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The Standard Model

● The SM works incredibly well

● The Higgs mechanism 
provides masses for all 
particles in the SM

● Nearly every measurement 
agrees with SM prediction
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The Standard Model

ATL-PHYS-PUB-2022-009

https://cds.cern.ch/record/2804061
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The Standard Model

Nature 607 (2022) 7917, 60-68, arXiv:2103.04956.

https://arxiv.org/abs/2207.00043
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What is the SM missing?

● Dark Matter
● Dark Energy
● Matter-antimatter 

asymmetry
● Scale differences in 

the model (hierarchy, 
naturalness, etc.)

● ...
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Portals & Dark Sector

Dark SectorStandard 
Model

Dark MatterPortal

Additional 
Forces

Additional 
Particles
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Dark Axion Portal

● Connect ALP and dark 
photon

● Dark higgs, Dark photon, 
ALP, VLFs

● ALPs/DP could give the 
right relic density for dark 
matter

● Does not solve strong CP 
problem

K. Kaneta, H.-S. Lee,  and S. Yun, arXiv: 1611.01466

https://arxiv.org/abs/1611.01466
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Particle Content

● Global PQ symmetry, gauged dark symmetry
● SM particles have no PQ or dark charge
● BSM Charges chosen to cancel anomalies
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Kinetic Mixing

arXiv: 2011.02157

● Experimental limits are 
important

● The VLFs induce kinetic 
mixing

● For O(1) dark gauge 
couplings expect O(0.1) 
kinetic mixing

● We will assume zero 
kinetic mixing

https://arxiv.org/abs/2011.02157
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● Normal SM Higgs mechanism
– SM Higgs goldstones become the longitudinal modes of W and Z 

● Dark Higgs mechanism
– HD goldstone becomes longitudinal modes of dark photon

● PQ mechanism at some scale fa

– HPQ goldstone becomes the ALP

Tracking the Goldstone modes
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SM Higgs Mechanism
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Scalar Sector Summary

● Potential depends on all scalars
● Should in principle write down the 

most general renormalizable 
potential

● Each scalar acquires a vev
● Scalar kinetic terms give masses to 

vetor bosons
● There could be some scalar mixing 

between the CP even neutral states
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Higgs Couplings

● Higgs dark photon 
coupling

● In principle there is a 
Higgs ALP coupling
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ALP Couplings

● ALP-photon-photon
● ALP-photon-dark photon
● ALP-dark photon-dark 

photon
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Why photons?

● Axion to diphoton is 
well known

● Higgs to diphoton is 
also well known

● Photons are “clean” at 
colliders

● Go look for additional 
signals at LHC that 
contain photons
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Some Signals With Photons

● Some candidate signals in the dark axion portal

P. Draper and D. McKeen 1204.1061,
A. Chakraborty et al. 1707.07084, 
B. Sheff et al. 2008.10568 , 
G. Cacciapaglia et al. 2210.01826,
and many many more

This Talk/Work
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Higgs to six photons

● Assume Shell decays
● Use narrow width 

approximation
● Take the spin averaged 

matrix element
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Full Branching Ratio
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Higgs Production

 S. Adhikari, SDL, I.M. Lewis, M. Sullivan arXiv: 2203.07455

LHC Higgs Working Group

https://arxiv.org/abs/2203.07455
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Higgs Constraints

 S. Adhikari, SDL, I.M. Lewis, M. Sullivan 2203.07455
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Axion Constraints

ALP-photon-dark photon ALP-photon-photon

Ann.Rev.Nucl.Part.Sci. 71 (2021) 279-313J.Phys.G 50 (2023) 3, 030501
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Average Decay Lengths

Mostly prompt decays with 
some displaced vertices
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Average Decay Lengths

Mostly prompt decays, with 
some displaced vertices, 
and some missing energy

Maximal
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Model Assumptions

● Want on-shell decays
● Zero kinetic mixing
● Dark photon only decays to ALP and photon
● ALP only decays to photon pairs
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Photon Jets

Light ALP

Light DP

Apparent
Landau-Yang 
Violation

● Light particles get large boost
● Decay products become 

collimated
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Multi-Photon Objects

ξ Jets Isolated PhotonsPhoton Jets
B. Sheff et al. 2008.10568 

Use Isolated Photons
to reduce QCD 
backgrounds

Sets of photons or 
photon-jets that have 

intermediate separation

Well collimated photons 
end up in same detector 

location

Appear as a single photon
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Generate Truth Level Events

1. Truth level events {γ} 

● Parton Luminoisty
● Spin-correlations
● Uniformly sample 

phase space
● Uniformly sample 

higgs rapidity 
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Merge Photon Jets 

1. Truth level events {γ} 

2. Observable Photons {γobs} 

Merge γ-Jets
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Signals after Merging 

1. Truth level events {γ} 

3. Isolated Photons {γiso, ξ} 

2. Observable Photons {γobs} 

Isolate γ

Merge γ-Jets
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Estimating Trigger/Detector Efficiency

● Use simple cut and count 
● Impose some transverse momentum cuts on k 

photons
● Impose some rapidity cuts on all photons
● Try to match existing searches when possible
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CMS Cuts
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ATLAS Cuts
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Estimated Trigger Efficiencies
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Estimated Trigger Efficiencies
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Two Photon Signals
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Four Photon Signals
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Six Photon Signals
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Some Other Signals
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Some Other Signals
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Some Other Signals
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Some Other Signals
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Combining Constraints

46
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Summary & Conclusion

● The DAP introduces a six 
photon Higgs resonance.

● We can place good 
constraints using the two and 
four photon categories.

● Could constrain other regions 
by doing appropriate 
searches 

● The pure six photon signal 
has a good chance to be seen
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Thanks for your attention!

Questions?


