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Is Dark Matter yet another particle?

P.S:        Marks discussion points for today afternoon



… at the Large Hadron Collider
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    World’s largest and most powerful particle accelerator. 
Circumference of 27 km, running underground across the borders of Switzerland 

and France.
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Hidden Sectors

SM Sector Connectors /
Portals

Hidden 
Sectors

can be strongly 
or weakly coupled 
i.e., dark Higgs,  
dark photon,  
dark SU(N),  
Asym DM… 

When a Hidden Sector particle 
is (quasi-)stable, a dark matter 
candidate can potentially exist

Z’, SUSY particles, 
Higgs, Extra Dim, 
Leptoquarks,  
CP-odd…

We have not found any concrete sign of new physics … yet! 
Looking at unusual topologies and hidden corners of the phase space 
 → signature based searches, using benchmark models.
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Note: Any hidden sector with more than one particle in it generically contains 
unstable particles. These are often long-lived due to tiny SM portal couplings 
being only decay (and collider production) channel [see backup]
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WIMPs
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The miracle… WIMPs motivated by 
• cosmology (production mechanism of thermal freeze-out, expected to 

have right relic density) 
• particle theory (i.e. present in many BSM models) 
• particle experiment (accessible in current and near-future energy 

scales)

Complementarity of various WIMP dark 
matter detection methods

Direct WIMP production of  pairs is 
invisible  

 must look for signatures of WIMPs 
produced in conjunction with other particles.

χχ

→

If SUSY: pair of squarks/gluinos  neutralino WIMP (i.e. MET)  
(not discussed in detail) 

Simplified models: DM + few other particles  few defining parameters

→

→
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WIMPs
Over the years, several search strategies have been proposed….
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WIMPs
Over the years, several search strategies have been proposed….
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WIMPs
Over the years, hundreds of dark matter models and search strategies 
have been proposed….
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WIMPs
Over the years, hundreds of dark matter models and search strategies 
have been proposed….
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WIMPs
Over the years, hundreds of dark matter models and search strategies 
have been proposed….
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Analysis in a nutshell
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WIMPs

In the region , mediator masses up to about 2.1 TeV 

are excluded for = 1 GeV

mZA > 2mχ
mχ

Mono-jet: WIMP pair production with ISR gluon

Masses corresponding to relic density determined 
by the Planck and WMAP satellites 

 line that crosses the excluded region at ∼ 1500 GeV 

and  ∼ 585 GeV

→ mZA
mχ

Phys. Rev. D 103, 112006 (2021)

https://doi.org/10.1103/PhysRevD.103.112006
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WIMPs

Mono-photon: WIMP pair production with ISR photon

JHEP 02 (2021) 226

Masses corresponding to relic density determined 
by the Planck and WMAP satellites

https://doi.org/10.1007/JHEP02(2021)226
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WIMPs di-jet and dilepton final states

Phys. Lett. B 796 (2019) 68
JHEP 11 (2020) 05

Resonant dijet search: The 95% CL upper limits 
are set on the universal quark coupling gq as a 
function of the Z′ mass

JHEP 03 (2020) 145

Non-resonant dilepton: Interference 
between the DY and CI processes 
can be constructive or destructive 
depending on the sign of ηij

Observed limit on fiducial 
ranges from 3.6 (13.1) fb at 250 GeV 
to about 0.014 (0.018) fb at 6 TeV for 
the zero (10%) relative width signal in 
the combined dilepton channel. 

σ × BR

https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1007/JHEP11(2020)005
https://doi.org/10.1007/JHEP03(2020)145


What are the ingredients for a simplified/collider-friendly DM model?
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   DM

Basic Ingredients: 
• Generic signatures 
• Evades constraints 
• Manageable no. of parameters  
• Promising dark matter candidate  

• ability to satisfy relic density

Spices/garnishes: 
• Wide range of possible signatures 
• Interesting phenomenology 
• Potential synergies 

• decays: prompt vs LLP vs invisible 
• resonant vs non-resonant production 
• complementarity with direct/indirect detection



2HDM+a

21

2HDM containing an additional pseudoscalar boson which 
mediates the interactions between the visible and the 
dark sector 
- gauge invariant & renormalisable extension of 
simplified pseudoscalar model 

- DM candidate: singlet under SM gauge group, usually a 
Dirac fermion 

- CP-odd mediator [pseudo scalar to bypass constraints 
from DD] 

FREE PARAMETERS OF THE THEORY: 
*masses of the heavy Higgs (mA = mH = mH±) 
*mass of pseudo-scalar mediator, ma 
*mass of DM particle, m  
* sine of mixing angle b/w CP-odd states a & A, sin  
*VEV ratio, tan

χ
θ

β

LHC DMWG report: ArXiv 1810.09420
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ATLAS 2HDM+a summary paper 
 https://arxiv.org/abs/2306.00641

https://arxiv.org/pdf/1810.09420.pdf
https://arxiv.org/abs/2306.00641


Dark-photons
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Vector Portal: Add a U(1)’ whose massive “dark” gauge boson mixes kinetically with SM photon 

Higgs Portal: Add dark scalar singlet that spontaneously breaks U(1)’ and mixes with SM Higgs 

Hidden Valley: sector of dark particles, interacting amongst themselves 

• Lowest particle in Valley forced to decay to SM due to mass gap or symmetry 
• “Portal” coupling both to SM and HV operators, can be A’



Benchmark models for limit setting
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Falkowsky-Ruderman-Volansky-Zupan model: 

Pair of dark fermions produced in the Higgs boson decay 

dark fermion decays in turn to a dark photon + a lighter dark 
fermion assumed to be the Hidden Lightest Stable 

Particle (HLSP).  

dark photon (vector mediator) mixes kinetically with the SM photon 
and decays to leptons or light hadrons. 

Dark SUSY: 

Neutralino → dark photon and susy DM, and dark 
photon decaying to pair of leptons 

Neutralino → susy DM, and pair of dark photons 
decaying to pair of leptons

ATL-PHYS-PUB-2022-007

Exclusions also available for lepton+jets in high mass regions from 
ATLAS, CMS and LHCb dedicated searches.

https://inspirehep.net/files/01e2bb807c7d5e5d90d2f6fb1ed9a923
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25Now Edited

dark 
QCD?



Dark QCD matters!

Different dark quark flavours c0mbine to form πd+, πd−, πd0, and 
ρd+, ρd−, ρd0 (assumed to be produced thrice as much as pions) 

• Neutral dark mesons can be unstable and (promptly) decays 
to SM quarks: more likely to decay to b pairs due to need 
for a mass insertion, to make the angular momentum 
conservation work out 

• Other mesons can be (collider-)stable → invisible

Baryon and DM asymmetries shared via a mediator 
Xd → asymmetry in stable dark baryons. 

The symmetric relic density annihilated into dark 
pions → decay into SM particles. 

Correct DM relic density obtained when dark baryon 
masses are in the 10 GeV range.

arXiv:1502.05409

Different UV boundary gauge couplings can lead to the same perturbative IR fixed points.

Gauge coupling runnings from a 
UV scale to the confinement 
scales. 

arXiv:1306.4676

26

Hidden Valley may provide cosmologically required DM. No attempt to construct a specific model —> set up reasonably 
generic framework for simulating variety of experimental signatures.

https://arxiv.org/abs/1907.04346
https://arxiv.org/abs/1502.05409
https://arxiv.org/abs/1306.4676


The final state signatures…
Dark hadrons decaying promptly in a QCD-like fashion,  
- fully, or 
- partially back to the visible sector 
Dark hadrons undergoing displaced decays in a QCD-like 
fashion 

Each signature has a distinctive feature: 
-> Dark jets: unique substructure 
-> Emerging jets: displaced objects 
-> Semi-visible jets: substantial missing energy

source

Showering using Pythia hidden valley module: at best a guesstimate!

27Rinv = #stable dark hadrons/#all dark hadrons

arxiv 1712.09279

arxiv 1707.05326

arxiv 1502.05409

https://cds.cern.ch/record/2855831
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1707.05326
https://arxiv.org/abs/1502.05409
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Phys. Lett. B 848 (2024) 138324

ATLAS semi-visible jet t-channel

● Assuming a coupling strength of unity between the mediator, a Standard 
Model quark and a dark quark, mediator masses up to 2.7 TeV can be 
excluded. 

● For mediator mass of 2.5 TeV or higher can also express the limits in terms of the 
q-qd-ɸ vertex coupling strength λ, as XS ~ λ4

Lagrangian containing the interaction and kinetic terms:

Dark sector → SU(2)  gauge theory with coupling 

, containing two fermionic states.  

Assuming minimal flavour-violation, light-flavour 
production channels dominate.

αd =
gd2

4π

https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


29Exclusion depends on the model, can reach 3-3.5 TeV for which usual  searches can’t say muchZ′ → qq̄

JHEP 02 (2024) 128

4 different benchmark models (A, B, C, D)

ATLAS dark jet resonances

https://link.springer.com/article/10.1007/JHEP02(2024)128
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Dark mesons search

ATLAS-CONF-2023-021

For  ( = ) < 0.5,  decay to  pairs, resulting in ttbb 

and tttb signatures (in all hadronic decay mode)

η
mπd

mρd

ρd πd

For  = 0.35,  < 434 GeV excluded, 
For  =0.25, 280 GeV <  < 522 GeV excluded. 

η mπd

η mπd

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/
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Invisible component in semi-visible jets are also LLPs but just with very long lifetimes:  
1. Assign a very long (but not infinite) lifetime to the original "missing" components. 

2. Assign a very short but finite lifetime to the original "prompt" 
components.

3. Add a third component (rLLP) with an arbitrary lifetime 

Higgs exotic decays + “prompt” components become LLPs

SVJ WS talk

The land of strong dark sector… and LLPs

https://indico.cern.ch/event/1133166/contributions/4760996/attachments/2475989/4249197/WG4_Theory.pdf
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Invisible component in semi-visible jets are also LLPs but just with very long lifetimes:  
1. Assign a very long (but not infinite) lifetime to the original "missing" components. 

2. Assign a very short but finite lifetime to the original "prompt" 
components.

3. Add a third component (rLLP) with an arbitrary lifetime 

Higgs exotic decays + “prompt” components become LLPs

SVJ WS talk

The land of strong dark sector… and LLPs

First LHC sensitivity to Higgs portal dark shower models at BR(H 
→ss) = 10-3 level 

Shower is semi-visible, scalar dark mesons couple to SM, vector 
dark mesons create MET

Search for dark showers using Muon 
Detector Showers: CMS

Dark sector glueballs  
 in  limit, only possible 

hadronic states. New quantative study 
now available. 

 can produce LLPs (larger lifetimes of 
heavier glueball states) 

 can produce SVJs and EJs

→ Nf > 0

→

→

https://indico.cern.ch/event/1133166/contributions/4760996/attachments/2475989/4249197/WG4_Theory.pdf
https://indico.cern.ch/event/1340162/contributions/5809466/attachments/2855059/4992859/Run3_DMworkshop_2024_CW.pdf
https://indico.cern.ch/event/1340162/contributions/5809466/attachments/2855059/4992859/Run3_DMworkshop_2024_CW.pdf
https://indico.cern.ch/event/1340162/contributions/5895834/attachments/2858844/5001218/gemmell_LHCDMWG.pdf
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The land of strong dark sector…
Courtesy: C. Cazzaniga
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Advertisement break

MITP Youngst@rs dark showers workshop 

(Oct 2023): Link

Scope of the workshop: Aim to build collaboration 
and motivate cross-talk between the experimental 
and theory community dedicated towards 
developing and understanding the strongly 
interacting dark sector. 

• All discussions summarised in report, 
now on arXiv [arXiv:2311.16330]

https://indico.mitp.uni-mainz.de/event/377/
https://arxiv.org/abs/2311.16330


Potential for reinterpretation
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Expected and observed exclusion contours at 95% 
CL for semi-visible jets signal, using the mono-jet 
analysis selection.

All searches listed above have fairly inclusive selections 
—> ALLOWS TO PROBE OTHER MODELS WITH SIMILAR FINAL STATES 

REINTERPRETATION!

[source]

Constraining the dark sector with the mono-jet signature

Exclusion contours on BR(H → ss) at 95% 
CL obtained in the mono-jet analysis 
reinterpretation shown as a function of 
the s particle proper decay length, 
compared to dedicated searches

ATL-PHYS-PUB-2021-020

Phys. Lett. B 848 (2024) 138324

https://indico.jlab.org/event/459/contributions/11671/
https://cds.cern.ch/record/2772627/files/ATL-PHYS-PUB-2021-020.pdf
https://www.sciencedirect.com/science/article/pii/S0370269323006585?via=ihub


DM Complementarity going forward?
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[Inspired by Snowmass Community slides link]

Multiple observations, experiments and coherent theories are 
needed for DM discovery 

• Observations motivating DM arise from astrophysics & cosmic 
probes 

• Theoretical frameworks are crucial to put different observations 
into context 

• Direct Detection  can discover DM with cosmological origin 
• Indirect Detection  can probe decays of cosmological DM into 
SM particles 

• Colliders / accelerators  can produce DM and probe its dark 
interactions

→
→

→

https://docs.google.com/presentation/d/1ztDVjch2EYikMHQoPTB8BJebwVYyhQaOHk-Hyzl77Mo/edit#slide=id.g13d3c7f2dd4_0_55
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J.Feng Les Houches school notes

https://scipost.org/SciPostPhysLectNotes.71/pdf
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Dark matter mediated by BSM particles
At collider energy scales, we can access the BSM particles that 
can mediate the SM-DM interactions  
• Mediator can decay into DM  → points to an excess in missing 

energy 
• Mediator can also decay into SM particles → accessible using 

resonance searches

Example scenarios for reach of future colliders for vector mediator resonances

Overlaying results from collider simplified models searches to DD 
results in DM-nucleon plane:  

Perfect region to discover DM would be where both colliders and 
direct detection have coverage 

 helps to determine both cosmological origin of discoveries as 
well as nature of interaction
→

Potential common sketch  
(lines should be made more realistic)



Dark QCD scenarios predict dark matter as a bound 
state originating due to confinement  

•Early collider results exist 
•First steps towards consistent collider analysis taken 
during Snowmass (Dark showers project and meetings) 

•Overlap between colliders and direct detection needs 
more studies 

•Excellent opportunity to exploit synergy with 
accelerator searches  

•Some understanding via lattice QCD calculations for 
properties of SU(N) theories exists

Extended dark sectors and dark showers

39

More details in F. Kahlhoefer’s talk

HV sector  abundance in m-  plane arXiv:1801.05805 

Contours are regions where  abundance matches DM relic 
density

π ϵ

π

Squeeze-out: 2103.09827 

https://indico.cern.ch/category/12893/
https://indico.cern.ch/event/1340162/contributions/5883726/attachments/2858728/5001029/SIMPs.pdf
https://arxiv.org/abs/1801.05805
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Light-ish dark matter at colliders

Some models of light dark matter (dark 
photon/dark Higgs) require new high-mass 
particles to be theoretically self-consistent 

By using the same benchmarks between 
colliders and accelerator experiments, 
colliders can discover directly the high-mass 
particles, complementing light DM discoveries 
at accelerator experiments



Conclusions

•Several avenues of dark sector open for exploration 

•General idea evolving around the need of more signature based 
searches 

•  Confining dark sectors provide a very rich & interesting 
phenomenology, despite being based on models with only a few 
ingredients and parameters (quoting: 1905.08810) 

•Discussions ongoing between experimentalists and theorists in different 
platforms (Snowmass Dark Showers working group, LHC DMWG) 

•Steps to enhance complementarity 

• By developing a search program spanning across energy scales, as unbiased 
as possible 

• By extending searches for DM particles with the highest possible lab-
accessible masses 

• By constraining properties of SM - DM mediators and/or portal interactions

41

    Sector

https://link.springer.com/article/10.1140/epjc/s10052-022-11048-8
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2hdm+S/a

Snippets from different presentations throughout the Roadmap workshop :)

General direction of DM collider searches in 20s and 30s

https://indico.cern.ch/event/1340162/contributions/5902170/attachments/2856365/4996224/PARK_CERN.pdf
https://indico.cern.ch/event/1340162/contributions/5902178/attachments/2856031/4995305/Roadmap_pMSSM.pdf
https://indico.cern.ch/event/1340162/contributions/5890515/attachments/2856779/4996841/LHCDM24_Busoni.pdf
https://indico.cern.ch/event/1340162/contributions/5885222/attachments/2856774/4996835/LHCDMWG24_IliaKalaitzidou.pdf
https://indico.cern.ch/event/1340162/contributions/5883487/attachments/2856921/4997201/TalkCERN.pdf
https://indico.cern.ch/event/1340162/contributions/5895835/attachments/2858999/5001711/2024_05_17_Foundation_Models_for_DM_Benato_Birk_Hallin_Kasieczka.pdf


BACKUP
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2HDM+a: a thriving playground for LLPs?
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arxiv 2302.02735
LLP signatures are possible in 2HDM+a if: 
- sin O 
- DM candidate is kinematically inaccessible or decoupled 

“a” —> LLP candidate: 
* pair produced by SM/BSM CP-even Higgs, depending on it’s mass 

* if strong suppression of ga in sin  —> O limit, only spinO  can decay to pair of “a”

θ ≈

θ Φ

Hunting LLP@LHC

https://arxiv.org/abs/2302.02735
https://www.annualreviews.org/doi/full/10.1146/annurev-nucl-101920-013011


2HDM+a: a thriving playground for LLPs?
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arxiv 2302.02735
LLP signatures are possible in 2HDM+a if: 
- sin O 
- DM candidate is kinematically inaccessible or decoupled 

“a” —> LLP candidate: 
* pair produced by SM/BSM CP-even Higgs, depending on it’s mass 

* if strong suppression of ga in sin  —> O limit, only spinO  can decay to pair of “a”

θ ≈

θ Φ

Hunting LLP@LHC

ATLAS ggF CM & MS, 36 fb-1

ATLAS ggF ID & MS, 33 fb-1

ATLAS ggF MS, 139 fb-1

ATLAS ggF CM, 139 fb-1

CMS ggF MS, 137 fb-1
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Benchmark I

Example benchmarks [ P1 and P2 are quartic couplings for 2 pseudo 
scalars] 

I: { P1, P2, m } = {2*10-3, 2*10-3, 170 GeV} 

sin  and ma are free parameters:  
ma < mh/2 —> LLP can be pair produced in the decay of 125 GeV Higgs 

Excluded proper decay length, c  ranges from 0.08 - 59 m

λ λ

λ λ χ

θ

τ

https://arxiv.org/abs/2302.02735
https://www.annualreviews.org/doi/full/10.1146/annurev-nucl-101920-013011


2HDM+a: a thriving playground for LLPs?
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arxiv 2302.02735
LLP signatures are possible in 2HDM+a if: 
- sin O 
- DM candidate is kinematically inaccessible or decoupled 

“a” —> LLP candidate: 
* pair produced by SM/BSM CP-even Higgs, depending on it’s mass 

* if strong suppression of ga in sin  —> O limit, only spinO  can decay to pair of “a”

θ ≈

θ Φ

Hunting LLP@LHC

ATLAS ggF CM & MS, 36 fb-1

ATLAS ggF ID & MS, 33 fb-1

ATLAS ggF MS, 139 fb-1

ATLAS ggF CM, 139 fb-1
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10-8

10-7

10-6

10-5

10-4

ma [GeV]

si
n
θ

Benchmark II, mH = 600 GeV
Example benchmarks [ P1 and P2 are quartic couplings for 2 pseudo 
scalars] 

II: { P1, P2, m } = {3, 0, 770 GeV} 

sin , mH and ma are free parameters:  
ma > mh/2 & ma < mH/2 —> LLP can be pair produced in the decay of 
heavy Higgs, followed by displaced decays of “a” to pair of SM 
fermions or gluons 

Excluded c  ranges from 0.04 - 53 m 

λ λ

λ λ χ

θ

τ

https://arxiv.org/abs/2302.02735
https://www.annualreviews.org/doi/full/10.1146/annurev-nucl-101920-013011


LLP reinterpretation of existing ATLAS searches
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ATL-COM-PHYS-2018-099

HTop H->2a->4b 2015+2016 (HIGG-2017-05) has a long-lived particle reinterpretation! 

Search for H —> SS —> 4b in VH topology associated Higgs boson production: 
Signal model: Mg5 SM + dark vector + dark Higgs, recommended by LHC HiggsXS WG 
* Samples produced with 0.1, 1 and 10mm mean lifetimes 

*

95% CL ZH channels, based on the cut-based analysis strategy

REINTERPRETATION

https://cds.cern.ch/record/2304153/files/ATL-COM-PHYS-2018-099.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-05


Possible dark photon production and decay modes
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Dark photon decay branching fractions for the visible dark photon 
scenario for  < 2 GeV. mγ

• Bremsstrahlung → incoming electron 
scatters off a nuclei target (Z) and emits 
dark photon, i.e., e−Z → e−Z  

• Annihilation → electron-positron pair 
annihilates into a photon and a dark 
photon, i.e., e−e+ →  

• Drell-Yan →  pair annihilates into a dark 
photon, which consequently decays into a 
lepton pair or hadrons, i.e., qq  ̄→  →  
or 

γd

γγd

qq̄

γd l+l−

h+h−



Other signatures of dark QCD with potential LLP
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From C. 
Cazzaniga’
s DMWG 
talk

Invisible component in semi-visible jets are also LLPs but just with very long lifetimes:  
1. Assign a very long (but not infinite) lifetime to the original "missing" components. 

2. Assign a very short but finite lifetime to the original "prompt" components.

3. Add a third component (rLLP) with an arbitrary lifetime 

Higgs exotic decays + “prompt” components become LLPs

SVJ WS talk

https://indico.cern.ch/event/1226224/contributions/5193401/attachments/2574967/4439938/presentation_DM_LHC_WG_short.pdf
https://indico.cern.ch/event/1133166/contributions/4760996/attachments/2475989/4249197/WG4_Theory.pdf

