] ] ] ] ] ] | ] I§
- C ATI A mmmmee Expected -
= B ATLAS 4 ~—— Observed N
— ;o V\s=13TeV, 140 fb' @ Expected=+ 1o
= [ 1 Expected= 20 3
St chann.el [ JHEP 10 (2019) 265 [ATLAS 36.1 f67]
~ 95% CL limits JHEP 06 (2024) 123 [CMS 138 5] ~
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Displaced HNL search
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EXPERIMENT

2
Displaced HNL WW/ )
w N ’ Vs
* A search for long-lived HNLs N e w\// ’
* Leptonic and semi-leptonic decays of the HNL - \ &
* Analysis includes 6 v, N A
* Simplified single flavor mixing (1SFH) model to e, uy
* More realistic 2 quasi-degenerate HNL (2QDH) model 0t 0 7,

* Normal mass hierarchy: x, = 0.06, x, = 0.48, and x, = 0.46 NM/ i
d
W+ \

* Inverted mass hierarchy: x, = x, = x; = s

Dirac-type limits - LNC only
* Majorana-type limits - both LNC and LNV
* When My # M, but AM < My ls ’

HNL has non-zero mixing with all three neutrino flavors - no inherent flavor conservation
— LNC/LNV refers to the total lepton ngmber

arXiv:2503.16213



https://arxiv.org/abs/2503.16213

oy

EXPERIMENT

Displaced HNL - displaced vertex

* Search targets the long-lived, less massive HNLs, with
access to lower coupling values

2
‘Utatl ~

cTm>,
* HNL mass <20 GeV, ¢t 0.1 - 1000 mm

* Decay of the HNL reconstructed as a displaced vertex (DV)
via customized algorithm

* Uses standard ATLAS tracks and displaced tracks
* Makes a two track seed, strict track requirements

* Track attachment step - counterintuitive but reduces
background

* Select two-track vertices with == 2 leptons (leptonic)
== 1 lepton (semi-leptonic)

20
arXiv:2503.16213
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Displaced HNL - Signal Region selections

Final state - prompt lepton and displaced vertex
* Single lepton trigger from prompt lepton
* Custom 2-track displaced vertex

Fiducial requirements:
Leptonic: 4 <rpy < 300 mm, material veto on ee DVs
Semi-leptonic: 20 < rpy < 300 mm,

material veto on all DVs

Material veto cuts out 42% of fiducial volume
Mass vetos in place for Z-boson, Ks, J/yp
Main discriminant for Signal Region - WW-mass selection
* 40<my <90 GeV, 70 < mir <90 GeV

21

arXiv:2503.16213
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Displaced HNL - discriminating variable

* In the leptonic channel, the reconstructed HNL mass,
munNL, IS calculated using the W mass and
energy-momentum conservation

* In leptonic channel mpv < mMHunNL

* Allows for clean reconstructed mass variable despite
missing energy from the neutrino

* Mass calculation fully detailed in arXiv:2204.11988
* In the semileptonic channel munL Is equivalent to mpy

* Only charged decay products
* munL and mpy used as the fitted variable

22
arXiv:2503.16213

Arbitrary units

Arbitrary units

MiNL = (Pp, + Dy, + D)’

O_7_I T | L L | L | L | 1T L L 1T L
- ATLAS Simulation R
0.6 p — m, =3 GeV ]
- Vs=13TeV, 140 fb — m,=5GeV
0.5 cty=t0mm e m, =7.5GeV —
LTt my = 10 GeV ]
04 m, =125 GeV -
' J- .......... m, =15 GeV E
0.3F ]
0.2F -
0.1 -
O: e e r Lo ]
0 8 10 12 14 16 18 20
My [GeV]
0_7_ |||||||| [T T rr[rrrrrrrr[prr oo [t o T[T T 11
0 6:— ATLAS Simulation B
" E Vs=13TeV, 140 fb"
0.5 ct,=10 mm - mz : ; g:z —
w-ur o f e m, =3 GeV
0.4 —
0.3 ki ]
0.2~ ]
0.1~ L ;o -
O:....ﬁ...J.‘L e e
0 0.5 1 1.5 2 2.5 3 3.5 4
mp, [GeV]
2 2
MONL (P + Do)
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arXiv:2503.16213

Displaced HNL - backgrounds olagon

isolation

m,,, sidebands

N

\

Take shape from relaxed regions and use a transfer factor
to apply to SR-like sideband regions

Use the average shape between low and high sidebands

Nome Relax : : Relax
Main backgrounds after signal selection 5B . OB >TF
Heavy flavor decays - template from MC samples of ¢t and | sB <r . SB
vector boson production in association with heavy-flavor (low) , (high)
- - : : >
jets (V+HF) production : : M.,
: : , 40 GeV 90 GeV
Mis-reconstructed leptons - estimated using data (70 GeV semilep)
: « y : : 3> SN L L L L L
Use background enriched “relaxed” sideband regions in 215" atLas ¢ Data _
the W-boson mass o | (s=13Tev,140fp" [ Heavyflavour
o : : Fake leptons
. _ _ _ _ Z [ u-em, Signal region Uncertainty
Loosened isolation criteria 0 I
o R mN= e
* Heavy flavor template subtracted il ooy

23
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EXPERIMENT >~
’;p10'2§ L L I E
= - - 1SFH: IUE (0,1,0) -
Dlsplaced HNL 0 100 L S 0 6350.3.0.3) -
= s 2QDH: IUF (0.06,0.48,0.46) =
W10t e, E
* Fit performed across signal and control = o\ T, -
regions, with 21 bins across the mpncand < 0 e
Mmpv variables = ook , .
A ifi oy > S Tev 10t §
* No significant excess found - limits setat =, +[ \wiorana - -
0) = L =
95% CL > 4 6 8 10 12 14
* Extending limits from previous ATLAS my [GeV]
searches g 2 102 T T T T
E 105:_ AS — Observed 95% CL Iimit_: ><hi E l':E ‘\%"s,' ::g:zﬂ :8: g? 2) 8; |
° . I : T Expected 95% CL limit ? o -3 5—‘ : =
Complementaryin %/ e ZIRIT ol B
mass and lifetime e o s B e -
reach to other ATLAS  1: E I
searches ook BT ’ e, <
* First ATLAS searchto  1o- T2k, T S
Include semi-leptonic il 12" E Vs=13TeV, 140f0" e 5
decays 107 Dirac -
107024 "6 "8 70 12 14 16 18 20 — é | 'A',' | 'é' | 'é' | '1'0' | '1'2' | '1'4' —

: GeV
arXiv:2503.10213 24 My [GeV] m,, [GeV]
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i, -t 1 959% CL limit

Observed
------ Expected

ATLAé Preliminar

Overall

® Very exciting HNL search program at ATLAS

Prompt 22+ 2 2 jets
— JHEP 07 (2015) 162
Vs =8TeV, 20.3 fb!

Prompt 3¢
— JHEP 10 (2019) 265
Vs =13 TeV, 36.1 fb~!

VBF Same-sign 2¢
—— EPJC 83 (2023) 824
Vs =13 TeV, 140 fb!

tt Same-sign 2¢
= PRD 110 (2024) 112004
Vs =13 TeV, 140 fb~!
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®* Some older results in the backup and new
coming soon

104

Displaced tracker
— arXiv:2503.16213

Vs =13TeV, 140 fb!
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N O n eW p hyS I CS yet - ( 6 Other Experiments

10 CHARM, PLB 166 (1986) 473

DELPHI, ZPC 74 (1997) 57

NuTeV, PRL 83 (1999) 4943

®* Only just getting started on searches with Run 3 b N v
data my [GeV]

® Plenty of upgrades underway to prepare for the
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EXPERIMENT

The ATLAS detector (LHC Run 2 edition)

° A forward-backward symmetric, 411 coverage, right-handed coordinate system
(x — towards LHC center, y — up, z — along beamline)

0
« Cylindrical geometry — R = X + yz, n=—Intan 5 ¢ = 0 along x-axis

44m
* Inner detector (ID)-R < ~1m, |z| <~3m, |n|<2.5 —

Pixel, SCT - silicon, precision tracking
* TRT - electtont o |
* Calorimeters 1/
* EM calorimeter (LAr/lead)

* Hadronic calorimeter (steel/scintillator tile), o
(copper/LAr) 25m \

Muon spectrometer (MS)
°* MDT and CSC - precision tracking

Tile calorimeters

* TGC and RPC - triggering, ® measurements forwiard calormeters

AV | : LAr hadronic end-cap and
......... n v/f// o | Pixel detector
* Two-tiered trigger system with L1 online selectionand ~" \ /" Toroid magnefs A steciromagnalic calonmeters
HLT offline selection

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker
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Heavy right handed Wg and N - selections

Resolved Boosted
Baseline Fake estimation Baseline Leading Fake estimation
17| (0,1.37] or [1.52,2.47]
pt (GeV) > 25 > 25 > 200
Electrons Quality Tight Loose Medium Tight
Isolation Loose Fail Loose or Tight Loose HighPtCaloOnly Loose but fail
HighPtCaloOnly
Baseline Fake estimation Baseline Leading
pt (GeV) > 25 > 28 > 200 —
Muons 17| <25 <25 —
Quality High-pt if pT > 300 GeV else Medium Medium Tight —
Isolation FixedCutTightTrackOnly fail FixedCutTightTrackOnly — Tight —
pt (GeV) > 20
Small-R jet ) <25
p1 (GeV) — > 200
Large-R jet ) o <2

Order Object discarded Object kept Matching condition

arXiv:2304.0055.

L~

1. Electron Electron If two electrons share a track, discard the softer electron

2. Muon Electron If they share a track and the muon type 1s
calorimeter-tagged

3. Electron Muon If they share a track with the remaining muon

4. Small-R jet Electron AR < 0.2, but step 1s skipped if jet 1s b-tagged
and pt(e) < 100 GeV

3. Electron Small-R jet AR < 0.4

6. Small-R jet Muon AR < 0.2 , number of tracks associated to the jet < 3,
pr(w)/pr(j) > 0.5 and pr(u)/ 2 pr(trk) > 0.7

7. Muon Small-R jet AR < 0.4

29
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Heavy right handed Wr and Ng - Signal regions

Variable rSRSS2e rSRSS2mu rSROS2e rSROS2mu

Number of electrons 2 0 2 0

Number of muons 0 2 0 2

Lepton charge same sign opposite sign

Leading lepton pt [GeV ] > 40

Dilepton mass mge [GeV ] > 400

ARpy <39 —

Number of small-R jets with pt > 100 GeV > 2

Number of b-tagged jets 0

Dijet mass m;; [GeV ] > 110

ht = pr(61) + pr(&2) + pr(j1) + pr(j2) [GeV ] > 400
Region bSR1e bSR2e bSR2mu

(higher Am) (lower Am)

Number of large-R jets 1
Number of electrons 1 2 0
Number of muons 0 0 2
Leading lepton pt [GeV ] > 200
E™SS [GeV ] < 200 B
|cos 0 > (0.7 — —
A¢ J.,t > 2.0
A]] J ., < 2.0 — —
Dilepton pt (GeV) — — > 200
Dilepton mass ngp[GeV ] — > 200
Number of b-tagged small-R jets 0

arXiv:2304.0055 30

L~
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Heavy right handed Wgr and N - fits in boosted SRs (and CR)

Events

ATLAS
Vs =13 TeV, 139 fb (mW.), m(N.)) =
e Data [ |Z+ets —— (4 TeV, 50 GeV)

[JTop  [JMuttiboson — — (5TeV, 50 GeV)

[Jy+jets [ W+jets - - -- (6 TeV, 50 GeV)
[ ]Multijet == total SM (+10)

Events

Data / Pred.

bCRW1ie bCRFakele

arXiv:2304.09553

Region

Data / Pred.
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Heavy rigcht handed Wr and Nk - Uncertainties
~ 20 | | | | | | | | | | -
0 — -
S 18— U lated: ATLAS -
> — neorrelated: Vs =13 TeV, 139 fb” -
C 16 —— MC Stat. uncertainty [ Total uncertainty —
© S Experimental -
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8 12 - . = Luminosity A —
N — ~..-Theory == : =
o O -... Normalisation ! —
= | S E : 5
= - CERRERE - ! =
c_s == 1 -
O 6 : S N e e D Y =
C = = A N A =
+CID + +§ JEID + EID H +CID H + EID + l—ol — | | | | | | | | —
X 90 IE
OS CR SS CRs OS VRs SS VRs OS SRs SS SRs o, — -
> 80EF Uncorrelated | ATLAS =
= = MC Stat. uncertainty Vs =13 TeV. 139 fb™ =
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EXPERIMENT

arXiv:2304.0055.

Heavy right handed Wr and Ng - event vields (resolved)

Resolved channel: fit results 1n signal regions

# of events OS ee OS uu SS ee SS uu
Observed 1n data 426 435 44 10
Total background 414 - 451 13 334 + 96 + 14
WW/ZZ 35 - 43 11 1.53+ 041 0.18+ 0.05
WZ/SS WW 10.9 - 6.82 0.95 9.8 =+ 83 = 1.3
Z+jets OS 191 - 217 11 — —
Z+j€tS SS — — 8.4 + —

it 151 n 164 15 4.0 + —
fakes 995+ 0.60 1.36 0.36 7.6 = 1. 0.30+ 0.07
single top 13.6 - . 16.2 1.0 1.07+ 0.32 —
rare top 245+ 0.15 2.41 0.16 087+ 0.07 0.83+ 0.11
multiboson 029+ 0.02 — 0.13+ 0.01 —

34
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Heavy right handed Wgr and Ng - event yields (boosted, 1¢, 2¢)

Boosted channel: fit results in 1e regions

# of events bCRLowle bCRvyle bVRIle bSR1e bSR1e
1% bin 214 bin

Observed 1n data 7988 4611 239 10 0
Total background 7983+ 90 4611+ 68 249 + 35 11.9 = 3.0 0.81 £ 0.25
W+iets 5850+ 160 1500+ 120 141 =+ 33 5.6 £ 2.7 02 0.2
y+jets 279+ 52 1370+ 160 3.6+ 54 2.03+ 052 0.21+ 0.09
dijet 89+ 54 1102+ 39 29.1+ 4.8 220+ 0.75  0.24+ 0.12
Z+jets 1350+ 110 483+ 39 294+ 6.0 1.12 + 0.46 —
diboson 310+ 160 88+ 44 13.5+ 6.9 0.67+ 042 0.06+ 0.04
tt 59+ 38 53+ 33 30+ 1.8 0.18+ 0.11 —
Single top 46+ 29 18+ 11 20+ 20 0107017 —
arXiv:2304.0955, 35

L~

Boosted channel: fit results in 2e regions

# of events bCRZ2e bVR2e bSR2e bSR2e
15! bin 20d hin
Observed 1n data 751 39 3 0
Total background 752 + 28 434 +74 35 1.2 0.31 +£0.18
Z+jets 622 + 51 348 +7.6 26 +£1.2 0.27 + 0.18
t 29 + 18 095+ 051 024+0.16 —
W +jets 17.8+ 8.9 2.1 +1.1 0.20+ 0.11 —
single top 84+ 4.9 0.21 t%?z(i — —
y+jets 3.1+ 1.5 0.80+ 041 — —
diboson 71 =+ 35 43 + 2.1 0.33+ 0.18 —
dijet — 022+ 0.12 — —
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Boosted channel: fit results in 2u regions

Heavy right handed Wg and Ng - event vields (boosted, 2p)

arXiv:2304.0055.

36

H of events bCRZ2mu bVR2mu bSR2mu bSR2mu
15! bin 21d bin
Observed 1n the data 050 46 2 0
Total background 950 + 34 11 44 + 109 0.82+ 0.61
Z+jets 640 +100 38 +12 32 + 1.9 0.63+ 0.59
diboson 108 =+ 6.7 + 3.4 0.76 = 0.40 0.08 = 0.07
W+ets 08 + 477 + 2.9 021+ 0.21 0.10+ 0.10
78 =+ 3.8 + 2.2 — —
single top 20 + 0.88+ 0.56 0.28 + 0.28 —
dijet 094+ 0.51 0.17+ 0.15 — —
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Heavy neutrino via top production - high mass BDT output ee
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Heavy neutrino via top production - high mass BDT output z
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Heavy neutrino via top production - low mass BDT output ec
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Heavy neutrino via top production - low mass BD'T output z
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Heavy neutrino via top production - event yields and exclusions

Separate fits Combined fit

SR ee SR uu SR ee SR uu
tt decay e 15 +6 — 15 +7 —
tt Q-flip 1.4+09 — 1.3+0.8 —
tt y-conv 6 +4 - 5 +4 —
tt decay u — 8.0+3.2 — 8.4+3.0
ttW 104+26 18 <5 104+£26 19 +4
ttZ 52+1.1 5.6+1.1 50+1.1 55=+1.1
ttH 7.6+13 114+1.9 7513  11.2+1.8
V EW 2.4+0.9 1.9+1.5 2.3+0.8 1.5+1.2
Top other 54+£22 11 4 5.1+£22 11 4
Total prediction 52 +6 56 +4 52 +6 56 +4
Data 52 51 52 51

arXiv:2408.05000

mpy [GeV] 15 25 35 40 45 50 55 60 70 75
Exp. oo n [1b] 21 9.8 7.3 6.9 6.9 6.7 7.2 85 18 36
Obs. o,y [fb] 26 12 8.2 7.8 10 97 10 12 26 52
Exp. oy, n [1D] 9.3 5.0 3.7 3.5 3.2 3.1 3.2 4.0 82 15
Obs. o, N [fb] 7.5 3.9 2.8 2.6 3.2 3.1 3.3 4.2 83 15
Exp. o~ [pb] 8.9 2.6 2.1 1.7 1.8 1.8 2.0 3.7 7.0 19
Obs. o n [pb] 13 3.6 2.7 2.3 2.5 2.2 3.2 5.5 7.3 20
44


https://arxiv.org/abs/2408.05000




EXPERIMENT

Displaced HNL - Displaced vertex reconstruction efficiency

0.3

—— m, =2 GeV
m, =5 GeV
—— m, =10 GeV

ATLAS Simulati
Vs=13 TeV, 140 fb™
ct, =10 mm

u DV —=—m, =15 GeV

o ;
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EXPERIMENT

Displaced HNL - Signal Region selections

* Pre-selection

arXiv:2503.16213

Selection

Leptonic | Semi-leptonic

Trigger

Lowest unprescaled single-lepton triggers, pt > 20 — 26 GeV

Prompt lepton selection
Prompt lepton TTVA
Prompt lepton isolation

Trigger matched electron/muon, passing Medium ID WP, with pt > 27 GeV
do sig < 5 (3) for electrons (muons), |zp sin #] < 0.5 mm
Loose_VarRad (PFlowLoose_VarRad) for electron (muon)

Displaced vertex

Displaced tracks pr
Displaced-leptons ID WP
DV track < lepton match
AR selection

Exactly 2 opposite-sign tracks, with
4mm < rpy < 300 mm ‘ 20mm < rpy < 300 mm
Leading (subleading) track pt > 10 (5) GeV
e: LLP VeryLoose, u: LLP Medium
Only for e, |track p1 — lepton pt|/leptonpt < 0.5
AR(DV,jet) > 0.4

Cosmic veto
Z-boson-mass veto
Kg veto

J W veto

Material map veto

VEN? + (1 — Ag)2 > 0.05
Same-flavour opposite-sign leptons invariant mass, mpp not in [80, 100] GeV
- mpy ~> 0.6 GeV
ee, uu vertices, mpy € [3.0,3.2] GeV .
Applied 1in ee channels Applied 1n all channels

DV discriminant variable

S > 100 imeV <35 GeV
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EXPERIMENT

Displaced HNL - Postfit distributions in

N
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EXPERIMENT
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EXPERIMENT

Displaced HNL - transfer factors and event yields

Transter factor values

u— e e — L U — Ui e — Um U—en e —en
0.009*20 0.12+0.08 0.74+0.13 0.75+0.20 0.32+0.07 0.41+0.07
Signal region pu—tL e — L Signal region  u — un U —en e — Um e—en
Heavy flavour 106 1.5 125+ 1.7 Heavy flavour 8.1+13 11.7+15 65«13 74=+1.1
Fakes I.1+15 52+238 Fakes 204  105+28 15+4 15+ 3
Total bkg 11.7+21 17.6+29 Total bkg 28 £4 22.1+29 22+4 225+£29
Observed data 15 5 Observed data 18 15 17 16

arXiv:2503.16213
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EXPERIMENT

Displaced HNL - systematic uncertainties

Systematic SRu—-¢f SRe—-¢f{ SRu—um SRu—er SRe—um SRe-—-en
Electrons 0.2 % 6 Y — 0.8 Y% 7 Yo 6 Y%
Muons S Y 2 Yo S Y 4 Yo 1 % —
Flavour tagging 0.5 % 0.7 Y 0.2 % 0.3 % 0.6 % 0.2 %
Pileup reweighting 2 %o 2 %o 2 %o 0.5 % 0.2 Y% 1 %
Background modelling 12 % 10 Y% 10 Y% 9 % 13 Y% 14 Y%
SR template building 3 Yo 3 Yo 7 %o 9 % 15 % 10 Y%
MC statistics 1.3 Y% 1.3 Y% 0.5 Y% 0.1 % 0.9 % 0.3 Y%
HF floating normalisation 13 Y% 13 Y% 13 Y% 13 Y% 13 Y% 13 Y%
Total 14 Y 14 % 16 Y% 13 Y% 20 Y 15 Y%

arXiv:2503.16213
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EXPERIMENT

arXiv:2503.16213

Displaced HNL - region definitions

Leptonic channels

Semi-leptonic channels

40 < Mepr < 90 GeV

70 < myp, <90 GeV

Signal Region 2 1solated displaced leptons 1 1solated displaced lepton
b-jet veto b-jet veto
40 < Mepp < 90 GeV 40 < Mmeenr < 90 GeV
Heavy Flavour CR > 1 non-1solated displaced lepton 1 non-isolated displaced lepton
> | b-tagged jet > | b-tagged jet
Sideband CR lc.)w Mepy reg1.0n: meee < 40 GeV 1(.)W Meg reg1.0n: meer <70 GeV
high meee region: meee > 90 GeV high mee, region: mee, > 90 GeV
low mgee region: meee < 40 GeV low myge, region: mee, <70 GeV
Relaxed Sideband CR high mgee region: meee > 90 GeV high mee, region: mee, > 90 GeV

no displaced lepton isolation requirement

no displaced lepton isolation requirement
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EXPERIMENT

Prompt HNL decays®

* Type-l seesaw mechanism - adding HNLs
* Prompt analysis, considers HNL of 5 < mn < 50 GeV
* LNV only, single flavor mixing only
* HNL decaying to eu, ue
* 3L signature with two same-sign, same-flavor leptons

* Originally published in combination with displaced
search, overall samples generated with W=

*'mn=4.5,5,7.5, 10, 12.5, 15, 20, 30, 50 GeV
* ™ =0.001, 0.01, 0.1, 1, 10, 100 mm

2 2

o 6(pp — W)X BOW = ¢N) = o(pp — W) X BW = £0) x | UI*(1 = —2)(1 4
Ny

arXiv:1005.09787 55
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EXPERIMENT

Prompt HNL decays® fou | W,

* Events selected with di-muon or single electron triggers ’ 0% +** e
* Reconstructed leptons required to be trigger matched 2221_ " ; L E

* Main backgrounds - diboson, triboson and ttV o s .?.7-1.:0' 10 . w%
ct [mm]

* Also expect backgrounds from misreconstructed leptons

* Fit performed in three control regions
and a signal region

* SR is defined by selecting events
0) Same-charge same-flavour leptons
1) 40 < mu <90 GeV
2) A b-jet veto
3) Etmiss < 60 GeV

* CRs invert criteria 1-3

arXiv:1905.09787

Muon channel Electron channel

+, ,x +F

u=e

* £+, +

exactly u signature e* u

exactly e

pr(p) > 4 GeV
pr(e) > 7GeV (2015), 4.5 GeV (2016)

signature

leading muon pt > 23 GeV
subleading muon pt > 14 GeV

leading electron pt > 27 GeV
subleading electron pt > 10 GeV
m(e, e) < 78 GeV

40 < m(¢,¢,€") < 90 GeV
b-jet veto
E%‘iss < 60 GeV
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EXPERIMENT

. 006——
e % : ATLAS Simulation :
Prompt HNL decays Soon | oo o,
. . . . g :_ . m:;12.5 Ge’V, displaced _Z
* Events selected with di-muon or single electron triggers 0% t . :
: : 0.02F 1 s =
* Reconstructed leptons required to be trigger matched : DLt
0.01— . —
* Main backgrounds - diboson, triboson and ttV R E IR AR ST TP AT
107 1 10 10° 10°
* Also expect backgrounds from misreconstructed leptons ez [}
* Fit performed in three control regions  Muon channel Electron channel
and a signal region exactly u*u*e™ signature exactly e*e* ™ signature
* SR is defined by selecting events pr(p) > 4 GeV
0) Same-charge same-flavour leptons pr(e) > 7GeV (2015), 4.5 GeV (2016)
< < leading muon pt > 23 GeV leading electron pp > 27 GeV
1) 40 < my < 90 GeV
2) A b_jet veto subleading muon pt > 14 GeV subleading electron pt > 10 GeV
3) Ermiss < 60 GeV m(e, e) < 78 GeV
: : : 40 < m(¢, ¢, ¢") < 90 GeV
* CRs invert criteria 1-3 b-jet veto

* Fit variable is pt of third lepton ET™ < 60GeV

arXiv:1005.09787 57
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EXPERIMENT

Prompt HNL decays®

* No excess observed - limits
set at 95% CL

* Limits for prompt search are
straight lines, limits from
attached displace search are
closed loops

* In mass range 20-30 GeV,
regions of |Uy|2 and |Uel?
above 1.4 x 10-5 are
excluded

arXiv:1005.09787
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