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BEYOND STANDARD DM SEARCHES

What if the Dark Sector is non-trivial? 

J. Phys. G 47 (2020) 090501

SM sector Dark sector

LLP1
LLP2

LLP3
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LONG-LIVED PARTICLE (LLP) SEARCHES AT LHC

J. Phys. G 47 (2020) 090501

p
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LLP
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A multitude of smoking gun signatures emerges… 
• very small backgrounds 
• typically instrumental backgrounds
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WHERE TO LOOK FOR LONG-LIVED PARTICLES?

CODEX-b
Gligorov et al 1708.09395

Chou et al 1606.06298

Forward 
 light mediators, ALPs

→

Feng, et al 1710.09387
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Complementarity!

EXPERIMENT
ANUBIS

Complementarity!
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MOTIVATION

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

 harvest sensitivity!→ RPC

Adapted from ATL-PHYS-PUB-2022-007
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MOTIVATION

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

 harvest sensitivity!→ RPC

Adapted from ATL-PHYS-PUB-2022-007

???
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MOTIVATION

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

 harvest sensitivity!→ RPC

Adapted from ATL-PHYS-PUB-2022-007

???

RPC

 ATLAS: active veto
EXPERIMENT
ANUBIS

Cannot be probed at forward experiments!
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MOTIVATION

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

 harvest sensitivity!→ RPCRPC

Adapted from ATL-PHYS-PUB-2022-007

???

Similar sensitivity: 

MATHUSLA  
(similar) 

CODEX-b  
(a bit weaker, 1 ab )−1

RPC

SENSITIVITY PROJECTIONS (PBC/FIPS CONTEXT)

CERN-THESIS-2022-169

PBC model BC5

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://arxiv.org/pdf/1902.00260https://arxiv.org/pdf/1902.00260
https://pbc.web.cern.ch/
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ANUBIS DETECTOR TECHNOLOGY

RPC

 ATLAS Phase II RPC technology!→

ANUBIS Detector requirements:

RPC

PROANUBIS DEMONSTRATOR

Physics goals: 
• validate technology 
• measure  in 

punch-through jets 
• measure hadronic 

interaction rates in 
air volume (crucial)

KL, n

Data + framework 
ATLAS-public

EXPERIMENT
ANUBIS

RPC

ATLAS: active veto

‘For free’: 
 (TOF) 

 unique sensitivity to anomalous 

slow charged particles 

Δβ ≈ 0.5 %

→ (dE/dx)

(SEE MICHAEL REVERING’S POSTER & LLP2024 TALK)

https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022
https://twiki.cern.ch/twiki/bin/view/ANUBIS/WebHome#The_proANUBIS_prototype
https://ep-news.web.cern.ch/content/anubis-guide-dark-sector
https://twiki.cern.ch/twiki/bin/view/ANUBIS
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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 →

10

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
12

HNLS @ ANUBIS

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

13

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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SUMMARY & OUTLOOK

Forward 
 light mediators, ALPs

→

Tra
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→

Complementarity!

EXPERIMENT
ANUBIS

● Lots of progress with ANUBIS detector: 
● Data-taking with proANUBIS 
● Initial data analysis 
● Studies of the expected backgrounds 
● Hardware R&D for the full detector 

● There is a lot to do ahead of us! 
●  Welcoming new experimental collaborators!→

● Progress w/ sensitivity projections for PBC & FIPs 
●  Welcoming new THEORY collaborators! 

● SET-ANUBIS is a perfect theory collaboration 
platform 
● Modular and efficient 
● Easy to share and validate results 
● Interested? Even mildly?  

 Happy to talk about  
     opportunities to contribute

→

→

ANUBIS can probe models that 
• general purpose detectors (e.g. CMS)  
• forward detectors (e.g. FASER) 
• beam dump experiments (SHiP) 
are not sensitive to!

Full HL-LHC exploitation imperative! 
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Thank you!
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FUTURE PLANS FOR ANUBIS

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 #6 (#7, #8), 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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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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LHCP talk (Anna Mullin, LINK)

https://indico.cern.ch/event/1253590/contributions/5844120/attachments/2872672/5031129/LHCP_ANUBIS_June7.pdf
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proANUBIS physics goals
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SX1 building

ATLAS

IP

proANUBIS 
2023

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



• 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
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ATLAS

IP

proANUBIS 
2023

SX1 building

proANUBIS in Run 3



• 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
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ATLAS

IP

proANUBIS 
2023

SX1 building

proANUBIS in Run 3
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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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Hirsch, Wang 2001.04750

mixing with active v heavy neutrinos mixing in active v sector



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”) 
b) minimal left-right symmetric model: 

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

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