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• Light light dark matter there are 3 styles of searches
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Searches @ LHC

Invisible Searches Long-Lived Searches Visible Searches

Vector DM

DM

Vector ℓ,q

ℓ,q

Vector

DM

q,e,µ,….

q,e,µ,….

DM

DM*

DM*

4π detectors @ 
LHC (ATLAS/CMS) 
use conservation 
of transverse 
energy for 
signatures

Extensive detector 
capabilities make 
displaced signatures 
up to 5m possible

LHC can tag  
every type of  
object 

cτ
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Invisible Searches

Mediator DM

DM

Visible SM(Something)

Decay is invisible We look for an imbalance in the event
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Invisible Searches
What can you do  
over here? 

Mχ > 3.5 GeV

Mmed > 10 GeV

The LHC is the only 
game in town



• LHC has used a different model/notation to present results 

- These models basically the same to FIP/PBC benchmarks 

• In the past year we have made an attempt to consolidate 

- General we can recast many analysis towards dark sectors 

- This talk will cover FIP based results at the LHC 

- The full range of LHC goes beyond FIP based models  
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Lost in Translation

mMED10 GeV

LHC  can only go here 
Traditionally present searches 
in terms of Scalar and  Z’

Every other collider 
or beam dump  
down here



• LHC has had 4 default models 

- Motivated by standard LHC signatures and comparison with ID/D 

- Additionally had benchmark coupling choices gq=0.25 and gDM=1.0
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LHC Default Models

Spin 1

Only quark couplings  
guaranteed in 
interpretation

Spin 0

These remain 
the main ways to 
interpret DM at LHC

No Interference with the Z boson 

No Interference with the higgs boson 



• Traditionally presented models in mass vs mass plane  

- With fixed couplings  

- Idea was to see how high a mass we could achieve
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LHC Model Presentation

Rotate π/2

Fixed

FloatedWanted to see how high we could go

arxiv:2206.03456

HL-LHCHL-LHC



• Floating the couplings gives us a new set of bounds 

- In practice varying couplings doesn’t change bounds much 

- However to make direct detection bounds coupling fixed 

- Monojet and dijet can probe couplings below gq = 0.1 

8Floating the couplings

FloatFixing the Dark Matter Mass

arxiv:2206.03456



• Given these variations we can standardize these
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Ultimate Bounds

• From high mass invisible studies draw general conclusions 

- Varying coupling bounds doesn’t dramatically change LHC 

- The LHC can provide complementarity to Direct Detection
arxiv:2210.01770

GeV
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Translating to y

https://arxiv.org/abs/2107.13021 Coupling on y-axis shows overall sensitivity

Mmed

mDM

Fix a specific axis 
mDM =Mmed/3

Mmed

C
ou

pl
in

gZ-axis is 
Cross section bound

σ

https://arxiv.org/abs/2107.13021
https://arxiv.org/abs/2107.13021
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Min Coupling For Relic

arxiv:2203.12035 

Scalar Pseudoscalar

Axial Vector Vector 

Resonance 
(Loose Constraints)

1D Axis

1D Axis

1D Axis
1D Axis

LHC already excludes gq > 0.1

Excluded

Excluded
Vector 

https://arxiv.org/pdf/2203.12035.pdf
https://arxiv.org/pdf/2203.12035.pdf
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Min Coupling For Relic

arxiv:2203.12035 

Scalar Pseudoscalar

Axial Vector Vector 

No Constraints Resonance 
(Loose Constraints)

1D Axis

1D Axis

1D Axis
1D Axis

We can do the same for the relic bounds

https://arxiv.org/pdf/2203.12035.pdf
https://arxiv.org/pdf/2203.12035.pdf
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Mapping  Analogies
Vector Model
Scalar Model
Pseudoscalar Model

HNL (same)

LHC DM Model

To get to the FIP Models

FIP Models

Vector Model : Translate the Couplings and add Z interference

Scalar Model : Add the mixing with the Higgs boson 

Pseudoscalar : Translate the Couplings

HNL : Nothing
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Translating to y

https://arxiv.org/abs/2107.13021 Coupling on y-axis shows overall sensitivity

Mmed

mDM

Fix a specific axis 
mDM =Mmed

Mmed

C
ou

pl
in

gZ-axis is 
Cross section bound

σ

https://arxiv.org/abs/2107.13021
https://arxiv.org/abs/2107.13021
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https://arxiv.org/abs/2107.13021 

Translating to y

Mmed

mDM

Fix a specific axis 
mDM =Mmed/3

MDM

y

Z-axis is 
Cross section bound

σ

Future LHC exceeds relic

https://arxiv.org/abs/2107.13021
https://arxiv.org/abs/2107.13021
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Now Connecting them 

Note Also that  as   gets larger LHC DM searches are the  only game in town
mDM

mmed

LHC goes left when mediator mass gets larrger

Appears that w can now 
connect plots into one

LHC is complemntary 
Similar goals on similar 

timesales
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A Better Connection

arxiv:2210.01770
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A Better Connection

arxiv:2210.01770

Tough  
Region

We got this!

and this!

Its going to be hard to probe invisible dark Photon 
in the intermediate range



• In a similar vein we can recast Dark Higgs model to LHC
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Scalar Portal(Dark Higgs)

LHC Higgs Invisible• Higgs to invisible Bounds 

- Current LHC H(inv) > 0.1 

- Future LHC H(inv) >0.02 

- FCC-ee H(inv) > 0.005 

- FCC-hh H(inv) > 0.0001

• It is hard to have the Dark Higgs model explain DM (Natalia’s talk) 

- Requires a very large coupling to satisfy relic



• In a similar vein we can recast Dark Higgs model to LHC
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Scalar Portal(Dark Higgs)

LHC Higgs Invisible

arxiv:2206.03456



• The Axion portal decaying to invisible particles 

- Generally less explored  

- We can again recast existing LHC bounds to this 

• The simplest model requires a heavy mediator to reconcile relic
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Axion Portal

ALP
φ

Just Gluon Coupling

arxiv:2206.03456



22

Visible Searches
Mediator ℓ

ℓ

Mediator q

q

LHC Produces a huge  
number of leptons

This is very hard 
but we still do it
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Dark Photons

ATLAS/CMS  
Traditional 
Dilepton Results

Visible Dark Photons at High Mass dominated by LHCb+CMS

CMS result 
relies on 
Scouting  
datastreamDisplaced Di-Muon

Prompt Di-Muon

LHCb capable of triggering all di-muons 
CMS result relies on innovative Scouting Stream

LHCb ICHEP 

https://cds.cern.ch/record/2788424/files/PoS(ICHEP2020)231.pdf
https://cds.cern.ch/record/2788424/files/PoS(ICHEP2020)231.pdf
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Future Dark Photons

ATLAS/CMS  
Traditional 
Dilepton Results

Addition of di-electron channel makes LHCb very sensitive

LHCb will add D* A+SM Decys 
ATLAS and CMS will have better trigger/scouting systems

→

LHCb Projection

?

arxiv:2203.07048
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Just Quark Couplings

ε=1

Quarks are very Hard

CMS Summary 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV


• Visible bounds dominated by light-light scatter
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Axion Portal
Heavy Ions very sensitive  
Z4 enhancement

Gluon Coupling is much harder 
LHCb has proposed searches in ηππ

Gluon Coupling

Photon Coupling

ATLAS: JHEP 03 (2021) 243

arxiv:2203.07048
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Unique Models

Requires a Higgs Coupling to the Dark Sector 
Large additional coupling can make LHC sensitive

Unique high 
momentum 
Muon Beam

• Unlike other experiments, LHC has access to the Higgs 

- The Higgs enables the possibility of new final states 

• The LHC also has more Z bosons than anywhere on earth 

- Z boson decays gives rise to additional final states 

ALPs Dark Photons mu-Philic Photons
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What Results are there?
• Looking at Higgs decays to dark photons

Given right choice of Higgs Dark Coupling 
Can probe allowed range of sensitivity 
Long Lived particle signatures emerge 
Invisible and visible also contribtue

Higgs to ZD

Higgs to ZD

Can Probe ε~10-7

CMS EXO-20-014
JHEP 04 (2022) 062

Can Probe ε~10-7

http://dx.doi.org/10.1007/JHEP04(2022)062
http://dx.doi.org/10.1007/JHEP04(2022)062
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Higgs to spin-0
• Looking at Higgs decays to ALPs and Scalars

Long lifetimes often lead to very small couplings 
Longer Lifetime: Higgs to invisible bounds dominate 



• Z to 4 muon channel provides unique high mass constraints
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g-2 mediator (Just muons)

Scalar Mediator



• There will be an enormous amount of data at the LHC 

- Strong bounds provided we can tap this dataset  

• Higgs or Z boson couplings to Dark Sector yield enhancments 

- Provided we have the right model  

‣ Higgs and Z boson couplings are needed for this 
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Luminosity @ LHC
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Long-Lived Searches

Mediator

DM

q,e,µ,….

q,e,µ,….

DM

DM*

DM*

Mediator SM

SM
cτ 

Long Lifetime

Mediator is Weakly CoupledDark Matter is Unstable

cτ



• Looking at Higgs decays to dark photons
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Scalar Portal 

Once we get into the small 
coupling regime  

Long-Lived searches  
start to domiante 

Current Result

ATLAS summary 

B Kφ(φ µµ)→ →

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/
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Scalar Portal 

B Xφ(φ µµ) 
Future CMS Long Lived 
Track Trigger

→ →

B Xφ(φ µµ) 
LHCb Future Projections

→ →

Era of Long Lived 
Exploration is just starting 
Many more like CMS on 
their way

arxiv:2207.06905
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Many Others
By Making the Dark Matter Unstable 
Invisible searches become Long lived LHC 

arxiv:2207.08990



• Invisible searches  

- γD benchmark : will cover  m < 3 GeV and m > 45 GeV 

- It is not clear that we can cover the middle region 

• Visible searches 

- LHC will cover broad range of prompt di-lepton signatures 

‣ Will be the leading constraint for γD benchmark at large ε 

- Higgs and Z decays can enhance things 

• Long-lived searches 

- There is a lot of new territory to probe 

- See other talks on dedicated displaced detectors 
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Conclusions
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Thanks!

Coupling(gq,ε) 
Lifetime (cτ)

D
ar

k 
M

at
te

r M
as

s

LHC

1 GeV

2 TeV

Visible Searches

Prompt 
Beam Dump

Invisible Searches

Long-lived 
Beam Dump

Missing  
Energy 
Missing  

Momentum 

Long-Lived LHC 

(Mathusla/Codex-b)

0.01 GeV

Neutrino

Coupling(gq,ε) 

e+ e- 
Beams

Relic
D

is
pl

ac
ed

Relic in some scenarios



• As w/all simpified DM models there is a minimum coupling 

• For the LHC models we can compute the relic density 

- Simplified models, so relic calculation is simplified 

- Compute relic density with MadDM  

• We scan the full dark matter mass vs mediator mass 

- Useful to see
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Minimum Coupling Scan

The Mininmum
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Light DM at Snowmass
Dark Photon Plot 

Invisible 
Signatures 

We will focus on invisible signatures 
for LHC to compare with

Dark Higgs Plot 

There are some cases that Light  
DM focuses not directly relavent

Visible 
Signatures 
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Future Connections
Weakly Coupled Dark Photons 

Light DM considered g-2 models 
highlights specific final states  

Effort to highlight weak coupled 
Dark Photon 

Coupling weak enough to be 
long-lived

Potential to connect w/LL group
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Other Highlights
Dark Scalar Coupling to Muons SIMP Dark Photon Model 

Light DM considered g-2 models 
highlights specific final states  

Light DM considered g-2 models 
highlights specific final states  
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Comparisons w/PBC

gq = gℓ =
ϵ

2e cos θW
Adding Mixing with photon

LHC Spin 1 results are very similar to Dark Photon in PBC  
For the most part simple rescaling can allow for result comparisons

https://arxiv.org/pdf/1901.09966.pdf 

Dark Photon’s have previously been discussed here https://indico.cern.ch/event/729789/ 

https://arxiv.org/pdf/1901.09966.pdf
https://arxiv.org/pdf/1901.09966.pdf
https://indico.cern.ch/event/729789/
https://indico.cern.ch/event/729789/


• To reconcile the models we wanted a Madgraph Model
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Actually Reconciling

- Started from here Dark Vector + Dark Higgs model here 

ℒ = ℒSM −
ϵ

2 cos θW
F′ μνBμν + gDM cos(θa)ZD χχ + gDM sin(θa)Zχχ

We started with a Madgraph model with 
Dark Photon to SM couplings 
Also, includes Dark Higgs

Adding DM terms to the 
model so we can probe 
invisible decays

In the following slides we will recast 
the CMS monojet analysis and 
projections to Dark Photon   
Just look at the invisible final state  
(LDMX/Belle bounds at low mass)

http://insti.physics.sunysb.edu/~curtin/hahm_mg.html
http://insti.physics.sunysb.edu/~curtin/hahm_mg.html


• Additionally with model we can compare w/LHCDMWG
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Analytic Form

 gq =
e sin θa

2 tan θw
≈ eϵ

1
Δz − 1

cos θw

2

Δz = (
Mz′ 

Mz )
2

- From the Lagrangian we can write

Master Formula Allows us to 
translate between the two

Taking usual  
mixing scenario

ℒ = ℒSM −
ϵ

2 cos θW
F′ μνBμν + gDM cos(θa)ZD χχ + gDM sin(θa)Zχχ



• LHC Monojet Analysis is in MadAnalysis 

- Relic density computed with MadDM (maps well)
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The Result

LHCDMWG Default

LHCDMWG Projected

Dark Photon

LHCDMWG Default 
(DMSimp) scaled by 

ϵe
cos θW

2

LHC Can cover invisible searches down to 10 GeV in DM mass



• In addition
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HNLs
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HNLs



• LHC Monojet Analysis is in MadAnalysis 

- Relic density computed with MadDM (maps well)
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Dark Photon w/αD=0.5

LHCDMWG Default

LHCDMWG Projected

Dark Photon

LHCDMWG Default 
(DMSimp) scaled by 

ϵe
cos θW

2

LHC Can cover invisible searches down to 10 GeV in DM mass

Newer Version
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Check of Some Params
Relic calculations match pretty 
closely with other calculations

Bounds from LHC  
appear stronger  
than on left plot 

Cross Check

https://arxiv.org/abs/2108.13422

N. Toro 
M. Gonzalez
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Now Connecting them 

Note Also that  as   gets larger LHC DM searches are the  only game in town
mDM

mmed

LHC goes left when mediator mass gets larrger

Appears that w can now 
connect plots into one

LHC is complemntary 
Similar goals on similar 

timesales



• With Madgraph model we have some flexibility 

- MG mode has the full Higgs to dark photon couplings 

‣ Can envision adding the Higgs/Dark Higgs bounds 

- Visible searches provide bounds for heavy DM 

• Since gq=0.01-0.1 maps y=10-7-10-4 include jets/lepton bounds 

- y > 10-4 we have largely excluded this up to 2 TeV 
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Additional Plots

Dark Photon Relic  
in 2D Plane

y=10-4
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Comparisons w/PBC

Enforcing a mixing with the Higgs

DMWG presents results as a scalar w/o Higgs mixing 
This eliminates the  to SM vector boson coupling 
However, Higgs to invisible is presented with Singlet Mixing model 

ϕ

https://arxiv.org/pdf/1901.09966.pdf 

Higgs to Invisible dominates  
bounds (adds VBF channel) 

 gq = − sin θ

https://arxiv.org/pdf/1901.09966.pdf
https://arxiv.org/pdf/1901.09966.pdf
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https://arxiv.org/pdf/1607.06680.pdf 

Singlet Mixing Model

Standard LHC Model  w/MC….

https://arxiv.org/pdf/1607.06680.pdf
https://arxiv.org/pdf/1607.06680.pdf
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https://arxiv.org/pdf/1607.06680.pdf 

Singlet Mixing Model
gDM

gDM

To Map to PBC models 
We need to fix DM coupling 
and take it very large

https://arxiv.org/pdf/1607.06680.pdf
https://arxiv.org/pdf/1607.06680.pdf
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Scalar Singlet Model

Details of Model Here

gDM

gDM

Singlet Mixing Model

https://arxiv.org/pdf/1607.06680.pdf
https://arxiv.org/pdf/1607.06680.pdf
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https://arxiv.org/pdf/1607.06680.pdf 

g2
DM

https://arxiv.org/pdf/1607.06680.pdf
https://arxiv.org/pdf/1607.06680.pdf
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g2
DM

Higgs to invisible bounds puts constraints  a 10% bound 
equates to  < 0.002 (note )sin θ gDM = 1.0

Higgs boson coupling of 10% bound equates to  
 1 − cos θ < 0.1 → sin θ < 0.3

This model is effectively the same as the PBC model 
Typically take  makes Higgs to invisible less sensitivegDM = yDM



• Higgs to invisible Bounds 

- Current LHC H(inv) > 0.1 

- Future LHC H(inv) >0.02 

- FCC-ee H(inv) > 0.005 

- FCC-hh H(inv) > 0.0001
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Propagating Bounds

• Current projections of Higgs to invisible similar to Direct Detection 

- Sensitivities comaprable in the low DM mass region  

- LHC exceed neutrino floor for light DM 



• Often the scalar portal is presented in terms of θ2 

- LHC bounds have clear and large sensitivity
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Comparing Standard Plot

LHCb visible 
(for comparison)

LHC Higgs Invisible

https://arxiv.org/pdf/2203.07048.pdf 

• Bounds for Monojet(invisible) comparable to visible bounds 

• Covers a variety of important final states

mDM =
mMed

3

https://arxiv.org/pdf/2203.07048.pdf
https://arxiv.org/pdf/2203.07048.pdf


• LHC Higgs to invisible dominates the scalar DM bounds 

- Additionally Higgs couplings bounds also impact bounds 

- Overall extends sensitivity beyond range of light DM models
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Scalar DM Bounds
LHC Monojet(New Axis)



• Overall minimum coupling bound is very large 

- Mostly constrained by a 5% Higgs coupling measurement 

- A 5% Higgs coupling bound is an equivalent bound on sin θ < 0.1
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Relic Density
Min Coupling

DM Density 
For a Fixed 
Coupling
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Comparisons w/PBC

Pseudoscalar mediator again similar

DMWG tends to present pseudoscalar results in two ways:  
A single mediator (as a simplified model) 
A mediator within a 2HDM  

https://arxiv.org/pdf/1901.09966.pdf 

Interpretation of couplings also  
similar

gq =
v
fa

https://arxiv.org/pdf/1901.09966.pdf
https://arxiv.org/pdf/1901.09966.pdf


• We can translate directly into the axion like portal 

- Governed by one formula  

- Assumes Gluon coupling comes from a yukawa loop 

- Also LHC model assumes yukawa coupling(not need) 

‣ Photon coupling not considered in this setup  

• With the model used by LHC DM WG gluon coupling is a loop

cg

Λ
=

gq

v
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Axion Portal is a recast

ALP
φ

Gluon Coupling



• Bounds written in ALP notation are quite strong 

- Relic density bound exists whend mediator mass is higher

64

Axion Portal result

LHC Projected to full dataset



• The LHC is the only collider in town above 10 GeV  

- There is a lot it can say about Dark Matter  

‣ Particular in context of Higgs and heavy mediators 

- LHCDMWG is the forum for DM interpretations of the LHC 

• Light Dark Sector group focuses on specific models 

- There is a large overlap of these models with LHC DM WG 

- We now have a model to enable Dark Photon Interpretations 

- Reconciled ALP and Dark Higgs Portals 

‣ Madgraph models exist for both 

- Part of a greater dark sectors effort underway 

• New interpretations/models will motivate new directions at LHC
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LHCDMWG & FIP
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Other Points to keep in mind

https://arxiv.org/pdf/2003.03379.pdf
A. Berlin,P deNiverville, A. Ritz, P. Shuster,N. Toro

There are other ways to present LHC 
results  on the same plot w/light DM 
experiments  

Visible Results for Quark and Lepton 
final states can be added into the mix



67

LHC Lepton Projections



• Heavy (pseudo)scalar models contend w/ relic bounds 

- Addition of Higgs to invisible also complicates this  

- Its very hard to have a scalar/ALP without heavier objects 

‣ Typically need a 2HDM or Higgs Mixing 
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Scalar/Pseudoscalar

Projected Monojet
Projected Monojet

Projected LL searches 

(inelastic DM)

Projected LL searches 

(inelastic DM)

Region that would not overclose DM 



• Floating the couplings gives us a new set of bounds 

- In practice varying couplings doesn’t change bounds 

- However to make direct detection bounds coupling fixed 

- Monojet and dijet can probe couplings below gq = 0.1 

69Floating the couplings

FixFixing the Dark Matter Mass

Float


