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Images	from	arxiv1810.12602

LLPs are one promising direction to expand 
searches @ LHC 

• Impressive progress in recent years! 
—> Still plenty of room for creativity 

• Theoretically well motivated! 

• (nearly) mass-degenerate spectra 
• small couplings 
• highly virtual intermediate states
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Experimentally: We are looking for particles that decay at a measurable distance from 
their production point (the pp interaction point at LHC experiments)
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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM

(left) the right-handed partners of neutrinos are absent. In the ⌫MSM (right) all fermions

have both left and right-handed components.

Y can vary from 10�13 (Dirac neutrino case) to ⇠ ⇡ (the onset of the strong coupling). The

admitted region is sketched in Fig. 2.

Independently on their mass, the new Majorana leptons can explain oscillations of active

neutrinos. So, an extra input is needed to fix their mass range. It can be provided by the

LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125� 126

GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close to

the lower limit on the Higgs mass coming from the requirement of the absolute stability of

the electroweak vacuum and from Higgs inflation, and to prediction of the Higgs mass from

asymptotic safety of the Standard Model (see detailed discussion in [1] and in a proposal

submitted to European High Energy Strategy Group by Bezrukov et al. [2]). The existence

of the Higgs boson with this particular mass tells that the Standard Model vacuum is stable

or metastable with the life-time exceeding that of the Universe. The SM in this case is a

valid e↵ective field theory up to the Planck scale, and no new physics is required above the

Fermi scale from this point of view. Suppose also that the LHC finds no new particle and no

deviations from the Standard Model. In this case the “naturalness paradigm”, leading the

theoretical research over the last few decades will be much less attractive, as the proposals for

new physics stabilizing the electroweak scale by existence of new particles in the TeV region

and based on low energy supersymmetry, technicolor or large extra dimensions would require

severe fine-tunings.

The solution of the hierarchy problem does not require in fact the presence of new particles

or new physics above the Fermi scale. Moreover, the absence of new particles between the

electroweak and Planck scales, supplemented by extra symmetries (such as the scale invari-

ance) may itself be used as an instrument towards a solution of the problem of stability of

2
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SM Extension with 3 HNLs

CMS: EXO-20-009  

ATLAS: EXOT-2019-29 

arxiv:1301.5516 

Long-lived sterile neutrinos  
(Heavy Neutral Leptons, HNLs)

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29/
https://arxiv.org/pdf/1301.5516.pdf
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Crucial HNL model parameters: 

Mixing angle between SM neutrino and HNL|Uα |2

mN HNL mass

|Uα |

|Uβ |
!

!
N

• HNLs experience “weak-like” interactions 
controlled by dimensionless mixing angles ( ) 

•  dictates kinematics of decay products 

• HNL can be Majorana- or Dirac-like particle 
• Dirac —> Lepton Number is conserved (LNC) 
• Majorana —> Lepton Number is violated (LNV)

|Uα |2

mN

τN ∝
1

m5
N |Uα |2
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•Complementarity of searches is enormous for HNLs

arxiv.org:1911.09129	

PRL 119.201804

https://arxiv.org/pdf/1911.09129.pdf
https://arxiv.org/abs/1707.08573
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Experimental HNL Signature: 
• Prompt lepton 
• DV with 2 leptons that have opposite charge 

|Uα |

α−β γ

|Uβ |

prompt displaced

graphics: D. Trischuk
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Experimental HNL Signature: 
• Prompt lepton 
• DV with 2 leptons that have opposite charge 

Six signal regions (SR):  
μ-μμ, μ-μe, μ-ee, e-ee, e-eμ, e-μμ

|Uα |

α−β γ

|Uβ |

prompt displaced

graphics: D. Trischuk
ATLAS onlyATLAS + CMS
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Dominant background sources: 
(1) Material interactions 
(2) Metastable particle decays (J/ѱ, B-hadrons,..) 
(3) Cosmic muons 
(4) Z decays paired with third lepton 
(5) Random track crossing 

|Uα |

α−β γ

|Uβ |

prompt displaced

graphics: D. Trischuk
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• After cuts, background is dominated by random track crossings 
• Validation region (prompt-lepton veto) is used for data driven 

background estimate in SR using toys 
• Energy-momentum conservation is used to reconstruct the 

HNL mass  

• Simultaneous fit of SR & CR —> No excess observed

m2
HNL = (Plβ + Plγ + Pνγ

)2
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• After cuts, background is dominated by random track crossings 
• Validation region (prompt-lepton veto) is used for data driven 

background estimate in SR using toys 
• Energy-momentum conservation is used to reconstruct the 

HNL mass  

• Simultaneous fit of SR & CR —> No excess observed

m2
HNL = (Plβ + Plγ + Pνγ

)2

Explicit veto-cut on 
metastable decays
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• In each three-lepton final state events are categorized by: 

• Dilepton invariant mass of displaced lepton pair, m(ll)  

• Explicit veto on b-jets

• Transverse displacement of displaced lepton pair, Δ2D 

• SM background derived using data control samples 
• No excess observed
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• In each three-lepton final state events are categorized by: 

• Dilepton invariant mass of displaced lepton pair, m(ll)  

• Explicit veto on b-jets

• Transverse displacement of displaced lepton pair, Δ2D 

• SM background derived using data control samples 
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ATLAS vs. CMS: 
• No low mass cut-off! 
• Prompt to displaced continuous result!
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ATLAS vs. CMS: 
• No low mass cut-off! 
• Prompt to displaced continuous result!

ATLAS vs. CMS: 
• comparable mass - coupling reach
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L2r #2M+?K�`Fb pbX M2mi`BMQ Qb+BHH�iBQM +QMbi`�BMib

3 f N

Electron-
only

Muon-
only

IH

NH

“Realistic” multi-
flavour mixing 

models consistent 

Mixing scenario benchmarks:
• Simple model: One HNL with single-flavour mixing (1SFH) 

Muon-only mixing ( )  

Electron-only mixing ( ) 

• Realistic scenario: Two quasi-degenerate HNLs with m1~m2 (2QDH) 
Inverted hierarchy (IH) mixing ( ) 

Normal hierarchy (NH) mixing ( )

|Uμ |2

|Ue |2

|U |2

|U |2

New!  ATLAS only

New! ATLAS & CMS

More data! ATLAS & CMS

New!  ATLAS only
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JHEP	03	(2020)	170

h>ps://github.com/mhostert/Heavy-Neutrino-Limits	

Interesting complementarity also to 
0𝛎𝜷𝜷 experiments

https://link.springer.com/content/pdf/10.1007/JHEP03(2020)170.pdf
https://github.com/mhostert/Heavy-Neutrino-Limits


14

Exotic Higgs decays 
Decays of Higgs-like scalars

CMS: EXO-18-003, EXO-21-006, SummaryPlotsEXO13TeV  

ATLAS: EXOT-2019-24, EXOT-2019-23 , EXOT-2018-57, ATL-PHYS-PUB-2022-007 

Hidden Sector Searches

/
Inner	Detector

Calorimeter

Muon	System

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-57/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/
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graphics: L. Corpe

Search focuses on LLP decays in HCAL 
• Differences to a regular SM jet: 

• Narrow  
• Trackless 
• Low fraction of energy in the ECAL:  

Define Calorimeter Ratio (CalRatio): 
EHCAL/EECAL  

• Signal: CalRatio Jets 
• Require 2 jets (pT > 40 GeV)  
• Pick events with trackless jets:  

• large ∑ΔRmin (jet, track) 

QCD	jet

CalRa,o	jet
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Main sources of background: 
• QCD jets 

• Beam-induced background (BIB) 

• Cosmic Rays 

• Can all look like narrow, trackless jets with 
high CalRatio!

Calorimeter-Ratio (Cal-Ratio) Search

QCD	jet

BIB

Cosmics

graphics: L. Corpe
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• Jet-level NN is trained to separate signal from BIB and 
QCD background (CNN fed into LSTM) 

• Analysis split into 2 channels: low- and high-mass models 

• Variables with low level input: 10 track var., 10 jet 
constituents var., 6 muon segment var., and 3 jet var. 

• Adversarial Network is added to mitigate potential mis-
modelling differences in simulation (e.g. cluster timing) 

no	adversary

with	adversary



CalRatio analysis details

Dark	Interac,ons	2022	 |		Ma$hias	Danninger		|		SFU

17

• Jet-level NN is trained to separate signal from BIB and 
QCD background (CNN fed into LSTM) 

• Analysis split into 2 channels: low- and high-mass models 

• Variables with low level input: 10 track var., 10 jet 
constituents var., 6 muon segment var., and 3 jet var. 

• Adversarial Network is added to mitigate potential mis-
modelling differences in simulation (e.g. cluster timing) 

no	adversary

• Additional event level BDT selections 

• A data-driven background estimation and signal  
hypothesis test is performed using a modified ABCD 
method(allowing signal contamination) 

with	adversary
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• No excess observed 
• Strong results for high mediator mass searches! 
• Here, only results with mH=125 GeV
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• No excess observed 
• Strong results for high mediator mass searches! 
• Here, only results with mH=125 GeV

ID
Calorimeter

Muon System
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• No excess observed 
• Strong results for high mediator mass searches! 
• Here, only results with mH=125 GeV
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• Strong results for high mediator mass searches! 
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1) Inclusive search for displaced leptons (EXO-18-003)  
• Focus on being model-independent (exclusively uses transverse impact parameter) 
• Results interpreted for SUSY models and Hidden Sector (shown below) models 

2) LLPs decaying to pair of OS muons (EXO-21-006) 
• Distances of decays ranging from several hundred μm to several meters 

—> impressive range

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
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Note for direct comparison to ATLAS: CMS results not corrected for decay branching fractions
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 ATLAS: SUSY-2018-42 

Direct Search 
If LLP carries SM charge, we can look for 
its interactions with the detector directly 

Here: dE/dx within the ATLAS Pixels

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/


dE/dx analysis details
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• dE/dx of a track is an average of all 
clusters on a track 

• dE/dx depends on detector conditions
• Adjacent fired 

pixels are 
combined into 
clusters 

• Cluster size 
depends on 
incident angle

Analysis strategy 
• Events are selected using MET Trigger 

• Selecting isolated tracks with high pT, and large specific ionization (|η|<1.8). 

• Reconstruct the mass of these tracks

calibrated per LHC fill 
• Parameterize Bethe-Bloch relation to 

extract mapping of βγ to the dE/dx 
• Mapping is used to extract βγ of 

individual tracks in analysis



dE/dx analysis details
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Analysis strategy 
• Events are selected using MET Trigger 

• Selecting isolated tracks with high pT, and large specific ionization (|η|<1.8). 

• Reconstruct the mass of these tracks 
• Generate data-driven background distributions using toys from track-mass templates

• Derive shape and normalization in 
CRs defined by inverted selections 

• Validation regions show good 
normalization and shape agreement 

•



dE/dx Results — Discovery Regions
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Observations: 
• Overall good agreement between observed events and expected background 
• An excess of events is observed in the “Inclusive-High” SR at masses exceeded 1 TeV 

• Local significance of 3.6σ, global significance 3.3σ 
• Caution: ToF study of excess events with calorimeter and muon system show a β~1



dE/dx Results — Limits
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Observations: 
• Due to the observed excess of events, the observed limits are lower than expected limits 
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CMS: EXO-21-006, EXO-20-014  

ATLAS: ATLAS-CONF-2022-001 

Dark photon searches at a glance

Falkowsky, Ruderman, Volansky, Zupan [FRVZ] model Hidden Abelian Higgs model [HAHM] model 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-001/
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CMS: EXO-21-006, EXO-20-014  

ATLAS: ATLAS-CONF-2022-001 

Dark photon searches at a glance

Falkowsky, Ruderman, Volansky, Zupan [FRVZ] model Hidden Abelian Higgs model [HAHM] model 

small couplings → displaced decays  

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-001/
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ATLAS: 
• First time exclusion in the fully electron channel 
• Significant analysis improvements (CNN taggers) and 

WH topology allowed for exclusion of hadronic decays
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ATLAS: 
• First time exclusion in the fully electron channel 
• Significant analysis improvements (CNN taggers) and 

WH topology allowed for exclusion of hadronic decays

CMS: 
• LLPs decaying to pair of OS muons 
• Distances of decays ranging from several hundred 

μm to several meters —> impressive range

HAHM	model
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ATLAS: 
• First time exclusion in the fully electron channel 
• Significant analysis improvements (CNN taggers) and 

WH topology allowed for exclusion of hadronic decays

Anomalies show up here! 
• Complementarity to probe X17 

excess and g-2 results 
• Tricky but maybe possible



31

New potential for Run 3 
—> Improved triggers, 
reconstruction techniques and tools



32Why LLP searches use non-standard reconstructions?

If you want to reconstruct a charged particle with Impact Parameters (d0,z0) 
outside the prompt phase-space —> you need special reconstruction
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32Why LLP searches use non-standard reconstructions?

If you want to reconstruct a charged particle with Impact Parameters (d0,z0) 
outside the prompt phase-space —> you need special reconstruction

SUSY-2016-08 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/
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If you want to reconstruct a charged particle with Impact Parameters (d0,z0) 
outside the prompt phase-space —> you need special reconstruction

Why LLP searches use non-standard reconstructions?

SUSY-2016-08 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08/
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• Large-Radius tracking in ATLAS for Run 3 newly designed 
• Huge computational and physics gain! 
• New opportunities and flexibility!
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• Many analyses using LRT make use of additional secondary vertex reconstruction algorithms 

• Comparisons performed between “zero-bias” data and simulated samples of inelastic scattering events 

• To probe LRT efficiency in data, need a “standard candle”

IDTR-2021-003	Long-lived special reconstructions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2021-003/
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• Many analyses using LRT make use of additional secondary vertex reconstruction algorithms 

• Comparisons performed between “zero-bias” data and simulated samples of inelastic scattering events 

• To probe LRT efficiency in data, need a “standard candle”

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2021-003/


Conclusions

Dark	Interac,ons	2022	 |		Ma$hias	Danninger		|		SFU

37

• ATLAS and CMS results of full Run 2 data achieve impressive constraints on LLP candidates 

• We learn to use detectors “full potential” for unconventional searches & more for Run 3! 

• New LLP triggers (in particular also with displaced tracking) 

• New reconstruction techniques 

• Improved work-flow - ATLAS LLP tracking and lepton reconstruction NOW integrated in the main 
data processing chain  —> CMS has this already for some years

Run 3 is exciting for LLP searches at the LHC  

— New opportunities for discoveries — 
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Backup



HNL Experimental plane — colliders & fixed target
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CERN-PBC-REPORT-2018-007



Global constraints on Sterile Neutrinos 
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•Complementarity of searches is enormous for HNLs

arxiv.org:1911.09129	

PRL 119.201804

GAMBIT: arXiv:1908.02302

JHEP 10 (2019) 265

https://arxiv.org/pdf/1911.09129.pdf
https://arxiv.org/abs/1707.08573
https://arxiv.org/pdf/1908.02302.pdf
https://arxiv.org/abs/1905.09787
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Analysis strategy 
• Events are selected using MET Trigger 

• Selecting isolated tracks with high pT, and large specific ionization (|η|<1.8). 

• Reconstruct the mass of these tracks

• Parameterize Bethe-Bloch relation 
(Low-pileup runs) to extract a 
mapping of βγ to the dE/dx 
measurements 

• Mapping is used to extract βγ of 
individual tracks in analysis
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dE/dx Results — Limits
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Observations: 
• Due to the observed excess of events, the observed limits are lower than expected limits 

NEW
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