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Dark Sector through portals

1

• Investigated possibility: Dark Matter is a stable state of a new Dark Sector 
• Minimal Dark Sector Model:  spontaneously broken by a Dark Higgs Mechanism  short-range interaction, the 

Dark Photon  can be massive and decay

• Minimum assumption: the existence of a vector portal ( ) between the Dark Sector and the Standard Model is 

required
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Dark Sector through portals
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Standard
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BR(H → und)

• Investigated possibility: Dark Matter is a stable state of a new Dark Sector  
• Minimal Dark Sector Model:  spontaneously broken by a Dark Higgs Mechanism  short-range interaction, the 

Dark Photon  can be massive and decay

• Minimum assumption: the existence of a vector portal ( ) between the Dark Sector and the Standard Model is 

required

•  < 11%—> Higgs Boson can decay in Dark Sector particles through the Higgs portal

U(1)d →
γd

ϵ

BR(H → und)

https://cds.cern.ch/record/2870215

https://arxiv.org/abs/2301.10731
https://cds.cern.ch/record/2870215
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Prompt decay of Dark Photon
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Prompt decay —> The Dark Photon decays in the ID


Free Parameters of the Dark Sector:


•  affects the number of events


•  affects where the Dark Photon decays (  )


•  determine the  of  in Standard Model particles


BR(H → und)
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Target for  prompt in Run 2
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https://cds.cern.ch/record/2870215


Bernardo RicciErice 17/06/2024

Benchmark models
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FRVZ

HAHM

Falkowsky-Ruderman-Volansky-Zupan

Hidden Abelian Higgs Model

BR(H → und)

BR(H → und)
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ϵ
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Considered only leptonic decays

  e 


The decay products are extremely collimated —> Lepton Jets (LJ)
γd → μ+μ− γd → e+e−

https://arxiv.org/abs/1002.2952
https://arxiv.org/abs/1412.0018
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Lepton Jets
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FRVZ

HAHM

Falkowsky-Ruderman-Volansky-Zupan

Hidden Abelian Higgs Model

BR(H → und)

BR(H → und)
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1.  1 reconstructed electron with  2 associated tracks

  in a  cone


2.  2 electrons reconstructed in a  cone

≥ ≥
ΔR = 0.4

≥ ΔR = 0.4

LJ 
 2 muons and no electron


in a  cone

μ
≥

ΔR = 0.4

e+
e+

ECAL

e+
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ECAL

eLJ with 2 electronseLJ with 1 electron 

Considered only leptonic decays

  e 


The decay products are extremely collimated —> Lepton Jets (LJ)
γd → μ+μ− γd → e+e−

ΔR = Δη2 + Δϕ2

ΔR

https://arxiv.org/abs/1002.2952
https://arxiv.org/abs/1412.0018
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Analysis strategy
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2LJ

Electronic channel 
2 eLJ

Muonic channel 
2 LJμ

Mixed channel 
1 eLJ + 1 LJμ

Run-2 data-taking (2015-2018)


3 channels of study —> 3 signal regions (SR) 
Background estimation —> 3 control regions (CR) —> DATA DRIVEN

ABCD Bump-hunting Bump-hunting

 < 240 MeVmγd   > 240 MeVmγd
  > 240 MeVmγd

- V + jets —> 

- SM processes —>  + tracks


-  —>  

e+e−

e
γ* e+e−

Resonances —> μ+μ−
- SM processes —>  + tracks


-  —>  

-Resonances —> 

e
γ* e+e−

μ+μ−
Background
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Background estimation for  channeleLJ − eLJ
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 discriminating variables 
uncorrelated for the background(s) 

 defining SR and CRs 
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Background estimation for  and  channelμLJ − μLJ μLJ − eLJ
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Bump hunting on : looking for localised peaks (around ) over a smoothly falling backgroundmμLJ mγd
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CRs for  and  channel and background modellingμLJ − μLJ μLJ − eLJ
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 CR:2μLJ
 invariant mass in  CRμLJ 2μLJ

-  CR:1μLJ 1eLJ
 invariant mass in -  CRμLJ 1μLJ 1eLJ

Un-binned likelihood fit using template:
Functional form able to describe             

in the two orthogonal CRs
mμLJ

ATLAS Work in Progress ATLAS Work in Progress
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Unblinded ABCD for  channeleLJ − eLJ
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ATLAS Work in Progress
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Unblinded distributions for  and  channelμLJ − μLJ μLJ − eLJ
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 SR2μLJ -  SR1μLJ 1eLJ

No excess over SM prediction compatible with  hypothesismγd
 constraints on free parameters of benchmark models!→

ATLAS Work in Progress ATLAS Work in Progress
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Limits for all channels on BR(H → 2γd + X)

12

• Known resonance regions ( , ,  ) are vetoed

• LJ- LJ channel:  < 240 MeV — LJ- LJ and LJ- LJ:  > 240 MeV

• Combined fit for muonic and mixed channel


ρ ϕ(1020) J/ψ
e e mγd

μ μ μ e mγd

FRVZ HAHM

ATLAS Work in Progress ATLAS Work in Progress
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Conclusions
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Presented new result on a search for prompt Dark Photon decays with Lepton Jets


• Extension on  upper limit

• First analysis in ATLAS for HAHM model


• First result with Run 2 (7x more stat compared to previous result)

• Extended mass range: from 17 MeV up to 20 GeV in Dark Photon masses.

BR(H → 2γd + X)
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Backup
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In the FRVZ model,  and 
 probed for the first time 

using the pLJ signature, excluding 
 and 

mγd
< 0.2 GeV

mγd
∈ [2,10] GeV

BR(H → 2γd + X) ∈ [0.4 % ,6%]
BR(H → 2γd + X) ∈ [0.005 % ,1%]

HAHM model probed for the first time using the 
pLJ signature, excluding for  

 and for 
 

!

mγd
< 0.4 GeV

BR(H → 2γd + X) ∈ [0.05 % ,2%]
mγd

∈ [0.4,10] GeV
BR(H → 2γd + X) ∈ [0.0001 % ,0.002%]

Comparison with Run-1 search
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MC
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FRVZ
HAHM
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ATLAS
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X

Y

Z
θ

ϕ
η = − ln(tan

θ
2

)

Pseudorapidity

ΔR

p

p

pT = p2
x + p2

y

ΔR = Δη2 + Δϕ2

ATLAS is a multipurpose particle detector used at the Large Hadron Collider (LHC) at CERN

During Run 2 of LHC (2015-2018) ATLAS collected p-p collisions corresponding to an energy in the center of mass equal 

to = 13 TeV.
s
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ATLAS
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ATLAS is a multipurpose particle detector used at the Large Hadron Collider (LHC) at CERN

During Run 2 of LHC (2015-2018) ATLAS collected p-p collisions corresponding to an energy in the center of mass equal 

to = 13 TeV.
s

Muons: ID + MS

Electrons: ID + ECAL
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FRVZ and HAHM

22

FRVZ

HAHM

In HAHM  are more boosted with respect to 

FRVZ model  decay products


are more collimated  in HAHM more signal efficiency!

γd
→

→

ΔR = Δη2 + Δϕ2

ΔR

ATLAS Simulation Work in Progress ATLAS Simulation Work in Progress

Falkowsky-Ruderman-Volansky-Zupan

Hidden Abelian Higgs Model

https://arxiv.org/abs/1002.2952
https://arxiv.org/abs/1412.0018
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Reconstruction efficiency LJμ
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Reconstruction efficiency eLJ
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Number of electrons in eLJ
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FRVZ and HAHM
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FRVZ

HAHM

Falkowsky-Ruderman-Volansky-Zupan

Hidden Abelian Higgs Model

Considered only leptonic decays

  e 


The decay products are extremely collimated —> Lepton Jets (LJ)
γd → μ+μ− γd → e+e−
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ΔR = Δη2 + Δϕ2

ΔR

https://arxiv.org/abs/1002.2952
https://arxiv.org/abs/1412.0018
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Trigger strategy

27

 channel: 2 resolved electrons (one per each )  single and di-electron triggers 2eLJ eLJ →
 channel: at most 2 collimated electrons and 2 collimated muons  single electron, 

di-muon and 1electron-1muon triggers 
1eLJ − 1μLJ →

 channel: at most two pairs of collimated muons  di-muon and tri-muon trigger2μLJ →
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Signal Regions

28

After these requirements, dominating backgrounds: 
•  channel: di-boosted resonances (decaying into muons) production 
•  channel: single boosted resonance (decaying into muons) production  
•  channel: Z+jets

2μLJ
eLJ − μLJ
2eLJ

Suppressing 
combinatorial 
background

Suppressing Z+jets 
background

Suppressing  
background

tt̄
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Preselection and trigger strategy
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Preselection of events:

- Event in GRL + presence of at least one “good primary vertex”

- Reconstruction of at least 2 LJ

- Pass trigger strategy

- Trigger matching


1 LJ + 1eLJ —> OR ff single electron, di-muon and mixed triggers e-μ μ
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Invariant mass LJμ

30

• LJ always with 2 muons: mass unchanged with reconstructed muons

• Good resolution of invariant mass (as in the muonic channel)

μ

ATLAS Simulation Work in Progress
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Invariant mass eLJ

31

• eLJ with 1 electron: unchanged mass reconstructed from tracks:

- Best-matched track with same charge as the electron

- Track with opposite charge with higher 


• eLJ with 2 electrons: mass unchanged from reconstructed electrons
pT

eLJ con 2 elettroni eLJ con 1 elettrone

ATLAS Simulation Work in Progress ATLAS Simulation Work in Progress
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Invariant mass eLJ: 1 electron VS 2 electrons
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eLJ reconstructed with 1 electron for high :

• Two electrons too far away to reconstruct an eLJ

• Two electrons are quite close, but one fails requirements of the WP and ISO —> eLJ reconstructed with an electron + 

random track

mγd

 for = 2 GeVmeLJ mγd
 for = 6 GeVmeLJ mγd

ATLAS Simulation Work in Progress
ATLAS Simulation Work in Progress
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Trigger efficiencies and trigger-matching
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FRVZ

HAHM

• Trigger matching:

• If single electron trigger: trigger matching with at least one electron in the eLJ

• If di-muon trigger: trigger matching with both muons in the LJ

• If e-  trigger: trigger matching both the electron and the muon

μ
μ
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Signal Regions
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Signal Regions
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Signal Regions

36

Suppressing 
Z+jets 
background
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Signal Regions
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 backgroundtt̄
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Background estimation for  channeleLJ − eLJ
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 discriminating variables 
uncorrelated for the background(s) 

 defining SR and CRs 
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Signal Region
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FRVZ

HAHM



Bernardo RicciErice 17/06/2024

Control Region

40

FRVZ

HAHM
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Signal shape modelling
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Double-Sided Crystal Ball

 = const = 6

 = const = 3

nh
nl

Muonic channel parameterization

Also good for the mixed channel

Poor statistics for  = 2 GeV —> excluded

from the extrapolation of parameters

mγd

ATLAS Simulation Work in Progress
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Signal shape modelling: FRVZ
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240 MeV 400 MeV 900 MeV

2 GeV
6 GeV

Fit DSCB


DSCB extrapolated 2 LJ


DSCB extrapolated LJ-eLJ

μ

μ

ATLAS Simulation Work in Progress ATLAS Simulation Work in Progress
ATLAS Simulation Work in Progress

ATLAS Simulation Work in Progress
ATLAS Simulation Work in Progress
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Parameter extrapolation: FRVZ
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Signal shape modelling: HAHM

44

Fit DSCB


DSCB extrapolated 2 LJ


DSCB extrapolated LJ-eLJ
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ATLAS Simulation Work in Progress
ATLAS Simulation Work in Progress

ATLAS Simulation Work in Progress
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Injection test
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ATLAS Simulation Work in Progress

Check if the signal rendering 'injected'

agrees with the fitted one

Slight dependence of the fit on modelling

(Using muonic channel parameterization)


Mismodelling covered by 5% uncertainty



Bernardo RicciErice 17/06/2024

Acceptance X Efficiency
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 can change due to:

• 

•  of decay products —> Efficiency of


reconstruction of the LJs

•  of leptons —> acceptance of triggers

A × ϵ
BR(γd → 2μ), BR(γd → 2e)
ΔR

pT

ATLAS Simulation Work in Progress
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Acceptance X Efficiency: 1 electron in eLJ
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Acceptance X Efficiency: 2 electrons in eLJ
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ATLAS Simulation Work in Progress  can change due to:

• 

•  of decay products —> Efficiency of


reconstruction of the LJs

•  of leptons —> acceptance of triggers

A × ϵ
BR(γd → 2μ), BR(γd → 2e)
ΔR

pT
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Spurious Signal
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Poor background —> risk of induced background (Spurious Signal)

Systematics of Spurious Signal

calculated via fit S+B

on template of only background

Very sensible to statistical fluctuations Smoothed template
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https://cds.cern.ch/record/2743717/files/ATL-PHYS-PUB-2020-028.pdf
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Systematics
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Isolation for boosted muons

52

ATLAS Simulation Work in Progress ATLAS Simulation Work in Progress



Bernardo RicciErice 17/06/2024

Triggers muonic channel
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Signal region muonic channel
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Control region muonic channel
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Trigger strategy electronic channel
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Signal region electronic channel
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FRVZ

HAHM


