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❖ Undetected Higgs decay  from ATLAS and CMS motivates searches for elusive BSM dark sector particles coupled 
to Higgs. One attractive candidate is undetectable, massless dark photon .


๏ Force carrier of extra  gauge symmetry of dark sector.


๏ Introducing dark matter self-interactions for solving small-scale structure formation problem and PAMELA-Fermi-AMS2 anomaly.


๏ Enhancing light DM annihilation rate, making asymmetric DM scenarios phenomenologically viable.

ℬu. < 𝒪(10%)
(γd)

U(1)d

❖ Potential approach is search for  in resonant  signatures via three Higgs production modesH → γγd γ + Emiss
T

ggF process VBF process ZH process 

https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1103/PhysRevLett.110.211302
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1016/j.physrep.2013.12.001
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❖ Both ATLAS and CMS published various results for  searches in distinct final states using LHC full Run 2 data:H → γγd

𝛾 + ETmiss

(ggF channel)

𝛾 + ETmiss + VBF jets

(VBF channel)

𝛾 + ETmiss + Z(→𝓁𝓁)

(ZH channel)

ATLAS reinterpretation of mono-𝛾 EPJC 82 (2022) 105 JHEP 07 (2023) 133

CMS ‑‑
JHEP 10 (2019) 139

JHEP 03 (2021) 011

H125 → γγd

95% CL limit on BR

HBSM → γγd

Mass range probed for H

❖ ATLAS provided competitive and complementary results, strong motivation for stat. combination to bring the best LHC constraint 
on  and broadest search in terms of BSM H mass (400 - 3000 GeV).H125 → γγd

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-63/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-007/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-005/


Input overview 
VBF channel
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EPJC 82 (2022) 105

❖ Topology:

๏ 1 photon, 2 or 3 VBF jets, 


๏ Lepton  veto

Emiss
T

(e, μ)

❖ Background estimation

๏ , , 

and -fake  from control regions (CR). 

๏ jet-fake  from data-driven.

W( → ℓν)γ + jets Z( → νν)γ + jets
e γ

γ

❖ Fit to data on  bins in 
SR and 4 CRs.

mj1 j2, mT(γ, Emiss
T )

No significant 
deviation from 
SM prediction.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/


Input overview 
VBF channel

6

EPJC 82 (2022) 105

❖ Topology:

๏ 1 photon, 2 or 3 VBF jets, 


๏ Lepton  veto

Emiss
T

(e, μ)

❖ Background estimation

๏ , , 

and -fake  from control regions (CR). 

๏ jet-fake  from data-driven.

W( → ℓν)γ + jets Z( → νν)γ + jets
e γ

γ

❖ Fit to data on  bins in 
SR and 4 CRs.

mj1 j2, mT(γ, Emiss
T ) ❖ For this combination, 


๏ ggF process contribution included for BSM Higgs decay search.

๏ Extend H mass to 3 TeV.

 = 60 - 2000 GeV

 = 0 GeV

mH
mγd

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-17/
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Input overview 
ZH channel JHEP 07 (2023) 133

❖ Topology

๏ 1 photon, no more than 2 jets, 

๏ 2 same-flavour, oppositely charged (SFOC) leptons 

within Z mass window

Emiss
T

❖ BDT applied to enhance signal-bkg separation.

❖ Bkg estimation


๏ Irreducible  from a dedicated CR.


๏ Major ,  and -fake  from data-driven

VVγ
Zγ + jets Z + jets e γ

❖ Fit to data performed including SR (binned by BDT) and  
 CR.VVγ

No significant 
deviation from 
SM prediction.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
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Input overview 
ZH channel JHEP 07 (2023) 133

❖ Topology

๏ 1 photon, no more than 2 jets, 

๏ 2 same-flavour, oppositely charged (SFOC) leptons 

within Z mass window

Emiss
T

❖ BDT applied to enhance signal-bkg separation.

❖ Bkg estimation


๏ Irreducible  from a dedicated CR.


๏ Major ,  and -fake  from data-driven

VVγ
Zγ + jets Z + jets e γ

 = 125 GeV

 = 0 - 40 GeV

mH
mγd

❖ Fit to data performed including SR (binned by BDT) and  
 CR.VVγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-13/
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Input overview 
ggF channel

❖ Topology

๏ At least 1 photon,  max 1 jet , large 


๏ Lepton  veto

Emiss
T

(e, μ, τhad)

❖ Background estimation

๏ True photon bkgs: ,  and 

 from dedicated CRs.


๏ -fake  and jet-fake  from data-driven.

Z( → νν)γ W( → ℓν)γ
Z( → ℓℓ)γ
e γ γ

❖ Fit to data performed including all SR (binned by ) 
and CRs.

๏ Including both VBF and ggF processes.

Emiss
T

No significant 
deviation from 
SM prediction.
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Input overview 
ggF channel

❖ Topology

๏ At least 1 photon,  max 1 jet , large 


๏ Lepton  veto

Emiss
T

(e, μ, τhad)

❖ Background estimation

๏ True photon bkgs: ,  and 

 from dedicated CRs.


๏ -fake  and jet-fake  from data-driven.

Z( → νν)γ W( → ℓν)γ
Z( → ℓℓ)γ
e γ γ
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ATLAS  Preliminary
-1 = 13 TeV, L=139 fbs

ATLAS  Preliminary
-1 = 13 TeV, L=139 fbs

d
γγ→(ggF+VBF) H

Observed
Expected

σ 1±Expected 
 with BR=0.05theoσ

❖ Fit to data performed including all SR (binned by ) 
and CRs.

๏ Including both VBF and ggF processes.

Emiss
T

 = 400 - 3000 GeV

 = 0 GeV

mH
mγd



Stat. combination 
Systematic uncertainty correlation
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❖ Uncertainties from luminosity, pile-up modelling are correlated.

❖ Background modelling uncertainties


๏ Uncorrelated since bkg composition and phase space are different. 

❖ Experimental uncertainties: correlated where appropriate, exceptions are:


๏ Uncertainties related to same objects but implemented with different schemes among input channels (e.g Jet-Energy-Resolution).


๏ Uncertainties heavily constrained or pulled in original input analyses.

❖ Signal modelling uncertainties


๏ Stemming from choice of parton distribution functions and QCD calculations; minor impact on final results; uncorrelated. 
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Stat. combination -- SM Higgs

❖ VBF-ZH combination set strongest limit on  
at LHC to date.


๏ improved by 29% wrt VBF channel.

ℬ(H125 → γγd) ❖ Comparable impacts from Syst. and Stat. uncertainties.


❖ Leading syst. uncertainties from bkg modelling, Jets, , 
Fake bkg and MC stat.

Emiss
T
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Stat. combination -- BSM Higgs

❖ VBF-ggF combination set most comprehensive constraints 
on  for H mass up to 3 TeV.


๏ improved by 33% wrt ggF channel at  TeV.

σggF+VBF × ℬ(HBSM → γγd)

mH = 1.5

❖ Stat. uncertainty dominant at higher H masses.

❖ Leading syst. uncertainties from fake-bkg estimate and bkg 

modelling. Others share ~20% impact each.



Physics interpretation
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❖ VBF-ZH combined limit on  interpreted in a Minimal Simplified Model [1405.5196]


๏ Generic Lagrangian: 

ℬ(H125 → γγd)

๏  - mass parameter;  -  doublet;  -  singlet


๏ Allowing  at 1-loop

μ SL SU(2)L SR SU(2)L

H125 → γγd

❖ BR of  can be expressed as functions of  fine-structure-constant  and mixing parameter H → γγd / γdγd / γγ U(1)d αd ξ

https://arxiv.org/abs/1405.5196


Physics interpretation
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BR limits and measurements from this 
combination,  or  can be 

translated into constraints in ( , ).
H → inv H → γγ

αd ξ

❖  at  excluded by 
 limit interpreted in terms 

of  signal.


❖  combination provides 
additional sensitivity in low-  region, 
which is disfavoured by ATLAS 

 measurement.

ξ ≃ 0.7 αd = 1
ℬ(H125 → inv)

H125 → γdγd

H125 → γγd
αd

ℬ(H125 → γγ)

: scenario with constructive interference from 
messenger sector in 

χ = +1
H125 → γγ



Conclusion
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❖ Combined search for  has been performed:


๏ SM Higgs: VBF-ZH combination sets the most stringent limits on  at LHC to date.


๏ BSM Higgs: VBF-ggF combination provides most comprehensive constraint on  for Higgs 
mass up to 3 TeV.

H → γγd

ℬ(H125 → γγd)

σVBF+ggF × ℬ(H125 → γγd)

❖ First physics interpretation of the ,  and  results in the Dark Photon Minimal 
Simplified Model with a generic messenger sector.

H125 → γγd H125 → inv H125 → γγ
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Stat. combination
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Orthogonality check
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