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Beyond the Standard Model: Hidden Sector 

5 

𝜖~10−2-10−15 

𝑪𝒐𝒔𝒎𝒊𝒄𝒔 𝒆𝒙𝒄𝒆𝒔𝒔 

Positrons excess → YES 
Antiprotons excess → NO 

 (𝒈𝒔−𝟐) 𝝁 𝒂𝒏𝒐𝒎𝒂𝒍𝒚 

𝑔𝑠 = 2 

𝑔𝑠 ≠ 2 

𝑔𝑠 = 2 

𝑡ℎ − 𝑒𝑥𝑝 = 3.2𝜎 

Potential barrier 
to overcome for 

the axcess to 
the hidden 

sector. 
LHC energy 

could allow the 
observation. 
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Higgs Boson Decays in the Hidden Sector 

𝐻 𝑆𝑀 → 𝑖𝑛𝑠𝑡𝑎𝑏𝑙𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ℎ𝑠  
 

𝑖𝑛𝑠𝑡𝑎𝑏𝑙𝑒 𝑝𝑎𝑟𝑡 ℎ𝑠 → 𝑙𝑜𝑛𝑔 𝑙𝑖𝑣𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝛾𝑑) 
 

𝛾𝑑  ℎ𝑠 → 𝑒, 𝜇, 𝜋 𝑝𝑎𝑖𝑟𝑠 − 𝐿𝑒𝑝𝑡𝑜𝑛 𝐽𝑒𝑡 − 𝑆𝑀  

July 4th2012 :  
ATLAS and CMS discover an 

HiggsBoson-like particle 

Higgs Boson rare decays in the 
Hidden Sector. 

STANDARD MODEL 

BEYOND the STANDARD MODEL 
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ATLAS Experiment at the Large Hadron Collider  
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Search for Lepton Jets: Definitions and Types 

8 

•  Model Indipendent Search 
• “Displaced” (o “non-prompt”) = collimated jet of light particles  
       originated further the last Pixel plane in the Inner Detector (>15cm). 

 
A Lepton Jet is defined starting from two different objects: 
• tracks inside the muon spectrometer; 
• jets into the calorimeter. 

Type 0: 
≥2 MS tracks clustered in ΔR 
and no jets in the cone 
 

Only MUONS 

Type 1: 
≥2 MS tracks and one jet 
clustered in ΔR 
 

MUONS e PIONS/ELECTRONS 

Type 2: 
Only one jet with low em 
fraction and narrow width 
 

PIONS/ELECTRONS in hadr cal 
Valentina Cairo March 17th 2014 



Triggers 

9 

Triggers for non-prompt Lepton Jets: 

 

 Muonic Trigger (EF_3mu6_MSonly) 

 requires ≥ 3 muons with pT > 6 GeV only in Muon Spectrometer (MS)  

 

This trigger selects displaced Lepton Jets with high muonic content 

 

 Calorimetric Trigger (EF_j35_a4tcem_L1TAU_LOF_HV) 

        requires log(h/e) > 1.2 for the jet 

 

This trigger selects displaced Lepton Jets with high electronic/pionic content in the HCAL 

Valentina Cairo March 17th 2014 



Lepton Jet Gun Monte Carlo 

10 

𝛾𝑑 → 𝑙
+𝑙− 𝑠𝑑1 → 2 𝛾𝑑;  𝛾𝑑 → 𝑙

+𝑙− 

 Lepton Jet Gun Monte Carlo to study cuts and detector acceptance 

Samples 

Dark photon parameters: 
• 𝑚 = 50, 150, 400, 900, 1500 MeV; 
• 𝑝𝑇 uniform in the range 5, 100  GeV; 
• 𝜂 uniform in the range −2.5, 2.5 ; 
• 𝜙 uniform in the range −3.14, 3.14  rad; 
• Transverse and longitudinal polarization; 
• BR in 𝑒, 𝜇, 𝜋 related to the dark photon mass. 
 
100 k events for each sample. 

Scalar parameters : 
• 𝑚 = 1, 2, 5, 10  GeV; 
• 𝑝𝑇 uniform in 5, 100 , 10, 100 , 15, 100  GeV ; 
• 𝜂 uniform in the range −2.5, 2.5 ; 
• 𝜙 uniform in the range −3.14, 3.14  rad. 

 
Dark photon parameters: 
• 𝑚 = 50, 150, 400, 900, 1500 MeV; 
• No polarization; 
• BR in 𝑒, 𝜇, 𝜋 related to the dark photon mass. 

 
100 k events for each sample. 
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2 x ΔR  

Lepton Jets Angular Aperture ΔR 

11 

Δ𝑅 < 0.5 
𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 

NO difference in the two 
polarization states 

Tipo 0 

Δ𝑅 < 0.5 
𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 >  82% 
NO difference in the two 

polarization states 

 

Tipo 0 e 1 
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Number of jets per Lepton Jet 

12 

𝑆𝑖𝑛𝑔𝑙𝑒 𝑗𝑒𝑡 
r𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦~ 80% 
NO difference in the two polarization states 

2 x ΔR  

Tipo 2 Tipo 1 e 2 

Valentina Cairo March 17th 2014 

𝑆𝑖𝑛𝑔𝑙𝑒 𝑗𝑒𝑡 
r𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦~ 80% 
NO difference in the two polarization states 



Jets Energy Fraction in the EM Calorimeter  

13 

𝐸𝑀 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 < 0.1 
𝜖 ≳  70 % 

𝑄𝐶𝐷 𝑑𝑖 − 𝑗𝑒𝑡𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 ~ 99.9% 

MC QCD 
di-jets 

Valentina Cairo March 17th 2014 



Jets Transverse Dimension (WIDTH) 
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𝑊𝐼𝐷𝑇𝐻 < 0.1 
𝜖 ≳ 72 % 

𝑄𝐶𝐷 𝑑𝑖 − 𝑗𝑒𝑡𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 ~ 77% 

MC QCD 
di-jets 

𝑊𝐼𝐷𝑇𝐻 =
 ∆𝑅 𝑗𝑒𝑡, 𝑐𝑜𝑛𝑠𝑡𝑖𝑡 ∙ 𝑝𝑇𝑐𝑜𝑛𝑠𝑡𝑖𝑡

 𝑝𝑇𝑐𝑜𝑛𝑠𝑡𝑖𝑡
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 𝑝𝑇 < 3 GeV → 𝜖 ~ 87 % 

𝑄𝐶𝐷 𝑑𝑖 − 𝑗𝑒𝑡𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 ~ 99% 

• Isolation variable  𝑝𝑇 = scalar sum of the all tracks transverse momentum inside the Inner Detector in a 
cone of angular aperture equal to 0.5 around the Lepton Jet direction. 

• It is the only variable that can be validated 

Isolation  𝒑𝑻 

MC QCD 
di-jets 

Valentina Cairo March 17th 2014 
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Timing t = time difference 
between the bunch crossing 
time and that relative to the 

energy deposition in the 
calorimetric cells 

Jet Timing 

Remove jets with 
𝑡 < −1 ns 

o 
𝑡 > 5 ns 

𝜖 ~ 85 % 
𝑐𝑜𝑠𝑚𝑖𝑐𝑠 𝑟𝑒𝑚𝑜𝑣𝑒𝑑~ 75% 
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Lepton Jet Parameters 

17 

Angular Aperture Δ𝑅 <  0.5 
 

𝐸𝑀 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 <  0.1 
 

𝑊𝐼𝐷𝑇𝐻 <  0.1 
 

Isolation  𝑝𝑇 < 3 GeV 
 

Jet Timing 𝑡 ∈ [−1,5] ns 
 

Valentina Cairo March 17th 2014 



Additional cut at Event Level: 

Angulare Aperture between the two LJ in the event -𝚫𝝓- 

18 

• Falkowsky-Ruderman-Volansky-Zupan Models  (next slides) with two or four dark photons 
 

• Background events  𝑡 − 𝑡  
 

• |𝚫𝝓| > 𝟐 (Lepton Jets back-to-back production) to reduce the background 

Valentina Cairo March 17th 2014 



Lepton Jets Events Selection (cut flow) 
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Background Events 

20 

Background Events: 
- W/Z+jet  and W/Z+jet+gamma  
- Di-photons and Di-bosons  
- Single top 
- 𝑡 − 𝑡  
- Cosmics 
- QCD di-jet 

 
 

All already negligible at trigger level, except for: 
- 𝑡 − 𝑡  
- Cosmics 
- QCD di-jet: too low MC statistics → ABCD method 

Valentina Cairo March 17th 2014 



Cut flow on 𝒕 − 𝒕  and cosmics 

21 

10 cosmics events after the cut flow 

No 𝑡 − 𝑡  events after the cut flow 

Re-weighted cosmics = 23 ± 8 

Valentina Cairo March 17th 2014 



QCD background evaluation: ABCD method 

22 

• QCD di-jet: MC statistics too low → data driven technique → ABCD method 
• Two variables ABCD method:  
      background evaluation in the signal region (A) starting from the three control regions (BCD) 
• Uncorrelated variables in this analysis: max 𝑝𝑇 e ∆𝜙  

𝑁𝐴
𝑁𝐵
=
𝑁𝐷
𝑁𝐶
 → 𝑁𝐴 = 48 ∗

10

42
= 11 ± 8 

B   
48 eventi 
0 cosmici 

C 
42 eventi 
0 cosmici 

D  21 eventi, 11 cosmici A 

Valentina Cairo March 17th 2014 

 
Signal Region: 

 

𝑚𝑎𝑥 𝑝𝑇  <  3000 MeV  AND |∆𝜙|  >  2 rad 



Hidden Valley Models (1) 

23 

Falkowsky-Ruderman-Volansky-Zupan Models 

The Higgs boson is generated by gluon-gluon fusion. 
In the proton-proton collision at 𝑠  =  8 TeV, the cross section for this process is  

σ𝑆𝑀 = 19.3 pb for 𝑚𝐻  =  125 GeV.  

𝟐𝜸𝒅 Model  𝟒𝜸𝒅 Model 
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Hidden Valley Models (2) 

24 

Higgs BR into the hidden sector = 10%, total luminosity = 20.34 𝑓𝑏−1   

Valentina Cairo March 17th 2014 



Systematics 

25 

Efficiency reconstruction systematics using  𝐽/ Ψ → 𝜇+𝜇− data → 5.4 % 
 
Muonic trigger efficiency systematics using 𝐽/ Ψ → 𝜇+𝜇− data →  6 % 
 
Calorimetric trigger efficiency systematics using 2012 data → 11% 

 
Luminosity systematics: official value →  2.8 % 
 
Higgs production cross section systematics → 15% 
 
Effect of the pile-up on the isolation in ID → 2.5% 
 
ABCD method systematics → 15 % 

Valentina Cairo March 17th 2014 

ANALYSIS NON YET UNBLINDED 



Micro-Pattern Gas Detectors: Spiral Detector 

26 Valentina Cairo March 17th 2014 

• Three months in the Rui De Oliveira workshop as CERN Summer Student 
• Hardware R&D project: simulate, optimize and produce Micro-Pattern Gas Detectors 
• Two main important items: Spiral Detector and Conic ThGEM (see report at https://cds.cern.ch/record/1603668) 

 

WHAT ABOUT SPIRAL DETECTOR? 
 

Gem 
Production 

Steps 

MicroMEGAS 
Reistive Strips 

SPIRAL 
DETECTORS 

RO= Cu Resistive Spiral 

Cathode 

Green color material 
represents dieletric. 

 STANDARD SPIRAL GEM 

100 μm 

150 μm 

200 μm 
500 μm 

35 μm 

After this first version, other two 
improvements of the spiral detector were 

produced (see extra slides for detail) 



Micro-Pattern Gas Detectors: Spiral Detector 
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• Three months in the Rui De Oliveira workshop as CERN Summer Student 
• Hardware R&D project: simulate, optimize and produce Micro-Pattern Gas Detectors 
• Two main important items: Spiral Detector and Conic ThGEM (see report at https://cds.cern.ch/record/1603668) 

 

WHAT ABOUT SPIRAL DETECTOR? 
 

Gem 
Production 

Steps 

MicroMEGAS 
Reistive Strips 

SPIRAL 
DETECTORS 

RO= Cu Resistive Spiral 

Cathode 

Green color material 
represents dieletric. 

 STANDARD SPIRAL GEM 

100 μm 

150 μm 

200 μm 
500 μm 

35 μm 

After this first version, other two 
improvements of the spiral detector were 

produced (see extra slides for detail) 
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ANALYSIS 
Lepton Jets production can occur through a rare Higgs decay in hidden particles. Some of these particles 
(dark photons) can be long lived particles and decay into collimated pairs of light visible particles. 
 
State of the Art when I defended my thesis: 

Lepton Jet Gun Monte Carlo to define cut flow 
Cut flow on background events: 11 QCD di-jets and 23 cosmics 
Cut flow on FRVZ Models: 72 events in the 4gds model  

        and 43 events in the 2gds model 
Systematics evaluated 
Ready for the first meeting with the Editorial Board 
 

State of the Art now: 
After a long discussion with the Editorial Board → |∆𝜙| > 1 instead of |∆𝜙| > 2 (more model 
independent) 

Ready for the approval and the unblinding (ATL-COM-PHYS-2014-028 at https://cds.cern.ch/record/1643479) 
 

HARDWARE 
The first version of the Spiral Detector was presented at the 12th RD51 Collaboration Meeting 
(https://indico.cern.ch/conferenceTimeTable.py?confId=267513#20131016) in October 2013 at CERN, and at the XII 
workshop on Resistive Plate Chambers and Related Detectors 
(http://166.111.32.59/indico/contributionDisplay.py?contribId=62&sessionId=30&confId=1) in February  2014 in 
Beijing. 
The last improvement of the spiral detector is under test. 

Valentina Cairo March 17th 2014 
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Pensare per il piacere di 
pensare,  

come per la musica… 
Albert Einstein 

Valentina Cairo 
March 17th 2014 





Standard Model and Supersymmetry 

31 

Not yet supersymmetric particles observed 
Valentina Cairo March 17th 2014 



mγ<2me → dark photon stable → invisible higgs 
signature 

2me<mγ<2mμ → electron-jets 

2mμ<mγ<2mπ → electron&muon-jets 

mγ>2mμ → pion-jets (BR depends on R) 

composition depend on dark photon mass: 

lifetime depends on the size of kinetic mixing: 

NOTE: due to the low γd mass, boost also important 

cτ 

from prompt decays to decays into any part of the ATLAS detector 

Composition and lifetime 
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Dark Matter Experimental Evidences 

33 

Fritz Zwickly , 1933: 
Coma Cluster galaxies were moving too quickly with 
respect their visible mass.  

Telescopio Canada-Francia-Hawaii, 2008:  
The light has a deviation during its cosmic journey also 
where there is no visible mass. 

Canada–France–Hawaii telescope situated on  
the Mauna Kea mountain at  4.204 m. 

PAMELA (a Payload for Antimatter Matter Exploration 
and Light Nuclei Astrophysics), sent into the space on 
the Resurs-DK1 satellite. 

PAMELA, in orbit around the Earth from 2006:  
It measured an increase of the ratio e+/(𝑒+ + 𝑒−) into the range 
10 − 50 GeV.  
A possible explaination is the annihilation of Dark Matter: 
WIMPs can collide with annihilation into a photon that materialize 
into a electron-positron pair. 

NGC 4911 spiral galaxy into the Coma 
Cluster. 

Valentina Cairo March 17th 2014 
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Quality Criteria for MS and ID tracks 

MS tracks 

ID tracks 
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Lepton Jet Gun Monte Carlo (2) 
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Lepton Jet Gun Monte Carlo (3) 

38 



Lepton Jet Gun ∆𝑹𝟖𝟎%  𝜸𝒅 → 𝒆
+𝒆− 

39 Valentina Cairo March 17th 2014 



40 Valentina Cairo March 17th 2014 

Lepton Jet Gun ∆𝑹𝟖𝟎%  𝜸𝒅 → 𝝁
+𝝁− 
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Lepton Jet Gun ∆𝑹𝟖𝟎%  𝜸𝒅 → 𝝅
+𝝅− 
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Lepton Jet Gun ∆𝑹𝟖𝟎%  𝒔𝒅 → 𝜸𝒅𝜸𝒅 



Lepton Jet Gun: Reconstruction Efficiency 

43 

• Lepton Jet Gun Monte Carlo to evaluate the 
Lepton Jets reconstruction efficiency 

 
 
 

The reconstruction efficiency is defined as: 
 

𝝐𝒓𝒆𝒄 =
#𝑳𝑱𝒓𝒆𝒄
#𝒕𝒐𝒕𝑳𝑱𝑮𝒖𝒏𝑴𝑪
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2 x ΔR  

Reconstruction Efficiency for muons and jets VS 𝒑𝑻 
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Reconstruction Efficiency for LJ VS 𝒑𝑻 
tipo 0, 𝒎𝒔𝒅𝟏 = 𝟐 GeV 

 

𝜖𝑚𝑒𝑑𝑖𝑎 ~ 10 % 

tipo 1, 𝐦𝐬𝐝𝟏 = 𝟐 GeV 

 

tipo 2, 𝒎𝒔𝒅𝟏 = 𝟐 GeV 

 

tipo 0, 𝒎𝒔𝒅𝟏 = 𝟓 GeV 

 

tipo 1, 𝒎𝒔𝒅𝟏 = 𝟓 GeV 

 

tipo 2, 𝒎𝒔𝒅𝟏 = 𝟓 GeV 
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Reconstruction Efficiency  
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Additional cut at Event Level: 

Angulare Aperture between the two LJ in the event -𝚫𝝓- 
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SIGNIFICANCE 



Cut flow on Cosmics 
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Hidden Valley Models  

51 

Higgs BR into the hidden sector = 10%, total luminosity = 20.34 𝑓𝑏−1   

Valentina Cairo March 17th 2014 
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QCD background evaluation: ABCD method 

53 

• QCD di-jet: MC statistics too low→ ABCD method 
• Two variable ABCD method:  
      background evaluation in the signal region (A) starting from the three control regions (BCD) 
• Uncorrelated variables in this analysis: max 𝑝𝑇 e ∆𝜙  

𝑁𝐴
𝑁𝐵
=
𝑁𝐷
𝑁𝐶
 → 𝑁𝐴 = 48 ∗

21

42
= 24 ± 7 

 
Not only QCD di-jets, but also cosmics 
included 

B   
48 eventi 
0 cosmici 

C 
42 eventi 
0 cosmici 

D  21 eventi, 11 cosmici A 

Valentina Cairo March 17th 2014 

 
Signal Region: 

 

 𝑝𝑇  <  3000 MeV  AND |∆𝜙|  >  2 rad 
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ABCD method 
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Effect of the pile-up on the isolation in ID  
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Trigger Efficiency 



Production steps (1999, F.Sauli) 

Gas Electron Multiplier 
Initially developed as a preamplifier stage for an MSGC, the Gas 
Electron Multiplier (GEM) became soon a detector on its own.  

Structure 

E field 

Ø hole: 70 μm 

Pitch holes:  
140 μm 

Holes 
triangular 
structure 

Spread of the avalanche over 
many active holes → reduction of 
spark probability 

Improved GEM 
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MicroMesh Gaseous Structure 
Parallel plate chamber where the amplification takes place in a thin 
gap, separated from the conversion region by a fine metallic mesh. 

E field 

Structure Production steps 

Ø pillar: 
500 μm 

Pitch pillar: 
5 mm 

Resistive material:  
not reduction of sparks but limit 
their impact on performance of 
the detector (HV drops become 
insignificant). 
Strips instead of layer:  
to avoid charge spreading and 
keep are affected by discharges as 
small as possible. 

Improved MM 
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Spiral Detector 

Valentina Cairo March 17th 2014 

RO= Cu Resistive Spiral 

Cathode 

Green color material represents dieletric. 

 STANDARD SPIRAL GEM 

100 μm 

150 μm 

200 μm 

500 μm 

35 μm 
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Spiral Detector 

COMSOL SIMULATION 
ΔV=600V 
Vdrift =-680V 

SPARKS IN AIR! 
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Spiral Detector 

Active region Active region 
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Spiral Detector –First Improvement- 

100 μm 
Cathode 

Anode 

Readout 

Ag 

50 μm 

There are no holes! 

Anode-Cathode distance halved 
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COMSOL SIMULATION 
ΔV=600V 
Vdrift =-680V 
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Spiral Detector –First Improvement- 

Still not optimal collection on the anode. 
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Spiral Detector –First Improvement- 

Active region 

Cathode E values > Anode E values  
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Spiral Detector –Second Improvement- 

Ag 

Ag 

Ag new  corrective electrode 

200 μm 

Anode 

Readout 
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COMSOL SIMULATION 
Vcorr_elect  =-300V 
ΔV=600V 
Vdrift =-680V 
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Spiral Detector –Second Improvement- 

Better collection on the anode 
and hopefully not charging up of 

the dielectric. 
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Active region 
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Spiral Detector –Second Improvement- 

Disappeared peaks of E on cathode edges, 
Cathode E values < Anode E values  
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