
Oleg Brandt for ANUBIS

ANUBIS
EXPERIMENT

future large-scale application  
of RPC detectors
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BEYOND STANDARD DM SEARCHES

What if the Dark Sector is non-trivial? 
SM sector

J. Phys. G 47 (2020) 090501

Dark Sector

LLP1
LLP2

LLP3

?
 DM particle←

[ Long-lived particle (LLP) signatures ubiquitous in many other BSM scenarios like e.g. baryogengesis ]
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LONG-LIVED PARTICLE (LLP) SEARCHES AT LHC

A multitude of smoking gun signatures emerges… 
• very small backgrounds 
• typically instrumental backgrounds

p
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LLP

LLP
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WHERE TO LOOK FOR LONG-LIVED PARTICLES?

̂s
1 MeV 1 GeV 1 TeV

h, tbb̄ππe+e−

cτ

LHC coverage 
(ATLAS, CMS, LHCb)



OLEG BRANDT         CAVENDISH LABORATORY 5

WHERE TO LOOK FOR LONG-LIVED PARTICLES?

Forward 
 light mediators, ALPs

→

Fixed target

̂s
1 MeV 1 GeV 1 TeV

h, tbb̄ππe+e−

cτ

LHC coverage 
(ATLAS, CMS, LHCb)

Forward 
(Faser, FPF, …) 

Fixed target 
(SHiP, …)
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WHERE TO LOOK FOR LONG-LIVED PARTICLES?
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EXPERIMENT
ANUBIS

Fixed target

+ Other transverse proposals: 
MATHUSLA, CODEX, …

̂s
1 MeV 1 GeV 1 TeV

h, tbb̄ππe+e−

cτ

LHC coverage 
(ATLAS, CMS, LHCb)

Forward 
(Faser, FPF, …) 

Fixed target 
(SHiP, …)

Transverse coverage 
(ANUBIS, CODEX-b,  MATHUSLA, …)
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Complementarity!

EXPERIMENT
ANUBIS

Fixed target

Complementarity!

̂s
1 MeV 1 GeV 1 TeV

h, tbb̄ππe+e−

cτ

LHC coverage 
(ATLAS, CMS, LHCb)

Forward 
(Faser, FPF, …) 

Fixed target 
(SHiP, …)

Transverse coverage 
(ANUBIS, CODEX-b,  MATHUSLA, …)

+ Other transverse proposals: 
MATHUSLA, CODEX, …
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MOTIVATION

ANUBIS proposal: 
• Extend fiducial volume 
• Use ATLAS as active veto 

 harvest sensitivity!→

Adapted from ATL-PHYS-PUB-2022-007

PBC model BC5

https://arxiv.org/pdf/1902.00260https://arxiv.org/pdf/1902.00260
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MOTIVATION

ANUBIS proposal: 
• Extend fiducial volume 
• Use ATLAS as active veto 

 harvest sensitivity!→

Adapted from ATL-PHYS-PUB-2022-007

???

EXPERIMENT
ANUBIS

PBC model BC5

RPC

 ATLAS: active veto
fiducial volume

https://arxiv.org/pdf/1902.00260https://arxiv.org/pdf/1902.00260
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Adapted from ATL-PHYS-PUB-2022-007
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MOTIVATION

ANUBIS proposal: 
• Extend fiducial volume 
• Use ATLAS as active veto 

 harvest sensitivity!→

fiducial volumeRPC

 ATLAS: active veto
EXPERIMENT
ANUBIS

Cannot be probed at forward experiments!
PBC model BC5
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ANUBIS: SENSITIVITY TO HIGGS PORTAL (PBC/FIPS CONTEXT)

RPCRPC
RPC

CERN-THESIS-2022-169

PBC model BC5

Similar sensitivity: 
- MATHUSLA (original proposal) 
- CODEX-b (bit weaker 1 ab-1)

EXPERIMENT
ANUBIS RPC

https://pbc.web.cern.ch/
https://cds.cern.ch/record/2839063
https://arxiv.org/pdf/1902.00260https://arxiv.org/pdf/1902.00260
https://cds.cern.ch/record/2839063
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● Preliminary results: 
● 4 production modes  

x 3 final states 
● Good sensitivity to LLPs  

at light LLP masses!

12

ANUBIS: SENSITIVITY TO HEAVY NEUTRAL LEPTONS (PBC/FIPS CONTEXT)

Exclude BRs down to ! [1]10−10

[1] , background free scenario|UeN | = 1

PBC model BC6 
|UμN | = |UτN | = 0

EXPERIMENT
ANUBIS RPC

Dominant: 
CC and NC Drell-Yan

GGF

SET-ANUBIS is a perfect theory  
collaboration platform 

 Welcoming theory collaborators!→
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ANUBIS DETECTOR SPECIFICATIONS

IP

EXPERIMENT
ANUBIS RPC

air-filled fiducial volume
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ANUBIS DETECTOR SPECIFICATIONS

IP

RPC triplet (detection+tracking)
RPC singlet (pattern recogn’n)

RPC triplet (detection+tracking)

1 
m

Total singlet area: ≈ 9,800 m2
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ANUBIS DETECTOR SPECIFICATIONS

IP

RPC triplet (detection+tracking)
RPC singlet (pattern recogn’n)

RPC triplet (detection+tracking)

1 
m

Efficiency:  
• Detect signal 
• Reject backgrounds 

ANUBIS Detector requirements:

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
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ANUBIS DETECTOR SPECIFICATIONS

IP

RPC triplet (detection+tracking)
RPC singlet (pattern recogn’n)

RPC triplet (detection+tracking)

1 
m

Timing:  
• Fiducialise volume:  

 
• Eliminate backgrounds 

e.g. cosmics, non-collision 
• measure 

δyDV ≈ 15 cm

β

ANUBIS Detector requirements:

‘For free’: 
(TOF) feasible 

unique sensitivity to slow charged  

LLP BSM particles (
 excess)δβ ≲ 0.5 %

→ dE/dx

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
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ANUBIS DETECTOR SPECIFICATIONS

IP

RPC triplet (detection+tracking)
RPC singlet (pattern recogn’n)

RPC triplet (detection+tracking)

1 
m

Angular & spatial resolution:  
• Reconstruct displaced vertices: 

reach   
for  

• Fiducialise volume 

mLLP ≈ KL
mmediator ≈ 100 GeV

ANUBIS Detector requirements:

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
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ANUBIS DETECTOR SPECIFICATIONS

IP

RPC triplet (detection+tracking)
RPC singlet (pattern recogn’n)

RPC triplet (detection+tracking)

1 
m

ANUBIS Detector requirements:

 ATLAS Phase II RPC technology!→

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
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ANUBIS DETECTOR TECHNOLOGY

PROANUBIS DEMONSTRATOR  Aashaq’s TALK→

Data + framework 
ATLAS-public

Physics goals: 
• validate technology 
• synchronise w/ ATLAS 
• measure  in 

punch-through jets 
• measure hadronic 

interaction rates in air 
volume (crucial)

KL, n

https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome#The_proANUBIS_prototype
https://ep-news.web.cern.ch/content/anubis-guide-dark-sector
https://indico.cern.ch/event/1354736/contributions/6057016/
https://indico.cern.ch/event/1354736/contributions/6057016/
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SUMMARY & OUTLOOK

Forward 
 light mediators, ALPs

→

Tra
ns

ve
rse

 

 h
ea

vy
 m

ed
iat

or
s 

   
  e

.g
. H

igg
s

→

Complementarity!

EXPERIMENT
ANUBIS

● Great progress towards ANUBIS detector: 
● Coarse geometry concept finalised 

● GeoModel for Geant4 in progress 
● Data-taking with proANUBIS: 

●  collected, uptime 
● DAQ system upgrade for 2025 

● Analysis of proANUBIS data: 
● muon ID with proANUBIS & ATLAS 
● hadrons from punch-through jets 

● Hardware R&D for the full detector 
● Daisy-chaining, data concentration, 

low-GWP gas, pitch optimisation 
●  Welcoming new experimental collaborators!

79.5 fb−1 83 %

→

● Progress w/ sensitivity projections for PBC & FIPs 
● SET-ANUBIS is a perfect theory       

collaboration platform 
●  Welcoming theory collaborators!→

ANUBIS can probe scenarios that other 
experiments are not sensitive to! 

 Complementarity to: 
• general purpose detectors (e.g. CMS)  
• forward detectors (e.g. FASER) 
• beam dump experiments (SHiP) 

 Full HL-LHC exploitation imperative!

→

→

 A
as

ha
q’s

 T
AL

K

→

https://indico.cern.ch/event/1354736/contributions/6057016/
https://indico.cern.ch/event/1354736/contributions/6057016/
https://indico.cern.ch/event/1354736/contributions/6057016/
https://indico.cern.ch/event/1354736/contributions/6057016/
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FUTURE PLANS FOR ANUBIS

ANUBIS collaboration: 
 unique opportunity to join an exciting project 

with a unique discovery potential (until FCC) 
 interesting hardware project with non-trivial 

electronics component after Phase II

→

→

2019: ANUBIS conception
2020: proANUBIS sensitivity studies

2022: seed funding for proANUBIS
2023: finalise geometry, PBC model #6, proANUBIS

2021: ANUBIS location & prototype conception

2024: PBC model #7 (#8, #9), proANUBIS data taking
2025: proANUBIS data analysis, Letter of Intent

2026+: ANUBIS detector R&D (electronics, R/O) 
            engineering for cavern deployment

2028+: partial ANUBIS deployment in cavern (LS3)

2030+: Run 4 partial ANUBIS data taking

2033+: bulk ANUBIS deployment in cavern (LS4)
2035+: Run 5 full ANUBIS+ATLAS data taking

G
as

eo
us

 d
et

ec
to

r R
&D

, D
RD

1:
 F

CC
 lo

ng
-te

rm
 g

oa
l 2033+: FCC detector construction & exploitation

https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome
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Thank you!
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THE WAY TO THE LETTER OF INTENT (EARLY 2025)
SENSITIVITY PROJECTIONS (PBC/FIPS CONTEXT) PROANUBIS DEMONSTRATOR

CERN-THESIS-2022-169

10−4

10−10

10.6  (GeV)mHNL1.20.8

BR

10−6

10−8

LHCP 2024 talk

PBC model BC5

PBC model BC6

(Durham IPPP, U Cambridge, U Lyon)

Public  
framework 
in preparation 

 Happy to  
collaborate!
→

Physics goals: 
• validate technology 
• measure  in 

punch-through jets 
• measure hadronic 

interaction rates in air 
volume (crucial)

KL, n

Data + framework 
ATLAS-public 

 Happy to 
collaborate!
→

https://pbc.web.cern.ch/
https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome#The_proANUBIS_prototype
https://cds.cern.ch/record/2839063
https://cds.cern.ch/record/2839063
https://cds.cern.ch/record/2839063
https://cds.cern.ch/record/2839063
https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf
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ANUBIS COLLABORATION
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proANUBIS physics goals



proANUBIS location: similar to ANUBIS

26

path through air-filled volume

IP



proANUBIS location: similar to ANUBIS

27



28

proANUBIS in Run 3

• Performance goals: 
• Commissioning 
• hit+track efficiency 

• Cosmics 
• pp collisions 

• Synchronise ATLAS + proANUBIS 
• Time-stamp events with CTP clock 

• Identify events with muons  
(triggered by single-  trigger) 

• Track extrapolation to ATLAS 
• Measure tracking efficiency: 

 

μ

ε = μID proANUBIS/μID ATLAS

μ̃



• Physics goals: 
• Measure rate of charged hadrons from 

punch-through jets 
•  same  as for ? 

• Punch-through enriched region: 
• jet pointing towards proANUBIS  

• Background-enriched region: 
• jet as above, aligned with   

→ ϵreco μ

Emiss
T

29

proANUBIS in Run 3

μ̃



• Physics goals 
• Measurements in punch through-

enriched region 
• Measure rate of charged hadron 

interactions with material: 
• material-dense (steel) 
• air 

• Measure rate of  in background-
enriched region 
• material-dense (steel) 
• air 

• Good handle to validate Geant4 
simulations!

KL, n

30

proANUBIS in Run 3

μ̃
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Background studies 
for ANUBIS



Aside: angular resolution

• Consider decay into two particles — this is the most challenging case! 
• Higher multiplicity  easier reconstruction & (even) lower backgrounds 

• Assume mediator at EW scale (e.g. 125 GeV Higgs): 

• Average boost from pure kinematics: 

• Assume symmetric LLP decay

→

32

mmed ⇡ 100 GeV
<latexit sha1_base64="rsxf4mHBXte4QPERz/9xxtoOAQU=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSmLFx67oQpcV7AOaUCbT23boTBJmJmIJcevGX3HjQhG3foE7/8YkLaLWAxcO59zLvfd4IWdKW9anMTM7N7+wWFgqLq+srq2bG5sNFUSSQp0GPJAtjyjgzIe6ZppDK5RAhMeh6Q3PM795A1KxwL/WoxBcQfo+6zFKdCp1zB3RiR0psIBugh0ShjK4xbZl3eXqBTSSjlmyylYOPE3sCSmhCWod88PpBjQS4GvKiVJt2wq1GxOpGeWQFJ1IQUjokPShnVKfCFBunL+S4L1U6eJeINPyNc7VnxMxEUqNhJd2CqIH6q+Xif957Uj3TtyY+WGkwafjRb2IYx3gLBfcZRKo5qOUECpZeiumAyIJ1Wl6xTyE0wxH3y9Pk8ZB2a6UK1eHperZJI4C2ka7aB/Z6BhV0SWqoTqi6B49omf0YjwYT8ar8TZunTEmM1voF4z3Lz55mhs=</latexit>

)
<latexit sha1_base64="FUIxtivFMN5Jpm6QFJ9RPJxb79c=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0ms+HErevFYxdpCGspmu2mXbnbD7kQpoT/DiwdFvPprvPlvTNIgan0w8Hhvhpl5fiS4Adv+tEoLi0vLK+XVytr6xuZWdXvnzqhYU9amSijd9YlhgkvWBg6CdSPNSOgL1vHHl5nfuWfacCVvYRIxLyRDyQNOCaSS27vhwxEQrdVDv1qz63YOPE+cgtRQgVa/+tEbKBqHTAIVxBjXsSPwEqKBU8GmlV5sWETomAyZm1JJQma8JD95ig9SZYADpdOSgHP150RCQmMmoZ92hgRG5q+Xif95bgzBmZdwGcXAJJ0tCmKBQeHsfzzgmlEQk5QQqnl6K6YjogmFNKVKHsJ5hpPvl+fJ3VHdadQb18e15kURRxntoX10iBx0iproCrVQG1Gk0CN6Ri8WWE/Wq/U2ay1Zxcwu+gXr/Qup45Gk</latexit>

SM
SM

LL
P



ANUBIS: backgrounds
ATLAS detector for background reduction: 
• passive shield: 

calorimeter depth ~10 nuclear interaction lengths  
• active veto: 

high-pT neutral SM LLPs (n, KL) typically come from energetic jets 
and give no large  

Almost background-free by requiring  > 30 GeV 
Require isolation in  from inner detector tracks, calorimeter 
jets, muon spectrometer tracks 

 Active veto by ANUBIS triggering the readout of ATLAS 

λI

Emiss
T

Emiss
T

ΔR(DV, x)

→

33



ANUBIS: backgrounds
Two main background mechanisms to enter the signal region: 

• Decay (  only, 14 m): 
 

• easy to discriminate:  
2 charged, collimated tracks 

• Hadronic interactions of : 

• Decimate by fiducialising the signal region for LLP decays: 
• accept vertices from air-filled region only ( 800 m)

KL cτ ≈

n, KL

Λfree ≈

34

KL ν
e∓

π±

KL, n N, O
h

h
h
h…



ANUBIS: backgrounds: KL

35

Decays typically dominate:

Detailed Geant4 studies: 
 with  GeV 

on cylinder of air of 100 m depth
KL, n E = 5,10,...50

  2 particlesKL →



ANUBIS: backgrounds
Hadronic interactions as background from Geant4 studies 

36

KL

n

Detailed Geant4 studies: 
 with  GeV 

on cylinder of air of 100 m depth
KL, n E = 5,10,...50
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Unique sensitivity of proANUBIS 
to whacky new BSM models?
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• Tracking station element — two RPC triplets of ~1 x 2 m, 1 m apart 
• Measure fluxes in PX14 shaft & correlate to ATLAS (Run 3) 
• Is there any unique BSM sensitivity for proANUBIS? 

38
Credit: mechanics design by Chris

μ̃
μ̃

proANUBIS BSM
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proANUBIS BSM

• Can we explore some uniquely accessible phase space? 
• Example signature: 

• massive “muons” : look like SM  in the detector, but smaller  due 
to much larger mass (e.g. ) 

• ATLAS: difficult to probe if  (  resolution 2%) 
• proANUBIS has better chances: 

• larger distance from interaction point (ToF) 
• better timing precision (<300 ps) 

•  Resolution on velocity  of 0.3%! 
•  measurable difference between  and  

• Models where precision in  can be leveraged???

μ̃ μ β
mμ̃ > 100 GeV

β ≃ 1 β

→ β δβ ≈

⇒ β = 1 β = 0.997

β

μ̃
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BSM SM Note:  
Plot is truth-level! 
After reconstruction, 
this peak would be 
smeared with the detector 
resolution: 
•    for ATLAS 
•  for proANUBIS

δβ ≈ 0.02
δβ ≈ 0.003

proANUBIS BSM
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• massive “muons” : look like normal SM  in the detector, but smaller 
 due to much larger mass (e.g. ) 

μ̃ μ
β mμ̃ > 100 GeV

41

proANUBIS BSM
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μ̃

• Solid angle coverage:  
 

• Large integrated luminosity: 
 in Run 3 

• Superb velocity / ToF meas’t: 

2 m2/25 m2 ≈ 0.08

≈ 100 fb−1

δβ = 0.003

proANUBIS BSM
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
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Overview of sensitivity to HNLs
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● Heavy Neutral Leptons (HNL) / RH neutrinos:  
natural feature in models relating to small ν mass 

● e.g. Type-I Seesaw [2,3].  
●  HNLs mix with SM neutrinos: 

● small HNL-  mixing  LLP 
● HNLs excellent LLP benchmark target 

● Well-defined theoretical framework. 
● Strong physics motivation 

● Physics Beyond Coliders (PBC): 
● HNLs feature in 3 / 11 benchmarks  

suggested by PBC in 2019  
● “HNLs ... are one of the simplest extensions of the SM accounting for neutrino masses and mixings, 

baryogenesis and potentially also dark matter. BC6, BC7 and BC8 correspond to an HNL interacting 
exclusively with the e, μ and τ neutrinos, respectively.”

→

νSM →

45

ANUBIS SENSITIVITY TO HNLS — MOTIVATION

(SEE ANNA MULLIN’S LHCP 2024 TALK AND PAUL SWALLOW’S LLP2024 TALK)

https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf
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HNLS @ ANUBIS: METHODOLOGY

● Targeted benchmark models: 
● HNLs (this talk), Dark Scalar [1], Dark Photon, … 
● Primary focus on PBC [2] and FIPs models

SET-ANUBIS:  
Generic sensitivity study framework

● Methodology: 
● Simulate LLP model (MadGraph, Pythia etc.): 
● Apply Selection:  

detector acceptance, background removal e.g. 
isolation requirements 

● Calculate sensitivity:  
Number of LLP candidates ( ) required for 
observation 

● Set limits from: 

●
 

● Background-free:  for observation 
● Data-driven background estimate [1,3]: 

 for observation

NLLP

NLLP = ℒHL−LHC ⋅ σHNL ⋅ ℬHNL ⋅
Nobs

Ngen

NLLP ≈ 4

NLLP ≈ 90
[1] CERN-THESIS-2022-169    [2] 1901.09966    [3] 1909.13022

(SEE ANNA MULLIN’S LHCP 2024 TALK AND PAUL SWALLOW’S LLP2024 TALK)

https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf
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● Focus on electroweak production (MG+Pythia)): 

● Production from meson decays not as relevant 
● Meson production in/with jets  subject to 

isolation requirement (being studied w/ Pythia) 
● Expect best sensitivity: 

● boosted, high mass HNL from  

→

W±/Z/H
47
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Production Decay

PBC model BC6 
|UμN | = |UτN | = 0

● Type-I SeeSaw [1,2] for simplicity 
● This talk: PBC model BC6 

● only  
● Possible final states (visible to ANUBIS): 

●  …

|UeN | ≠ 0

N → e±qq̄′ ; N → νeqq̄′ ; N → e±e∓νe

Dominant: 
CC and NC Drell-Yan

GGF

Wγ

[1]: PRD 25 (1982) 2951    [2] 1905.12634   [3] 0901.3589
Mathematica for  calculations [3]ΓN

 (GeV)MHNL

(SEE ANNA MULLIN’S LHCP 2024 TALK AND PAUL SWALLOW’S LLP2024 TALK)

https://arxiv.org/pdf/1902.00260https://arxiv.org/pdf/1902.00260
https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf
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● Preliminary results: 
● 4 production modes x 3 final states 
● Good sensitivity to LLPs at light LLP masses! 

● Next steps:  
● extend  to [0.1,10] GeV 
● Recast into (BR, ) and ( ) 
● 2nd and 3rd generation couplings (BC7+8)

MHNL
cτ |UeN |2 , MHNL

48

ANUBIS SENSITIVITY TO HNLS WITH COUPLINGS TO FIRST FAMILY

Fiducial volume

Cut flow

Active veto through ATLAS: 
•  typically produced  

in/with jets 
• isolated LLP candidates!

KL, n

Exclude BRs down to ! [1]10−10

[1] , background free scenario|UeN | = 1
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LHCP talk (Anna Mullin, LINK)

https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf


OLEG BRANDT         CAVENDISH LABORATORY 51



OLEG BRANDT         CAVENDISH LABORATORY 52



OLEG BRANDT         CAVENDISH LABORATORY 53



OLEG BRANDT         CAVENDISH LABORATORY 54



OLEG BRANDT         CAVENDISH LABORATORY 55

Sensitivity studies by other groups
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arXiv:2305.01715
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arXiv:2305.01715



ANUBIS: sensitivity

Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”) 
a) minimal scenario, Seesaw Type-I:
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Similar simulation setup: 
• Require the LLP to decay within 

fiducial volume 
• 3 ab-1 at 14 TeV 
• Optimistic scenario considered 
• Assume one additional heavy 

lepton, light enough for LHC
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Hirsch, Wang 2001.04750

mixing with active v heavy neutrinos mixing in active v sector

Similar simulation setup

Fiducial volume



ANUBIS: sensitivity

Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”) 
a) minimal scenario, Seesaw Type-I:
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Similar simulation setup: 
• Require the LLP to decay within 

fiducial volume 
• 3 ab-1 at 14 TeV 
• Optimistic scenario considered 
• Assume one additional heavy 

lepton, light enough for LHC
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ANUBIS: sensitivity

Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”) 
a) minimal scenario, Seesaw Type-I:
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Similar simulation setup: 
• Require the LLP to decay within 

fiducial volume 
• 3 ab-1 at 14 TeV 
• Optimistic scenario considered 
• Assume one additional heavy 

lepton, light enough for LHC
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Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”) 
b) minimal left-right symmetric model: 

c) gauged U(1)B-L model:
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+ extra Higgs boson breaking it

b) c)
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Sensitivity study for Heavy Neutral Leptons (“sterile neutrinos”) 
b) minimal left-right symmetric model:
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