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Outline
• Dark Photons and Vector Portals
• Dark Photons and Dark Higgs
• Higgs(125) Portal and Scalar Portals
• Axion Like Particles
• Heavy neutral leptons
• Experimental/Technical challenges
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*Probably non-inclusive coverage, try to mention most portals and give examples, 
comments and pointers with roughly equal coverage for the experiments



LHC BSM Land

3

So far in over 2k published LHC results, no significant deviations from the 
Standard Model Expectations. Except for LHCb b->sll (based on <=2016 data) 

However, for many searches full Run-2 dataset still to be fully exploited 

The LHC is planned to provide ~20 times more data in the next ~15 years 
LHCb may gain a factor 10 in the next 5 years



But… LHC Metamorphosis (personal view)

• Energy Frontier -> Intensity Frontier + “Lifetime” Frontier

• Low mass collider searches for feebly  
interacting particles have been proposed since  
a long time, e.g. Strassler/Zurek`06,  
Holdom`86, Fayet`81

Light U(1)D model gaining traction
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“If nothing goes right, go left”

Holdom

https://arxiv.org/abs/hep-ph/0604261
https://inspirehep.net/literature/219689
https://inspirehep.net/literature/156206
https://arxiv.org/abs/hep-ph/0604261
https://inspirehep.net/literature/219689
https://inspirehep.net/literature/156206


LHCb Vector Portals
• LHCb scans 0.2-~70 GeV dimuon mass range to search for new 

resonances inclusively
Run-1 3 fb-1, m(A) 5.5-15 GeV: 1805.09820
Run-2 1.6 fb-1, m(A) 0.2-70 GeV: 1710.02867
Run-2 5.5 fb-1, m(A) 0.2-70 GeV: 1910.06926

• Main production:
m(A)<1 GeV: Meson decays, 
m(A)>1 GeV: Drell-Yan
Sizeable displacement of 0.01- 
1cm with sensitivity <1GeV
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Via kinetic mixing

Displaced Search

https://arxiv.org/abs/1805.09820
https://arxiv.org/abs/1710.02867
https://arxiv.org/abs/1910.06926
https://arxiv.org/abs/1805.09820
https://arxiv.org/abs/1710.02867
https://arxiv.org/abs/1910.06926


Dimuon Resonance Searches
• Additional vector portal  

interpretations via coupling  
relations

 1801.04847
• Additional model independent 

LHCb search performed
2007.03923
Includes Hidden Valley 
and 2HDM+S interpretations

1708.05389, 1802.02156
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Hidden Valley  
<N>=10

1808.03684

CMS search for 
L𝜇-L𝞽  

gauge boson 
in Z->4𝜇

2HDM+S 
=> light pseudo scalar 

=> ThetaH is mixing with Higgs doublets 

D
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https://arxiv.org/abs/1801.04847
https://arxiv.org/pdf/2007.03923.pdf
https://arxiv.org/pdf/1708.05389.pdf
https://arxiv.org/abs/1802.02156
https://arxiv.org/abs/1801.04847
https://arxiv.org/pdf/2007.03923.pdf
https://arxiv.org/pdf/1708.05389.pdf
https://arxiv.org/abs/1802.02156
https://arxiv.org/abs/1808.03684
https://arxiv.org/abs/1808.03684


CMS Portal Search via Muons
• CMS search came out in 2019 covering m(A)-range  

11.5 - 200 GeV range (low mass searches still to be dones)
arxiv:1912.04776, 137 fb-1 for 45-200 GeV, 97 fb-1 for 11.5-45 GeV (scouting)

• Dedicated data recorded using dimuon scouting stream fully 
started in 2015, fully commissioned in 2017 - roughly 100 fb-1

Hardware L1 trigger constraints, at HLT (Software) inclusive selection
Includes displaced dimuon decays up to ~10cm

7 DP-2018/055

https://arxiv.org/abs/1912.04776
https://arxiv.org/abs/1912.04776
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTDiMuon2017and2018
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTDiMuon2017and2018


Dark Higgs and Dark Photons
• Search for H(125)->ZdZd, ZZd 1802.03388 or more exotic via dark 

fermions 1909.01246
Vector portal + Higgs portal

• Also displaced hadronic DP decays (dark photon jets) considered by 
ATLAS, and displaced lepton jets, if mixing is very small, maybe the 
only way to find it

•
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𝝴

𝝴

cds:2714064

FRVZ Model 
enriched dark sector

CMS Search 
1908.02699

DP Massless, 
invisible decay

https://arxiv.org/abs/1802.03388
https://arxiv.org/abs/1909.01246
https://arxiv.org/abs/1802.03388
https://arxiv.org/abs/1909.01246
https://cds.cern.ch/record/2714064
https://cds.cern.ch/record/2714064
https://arxiv.org/abs/1908.02699
https://arxiv.org/abs/1908.02699


Dark Higgs and Dark Photons
• Prompt Search(2e/2mu) by CMS full Run-2 dataset
• displaced by CMS (4mu), yet 

to fully updated
• What about displaced/prompt electrons

For mA<2*m(mu)? difficult spectrum, hard 
to fit?
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HIG-19-007-pas

1812.00380

Also ALP 
intepretation 

available

https://cds.cern.ch/record/2718976/files/HIG-19-007-pas.pdf
https://cds.cern.ch/record/2718976/files/HIG-19-007-pas.pdf
https://arxiv.org/pdf/1812.00380.pdf
https://arxiv.org/pdf/1812.00380.pdf


Hadronic Vector Portal Searches
• Assuming simplified (leptophobic) Vector Portals

https://arxiv.org/pdf/1703.05703.pdf
• Experimentally low mass and  

coupling regime probed via dedicated trigger-level-analyses/
scouting and jet-substructure analysis for boosted mediators

10Trigger-Level-Analysis! Boosted Z`, recoiling photon

https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/pdf/1703.05703.pdf


Vector Portal Dark Matter
• Following recommendations of LHCDMWG, can set limits in mχ-mZ 

plane and compare to MET+X searches
1703.05703
Other experiments take over in 
low mass Dark Matter region 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ATL-PHYS-PUB-2020-021

CMS Plots Here

Once lepton couplings are enabled, di-lepton searches 
dominate sensitivity

1 GeV

https://arxiv.org/pdf/1703.05703.pdf
https://arxiv.org/pdf/1703.05703.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-021/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV


DM-nucleon Cross Sections
• For given couplings can compare to direct detection 

experiments
1603.04156
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https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1603.04156.pdf


The Higgs Portal Dark Matter
• So far discussed generally vector portal, with any mediator mass
• LHC produces Higgs(125) bosons directly under controlled 

environment => Higgs(125) portal of particular interest
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CMS combination: https://arxiv.org/abs/1809.05937

HL-LHC/HE-LHC BSM HIggs CERN-LPCC-2018-04Latest ATLAS Search: ATLAS-CONF-2020-008

https://arxiv.org/abs/1809.05937
https://arxiv.org/abs/1809.05937
https://cds.cern.ch/record/2650162/files/fermilab-pub-19-074-ppd-t.pdf
https://cds.cern.ch/record/2650162/files/fermilab-pub-19-074-ppd-t.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/


(Pseudo)Scalar Mediator Searches
• Low mass (pseudo) scalar mediators in 2-Higgs-Doublet-Models 

(UV completeness) gained interest
LHCDMWG Paper, Djouadi et al. 1903.03616
Nice ATLAS combination/review paper: 1903.01400
Also Kahlhoefer et al. 1701.07427, suggests that 
mX~1 GeV is excluded for 2*m(a)<m(H), check
Exploration paper Curtin 
et al 1312.4992 
(which analysis are left to be done?)
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Z/2005.08694 2005.12236 

Trigger pT(mu)>24 GeV

aa->4b

https://arxiv.org/abs/1810.09420
https://arxiv.org/abs/1903.03616
https://arxiv.org/pdf/1903.01400.pdf
https://arxiv.org/pdf/1701.07427.pdf
https://arxiv.org/pdf/1312.4992.pdf
https://arxiv.org/abs/1810.09420
https://arxiv.org/abs/1903.03616
https://arxiv.org/pdf/1903.01400.pdf
https://arxiv.org/pdf/1701.07427.pdf
https://arxiv.org/pdf/1312.4992.pdf
https://cds.cern.ch/record/2650162/files/fermilab-pub-19-074-ppd-t.pdf
https://cds.cern.ch/record/2650162/files/fermilab-pub-19-074-ppd-t.pdf
https://arxiv.org/abs/2005.08694
https://arxiv.org/abs/2005.08694
https://arxiv.org/pdf/2005.12236.pdf
https://arxiv.org/pdf/2005.12236.pdf


Vector and Scalar Portal
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Scalar

Vector

Production modes for ETmiss signatures

1903.01400

https://arxiv.org/pdf/1903.01400.pdf
https://arxiv.org/pdf/1903.01400.pdf


Displaced Searches
• Search for displaced jets explores sensitivity to feebly coupled 

scalars
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CMS Search 132/fb

Also largely displaced

1705.07332

2003.11956

e.g. trackless jets

https://inspirehep.net/literature/1794042
https://inspirehep.net/literature/1794042
https://arxiv.org/abs/1705.07332
https://arxiv.org/abs/1705.07332
https://arxiv.org/pdf/2003.11956.pdf
https://arxiv.org/pdf/2003.11956.pdf


ATLAS Displaced Searches
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CMS Displaced Searches

• CMS search for hidden valley  
model (emerging jets, with  
dedicated jet vertex/track  
analysis)

Recent interest also to investigate  
dark showers in jets

181810.10069

https://arxiv.org/pdf/1810.10069.pdf
https://arxiv.org/pdf/1810.10069.pdf


Displaced Searches, Tech. Aspects
• New venues in technical aspects for BSM searches
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1912.12238

ATLAS developed specific tracking and 
vertex algorithms for displaced signatures 

CMS developed ML algo for displaced  
hadronic signatures

https://arxiv.org/pdf/1912.12238.pdf
https://arxiv.org/pdf/1912.12238.pdf


ALPs Heavy Ions Collissions
• Axion-Like-Particle Search in PbPb collisions, as proposed in e.g. 

Knapen et al
• Low mass diphoton searches currently not very well covered in pp 

collisions, for ALPs still mostly 8 TeV data used 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ATLAS-CONF-2020-010

ATLAS: 2.2 nb-1 
CMS: 0.4 nb-1 1810.09452

Diphoton resonance searches 
also at LHCb

Merged multi photon jet  
signatures to be exploited 

at ATLAS and CMS

https://arxiv.org/pdf/1607.06083.pdf
https://arxiv.org/pdf/1607.06083.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-010/
https://arxiv.org/pdf/1810.09452.pdf
https://arxiv.org/pdf/1810.09452.pdf


Dark Sector in Heavy Ion Collisions
• General recent interest in BSM exploitation of Heavy Ion collisions

1812.07688, Recent public document and discussion
Experimental features: 

large Z4 cross section enhancement  
in ultraperipheral collisions 
~No Pile-Up (but large number of charged  
tracks), 
100x lower NN luminosities,  
lower centre-of-mass energy
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Example : HNL search for equal running time

Drewes et al

ALICE Dark Photon reach

https://arxiv.org/pdf/1812.07688.pdf
https://arxiv.org/pdf/1812.07688.pdf
https://arxiv.org/pdf/1810.09400.pdf
https://arxiv.org/pdf/1810.09400.pdf


Heavy Neutral Leptons
• LHCb exploits B->2mu+pi, CMS on-shell W decays

• Also need (possible) to probe  
tau neutrino mixing parameter, 
currently (CMS only prompt search)

22

1401.5361

Discussion on limit 
by Shuve, Peskin, in 

1607.04258 

1802.02965

Other production modes exist

1905.09787

1–30 mm displacement

https://arxiv.org/abs/1401.5361
https://arxiv.org/abs/1401.5361
https://arxiv.org/pdf/1607.04258.pdf
https://arxiv.org/pdf/1607.04258.pdf
https://arxiv.org/pdf/1802.02965.pdf
https://arxiv.org/pdf/1802.02965.pdf
https://arxiv.org/pdf/1905.09787.pdf
https://arxiv.org/pdf/1905.09787.pdf


Summary and Progress
• Dedicated Dark Sector searches and interpretations are increasing at the 

LHC experiments
Extensive benchmark and DM interpretations framework developments
Additional dedicated displaced searches recently, and more to come
More focus on dedicated searches for low mass mediators

• Dedicated event reconstruction techniques progressing. For low mass and 
low multiplicity signatures (probably others too) further development of the 
Turbo/Scouting/TLA high-rate data-taking techniques is interesting venue  

• Full understanding of where the LHC multipurpose experiments could 
improve existing parameter space constraints at low mass will be useful

In particular with more inclusive triggering

• A collider not discussed but of potential Dark Sector interest is the EIC at 
BNL

Recent workshop, BSM studies for LHeC here
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https://indico.bnl.gov/event/8110/timetable/
http://cds.cern.ch/record/2706220?ln=en
https://indico.bnl.gov/event/8110/timetable/
http://cds.cern.ch/record/2706220?ln=en


Additional Material


