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Motivations 
• Dark Matter can be part of a Dark Sector, potentially interacting with the Standard Model Sector through “portal” 

interactions 
• Dark photon as the gauge boson of a new unbroken U(1) group of the Dark Sector (arxiv:2005.01515) 
• It can interact with SM sector through higher than 4-dimensional operators via messenger exchange  

• Loop of messenger fields can allow  or  (Higgs portal) 
• BSM BR up to few % allowed by present constraints (arxiv:2206.05297)

H → γγD H → γDγD

This analysis: 
• Dark-photon from (gg, qq) ZH, H   
• Clean final state  (  undetected) 
• New analysis in ATLAS, using full Run 2 dataset  
•  masses: 0, 1, 10, 20, 30, 40 GeV

→ γγd
ℓℓ + γ+𝖤𝗆𝗂𝗌𝗌

𝖳 γd

γD

https://arxiv.org/pdf/2005.01515.pdf
http://2206.05297
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Analysis selections and strategy
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𝖹γ, 𝖹γ + 𝗃𝖾𝗍𝗌, 𝖹γγ,
𝖹𝖧(γγ), 𝗀𝗀/𝖵𝖡𝖥 𝖧(𝖹γ)
𝖵𝖵, 𝖵𝖵𝖵, ℓ+ℓ−𝖵𝗍, 𝖵𝖵𝗍𝗍̄

𝖹(ℓ+ℓ−)𝖹(νν̄)γ,
𝖶+(ℓ+ν)𝖶−(ℓ−ν̄)γ
𝗍𝖶γ, 𝗍𝗍̄γ, 𝗍𝗍̄, 𝗌𝗂𝗇𝗀𝗅𝖾 𝗍𝗈𝗉

𝖶γ 𝗐𝗂𝗍𝗁 𝗃𝖾𝗍 → ℓ
𝗍𝗍̄𝖧(𝖹γ), 𝖵𝖧(𝖹γ)

Estimate 
Data-driven with ABCD  
Shape from MC 
Pure data-driven based  
on  fake-rate 
MC rescaled by data in CR 

Pure MC, with 20% syst  
from data/bkg in top VR 
Pure MC 
Pure MC

𝖾 → γ

• Discriminant variables: BDT output score 
Training input variables:  significance,  mT( ),  
photon pT,  mll,,  mlly ,  

• Main backgrounds through data-driven techniques

𝖤𝗆𝗂𝗌𝗌
𝖳 γ, 𝖤𝗆𝗂𝗌𝗌

𝖳
| ⃗𝖤 𝗆𝗂𝗌𝗌

𝖳 + ⃗𝗉 γ
𝖳 | − 𝗉𝗅𝗅

𝖳

𝗉𝗅𝗅
𝖳

SR selections
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Data-driven estimates
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Fake : ABCD method  

  
• R from MC: takes into account possible correlation between the 2 variables 
• NX = observed data in region X, after subtraction of non-fake  backgrounds 
• Uncertainties: statistical uncertainty of data in the B, C and D regions and the 

uncertainty of R coefficient from MC statistics 

𝖤𝗆𝗂𝗌𝗌
𝖳

𝖤𝗆𝗂𝗌𝗌
𝖳

• Probe-e CR : replace the photon with an electron in the analysis regions  
• Fake rate from signal+bkg fit of invariant mass in  and  final states from Z decay  
• Uncertainties: uncertainty on the fake-rate, statistics in probe-e CR, 100% uncertainty on  subtraction

ee eγ
jet → e

, 𝖭𝖿𝖺𝗄𝖾𝖬𝖤𝖳
𝖠 = 𝖱 ×

𝖭𝖡𝖭𝖢

𝖭𝖣
𝖱 =

𝖭𝖬𝖢
𝖠+𝖠′ 𝖭𝖬𝖢

𝖣

𝖭𝖬𝖢
𝖢+𝖢′ 

𝖭𝖬𝖢
𝖡

Electrons faking photons: Yields in probe-e CRs rescaled by fake rate  𝖥𝖾→γ =
𝖭𝖾γ

𝖭𝖾𝖾

Closure in A’ for R value

𝗉ℓ𝟣
𝖳

𝗉ℓ𝟤
𝖳

𝗉γ
𝖳

𝖤𝗆𝗂𝗌𝗌
𝖳 (γ𝖽)

𝗉ℓℓγ
𝖳 = ∑

𝗂=ℓ𝟣,ℓ𝟤,γ

⃗𝗉 𝗂
𝖳

Δϕ( ⃗𝖤 𝗆𝗂𝗌𝗌
𝖳 , ⃗𝗉 𝗅𝗅γ

𝖳 )

Transverse 
plane
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Data-driven estimates
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• Probe-e CR : replace the photon with an electron in the analysis regions  
• Fake rate from signal+bkg fit of invariant mass in  and  final states from Z decay  
• Uncertainties: uncertainty on the fake-rate, statistics in probe-e CR, 100% uncertainty on  subtraction

ee eγ
jet → e

Fake : ABCD method  

  
• R from MC: takes into account possible correlation between the 2 variables 
• NX = observed data in region X, after subtraction of non-fake  backgrounds 
• Uncertainties: statistical uncertainty of data in the B, C and D regions and the 

uncertainty of R coefficient from MC statistics 
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Validation of data-driven estimates
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• Results obtained applying data-driven methods for  and fake  
in the VR (A’ region of the ABCD method) 

• All other backgrounds from pure MC 
• Statistical uncertainties only

e → γ 𝖤𝗆𝗂𝗌𝗌
𝖳
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Top and VVy backgrounds

Top VR:  
• Same as SR, but at least 1 b-tagged jet, and  and  cuts removed to increase statistics 
• 20% discrepancy between data and MC expectations included as a systematic uncertainty (subdominant 

background)

𝗆ℓℓ Δϕ(𝖤𝗆𝗂𝗌𝗌
𝖳 , 𝗅𝗅γ)

7

Good data/background agreement observed in for the BDT input variables in both the top-VR and VVy-CR 

VVy CR: 
• Same as SR, but with 3 muons and a photon, and removing  and  cuts to increase statistics 
• 3 muon-CR chosen to avoid high contamination from  or contribution from  
• Due to poor statistics, CR included in the fit as a single-bin CR

Δϕ(𝖤𝗆𝗂𝗌𝗌
𝖳 , 𝗅𝗅γ) 𝖤𝗆𝗂𝗌𝗌

𝖳
𝖾 → γ 𝗃𝖾𝗍 → 𝖾
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ℒ(𝖽𝖺𝗍𝖺 |k, θ) = ∏
𝗂∈{𝖡𝖣𝖳 𝖻𝗂𝗇𝗌+𝖢𝖱}

𝖯𝗈𝗂𝗌(𝖭𝖽𝖺𝗍𝖺
𝗂 |𝖭𝖾𝗑𝗉

𝗂 (k, θ)) × ∏
𝗃∈{𝗌𝗒𝗌𝗍}

𝖦(θ𝗃 |𝟢, 𝟣)

Statistical analysis

• Binned maximum likelihood fit in SR + VVy CR on BDT score 
distributions 

• Method validated in VR, and in low BDT SR (BDT < 0.5)

8

6 background templates + signal 
• Fake MET: BDT shape from MC 

rescaled by data-driven estimate


• VVy : MC normalized to data in CR ( ) 

• Top: pure MC


• e y : BDT shape from data in probe-e 
CR rescaled by fake-rate 


• Wy and Higgs: pure MC


• Signal: POI = 

𝗄𝖵𝖵γ

→

𝖡𝖱(𝖧 → γγ𝖽)

Free parameters 
[𝖡𝖱(𝖧 → γγ𝖽), 𝗄𝖵𝖵γ]

 

  
with  the value of the j systematic uncertainty and  the central 
value

𝖭𝖾𝗑𝗉
𝗂 (k, θ) ∝ 𝖡𝖱(𝖧 → γγ𝖽)𝖭

𝗌𝗂𝗀
𝗂 (θ)+𝗄𝖵𝖵γ𝖭𝖵𝖵γ

𝗂 (θ) + ∑
𝖻𝗄𝗀≠𝖵𝖵γ

𝖭𝖻𝗄𝗀
𝗂 (θ)

𝖭𝗌𝗂𝗀/𝖻𝗄𝗀
𝗂 (θ𝗃) = 𝗇𝗌𝗂𝗀/𝖻𝗄𝗀

𝗂 × (𝟣 + θ𝗃Δ𝗃)
Δj 𝗇𝗌𝗂𝗀/𝖻𝗄𝗀

𝗂

Constraint of systematics NPs: 
: gaussian with 

 and and 
𝖦(𝗑 |𝟢, 𝟣)

μ = 𝟢 σ = 𝟣

θ θ

}}
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Background-only fit

• Good data/background agreement already 
before fit  

• Binned maximum-likelihood fit on SR+CR, 
assuming no signal

9

• Analysis dominated by statistical uncertainties 

In last BDT bin, main systematic contributions from fake  background 
modelling ( ) and muons/electrons/photons/jets energy scale and 
resolution (ranging from  to ) 

• No excess wrt SM expectations observed  exclusion limits can be set

𝖤𝗆𝗂𝗌𝗌
𝖳
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Exclusion limit
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• Binned maximum-likelihood fit on SR+CR, with 
BR(  ) as POI 

• CLs scan to derive the 95% CL upper limit  
• The exclusion limits are provided on the BR(  ), 

assuming the SM Higgs boson gg/qq ZH production cross 
section

𝖧 → γγ𝖣

𝖧 → γγ𝖣

For massless γd

                         Obs.     Exp. 
CMS      VBF    3.5%    2.8%          JHEP03(2021)011 
CMS      ZH      4.6%    3.6%          JHEP10(2019)139

ATLAS   VBF    1.8%    1.7%          CERN-EP-2021-137

ATLAS   ZH      2.3%    2.8%          ATLAS-CONF-2022-064


https://link.springer.com/content/pdf/10.1007/JHEP03(2021)011.pdf
https://link.springer.com/content/pdf/10.1007/JHEP10(2019)139.pdf
https://arxiv.org/pdf/2109.00925.pdf
https://cds.cern.ch/record/2827676/files/ATLAS-CONF-2022-064.pdf
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Conclusions
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• Search for dark photon in the 
 process, using full Run 2 

dataset 
• New analysis in ATLAS 
• No excess observed and 95% CL exclusion 

limits set on the , for dark 
photon masses up to 40 GeV

𝖹𝖧, 𝖧 → γγ𝖣

𝖡𝖱(𝖧 → γγ𝖣)

                         Obs.     Exp. 
CMS      VBF    3.5%    2.8%   
CMS      ZH      4.6%    3.6% 

ATLAS   VBF    1.8%    1.7% 

ATLAS   ZH      2.3%    2.8%


For massless γd
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Background-only fit
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𝗄𝖵𝖵γ = 𝟣 . 𝟥𝟧 ± 𝟢 . 𝟥𝟪
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Background-only fit: post-fit uncertainties
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Impact of grouped systematic uncertainties evaluated as the impact, on background yields, of 
refitting with the set of NPs associated to the systematics of interest set to constant values ±1σ
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MC samples
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Trigger & overlap removal
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Cutflow
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BDT
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• Boosted Decision Tree (BDT) with XGBoost classifier: 
• Input variables in order of importance (no gain from including more variables) 

• mT( ) ,  
• photon pT,  

• mlly,  

• mll,  

• ,  

•  significance 
• Optimization of BDT hyperparameters based on Randomized + Grid search  
• 5-fold cross-validation (SKLearn::StratifiedKFold) 

• Kolmogorov-Smirnov test implemented: no overtraining observed 
• BDT results consistent among different dark-photon masses

γ, 𝖤𝗆𝗂𝗌𝗌
𝖳

| ⃗𝖤 𝗆𝗂𝗌𝗌
𝖳 + ⃗𝗉 γ

𝖳 | − 𝗉𝗅𝗅
𝖳

𝗉𝗅𝗅
𝖳𝖤𝗆𝗂𝗌𝗌

𝖳
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 backgrounde → γ
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• Fake rate   

• obtained from signal+bkg fit in invariant mass using a Z(ee) data sample 
• Bkg modelled by DSCB+exp(pol3) 

𝖥𝖾→γ =
𝖭𝖾γ

𝖭𝖾𝖾

50 100 150 200 250
T

p

0.02

0.04

0.06

0.08

0.1

0.12

0.14

γ
→ef

ATLAS Internal
-1=13 TeV , 140 fbs

 [ 0.000 ; 0.800 ]∈| η|
 [ 0.800 ; 1.150 ]∈| η|
 [ 1.150 ; 1.370 ]∈| η|
 [ 1.520 ; 1.810 ]∈| η|
 [ 1.810 ; 2.010 ]∈| η|
 [ 2.010 ; 2.370 ]∈| η|

Uncertainties: 

• For each , uncertainty to account for impact of “bad” fits: 
 with   

• Assign  and propagate it to fake-rate  

• Add in quadrature uncertainty from closure with MC: 

•  from MC 

•

NZ
σfit = |ΔNpeak | − |σNhist

peak
| ΔNpeak = Nfit

peak − Nhist
peak

σNZ
= σ2

fit + NZ

δrel
MC =

f truth
e→γ

f fit
e→γ

− 1

σrel
glob = ⟨(δMC

rel )2⟩
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=> Non-decoupling nature of  => loop diagrams not suppressed by mass scales of messenger fieldsH → γγd



Titolo Testo 
Prova

Federica Piazza

VBF+y+MET
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