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• LHC Program: reminder 
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LHC: recent history and near future 
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• LHC Run-1: 2009-2013 
– √s = 7—8 TeV 

• Now in high-energy phase 
– √s = 13—14 TeV 
 

 



• Higgs-like particle discovery 
announced July 4th, 2012 
– Phys. Lett. B 716 (2012) 1-29  
– 6013 citations (as of 2016-05-09) 

• March 2013: key papers on 
particle properties 
– new particle declared “a 

Higgs boson” 
• Citation for 2013 Nobel Prize in 

Physics 
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Run-1 Highlight: Higgs discovery 

http://www.sciencedirect.com/science/article/pii/S037026931200857X


LHC Program 
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4 fb-1 ~ 25 fb-1 ~ 40 fb-1 

100 fb-1 

@ 13 TEV 

13 TEV 

7-8 TEV 

14 TEV 

14 TEV 

?? TEV 



√s = 13 TeV: parton luminosities 
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2 x at Low Mass  

> 10 x at High Mass 



LHC: Discovery Machine 
• For decades we’ve known of: 

– Higgs fine-tuning problem pointing to new EW scale 
physics 

– Dark Matter (WIMP “miracle”) suggestive of new EW 
scale particle 

• Strong motivation for direct exploration of new physics at 
the Electroweak Scale with Electroweak Couplings  
– Nothing to do with any specific model 

 
• If you had a 13 TeV proton-proton collider, how much 

data would you need for this exploration? 
– Answer known for > 30 years:  O(100 fb-1) 
– This is LHC Run-2 & 3, starting now 
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• LHC Status: 2016 turn-on 
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Injectors 
• Booster 

– All beams available 
• PS 

– Beam to nTOF, AD, East 
Area on schedule 

– Transfer to SPS for 
North Area 
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• SPS 
– LHC 25 nsec operational 
– Beam dump leak may 

limit trains to 72 (or 144) 
bunches instead of 288 
 



LHC: 2016 Milestones/Progress 
Date Description 
Friday              25 March First beam, RF capture 
Saturday         26 March First ramp to 6.5 TeV beams 
Sunday            27 March Squeeze to β* = 40 cm 
Thursday         31 March Flat-top and squeeze at 6.5 TeV 
Wednesday          6 April Nominal bunches to flat-top 
Friday                   8 April Nominal bunches in collision 
Tuesday             12 April Quiet beams 
Sunday               17 April Collision aperture measurements 
Thursday            21 April 72 bunch train injections 
Friday                 22 April FIRST STABLE BEAMS 
Monday              25 April LHC Machine scrubbing started 
Friday                 29 April                  Fouine … 
Thursday             5 May Back in operations 
Thursday           12 May 600 bunches 
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LHC Goal for 2016 
• Integrated Luminosity: ≈ 25 fb-1 at √s = 13 TeV 
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• ATLAS Status 
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ATLAS Detector 
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• 4 fb-1 delivered at 13 TeV 
• ATLAS data-taking 

efficience 92.0% 
– Was 93.5% in 2012 
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Special 
physics run 

with β* 
90m in 
October 
(elastics & 
diffractive) 

ALFA 

ATLAS 2015 p-p data √s=13 TeV 



2015 Heavy Ion Pb-Pb data 
• Nov-Dec 2015 

– 5.02 TeV p-p reference data 
– √sNN = 5.02 TeV Pb-Pb data 
– √s     = 1.1 PeV  (!) 
– Great LHC and ATLAS 

performance 
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pp reference data 
28 pb,  εDT = 96.9% 

PbPb data 
εDT = 96.3% 

• 2016 Heavy Ion Plan 
– p + Pb at both 5 and 8 TeV 



ATLAS Detector in 2015 
• Mostly smooth operation 
• Some anomalous currents 

“Insertable b-layer” (IBL) 
pixel detector 
– Turned off for two fills 

• Fraction of live channels 
better than Run-1 (ongoing 
muon/RPC commissioning) 
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2015-2016 Shutdown:  Endcap Toroid Bellows Repair 

• Significant damage to 
bellows on top of ECT-C (Feb 
2013) – repair mandatory 
– Rapid preparation, execution 
– Work completed 
– Magnets fully operational 
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The original 
damage 

New bellow in place Welding new bellow 

• Huge 
Thanks: 
– CERN 

Teams 
!!! 
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2015-2016 Shutdown: AFP 
• 220m down tunnel from ATLAS: new detector for forward physics: 

– ATLAS Forward Protons – AFP 
– Roman Pots for first arm installed + cables for both arms 
– Completion in 2016/2017 year-end stop 
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• 18 Jan 2016 
 
 

• Tremendous 
progress from 
AFP team 
 

• Huge help from 
CERN machine 
group (again!) 



2015-2016 Shutdown: ATLAS Pixels 
• Readout changed (Layer 

2) to copy with higher 
pileup and luminosity 
– Double bandwidth 

• Status 
– IBL, B-Layer and 

disks: ready 
– Layer 1 with old 

readout: ready 
– Layer 1 + Layer 2 

with new readout: 
under final 
optimization 
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• Remaining Issue: 
– IBL operate at 15 C (or 

slightly lower) to mitigate 
radiation-induced current 
increase 

– Effect should decrease after 
1—2 Mrad dose 



2015-2016 Shutdown: ATLAS SCT 
• Shutdown activities 

– Mods to 64 back-of-
crate cards 

– ROD firmware 
development 
increasing robustness 

• SCT status 
– Ready for beam 
– 98.9% strips active 

• ID General 
– Cooling reliable and 

stable 
– Fixed Dew point issue 

from 2015 
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2015-2016 Shutdown: ATLAS TRT 
• Will run with 2 barrel and 5 end-cap modules without Xe 

(leaks) 
– Particle ID optimization ⇒ negligible physics impact 

• Upgraded infrastructure to allow different gas mixtures 
• DAQ upgraded for higher rates 
• LV PS cooling upgrades 
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EC-C EC-A 

2016 TRT geometry. 

Black –Xe modules 
Gray -  Ar modules 



2015-2016 Shutdown: ATLAS LAr 

• Repair few front-end 
boards 

• HV module replacement  
– Robustness w.r.t. HV 

trips 
– Timed-in with “quiet 

beams” 
• Understood longstanding 

noise bursts 
– LAr purity monitor 

induced 
• Ready for data taking 
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2015-2016 Shutdown: ATLAS Muons 

• RPC “feet” trigger 
fully commissioned 

• RPC gas leak repairs 
ongoing 

• TGC: 13 chambers 
replaced, others 
recovered 

• Ready for stable 
beams 

• Expect 2016 
alignment good to 
50μm from day 1 
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Trigger Status 
• New L1Calo components and new central trigger processor 
• 2015: many efficiency studies and optimization 
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• 2016 Challenges 
– New trigger menu based on 

new software release (20.7) 
– New L1Calo lookup tables 

improve ET
Miss and jet 

resolutions  

μ 
e 

τ 

jets 



• ATLAS Recent Results 
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Collision Data Papers 
• ATLAS submitted our 

500th collision-data paper 
just before end of 2015 
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• 15 papers on 2015 data published or 
submitted 

• ≈ 50 more Run-1 papers in progress 

Collision data paper 500 

Physics area 



Rapid Readiness of 2015 Results 
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December 2015 (39) 

March 2016 (+22) 



Physics Performance 
• Fast turn-around from end of data-taking 
• First 2015 performance paper submitted (μ ID) 
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μ 

e 

jets 

ET 
Miss 

arXiv:1603.05598 

http://arxiv.org/abs/arXiv:1603.05598


Inclusive Cross-sections 
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Measurements at 13 TeV 
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tt+jets 

ZZ 

W, Z Fiducial Cross-Sections 

Inclusive charged 
particles 



First Look for H(125) at 13 TeV 

• Di-photon channel 
– Observe 1.5σ, expect 1.9σ 

• 4-lepton channel 
–  Observe 0.7σ, expect 2.8σ 

• Combined SM Compatibility 
– 1.3σ 

2016-May-12 Rob McPherson       University of Victoria / IPP 32 



2016-May-12 Rob McPherson       University of Victoria / IPP 33 

Many (many, many) Searches 

Just pick two examples … 



Diphoton Resonance Search: Dec 2015 
• X→γγ with mX>>mH 
• December 2015: 

– Scalar (central) selection 
– Modest excess ≈ 750 GeV 

• Local:  3.6σ   (narrow) 
• Global: 2.0σ 

– No additional activity 
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December 2015 



Diphoton Resonance Search Spring 2016 
• Spring 2016: Spin-2 optimization and non-zero widths 
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• Scalar Search Analysis 
– Optimized for spin 0 

• Selection 
– Two isolated photons with 

large transverse momentum 
(pγ

T  / mγγ > 0.3, 0.4 for γ1, γ2) 

• Graviton Search Analysis 
– Optimized for spin 2 

• Selection 
– Two isolated photons with 

less transverse momentum 
(pγ

T  > 55 GeV for γ1, γ2) 



γγ Resonance: significance 
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• 13 TeV Spin-0 optimization • 13 TeV Spin-2 optimization 

• Excess 750 GeV & width 45 GeV 
– Local:  3.9σ / Global:  2.0σ 

• Excess 750 GeV & width 48 GeV 
– Local:  3.6σ / Global:  1.8σ 

• 8 TeV 
Updates 

Spin-0 Spin-2 



Z + jets + ET
Miss : Motivation 

• Search for gluino production in 
events with Z + jets + missing 
momentum  
– Z → e+ e– or µ +µ – with ET

Miss 

– Run-1: 29 events observed 
10.8 ± 2.2 expected 

• 3σ Excess (mostly in e+ e– ) 
• Analysis to watch for Run-2 
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Run-1 
e+e- 

Run-1 
μ+μ- 



Z + jets + ET
Miss: Analysis 

• Analysis seems ~ simple 
– e+ e– or µ +µ – final state 

• Provides robust trigger 
– Missing momentum ET

Miss  
• Largest backgrounds: 

– Top quark pair, WW, WZ 
• Worrying background 

– Z (→ e+ e–/µ +µ –) + jets 
• Jets fluctuate to fake ET

Miss 

• Analysis method: 
– CR: control regions that exclude signal definition. Use to 

optimize analysis and estimate backgrounds with data 
– VR: validation regions that are “near” signal to check 
– SR: final signal region which stays blinded 
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Z + jets + ET
Miss: Backgrounds 

• t tbar → (b W+)(b W-) →jets + (l ν)(l’ν)  
– Estimate same flavour (e+ e– or µ +µ –) 

background using different flavour (e µ)  

Events 

39 
ET

Miss ET
Miss 0 0 250 GeV 250 GeV 

• Z (→ e+e–/µ+µ–) + jets 
– Use γ + jets data to estimate Z + jets background 



Z + jets + ET
Miss: Results 

40 

• Validation and Signal regions • 2015 data results with 3.2 fb-1 

– 21 observed,10.8 ± 2.2 expected 
– 2.2 σ excess with 2015 data 
– 11 µ +µ – / 10 e+e–  
– Eagerly await 2016 data 

 
• Di-lepton invariant mass: 



Selected Run-1 Results 
• All Run-1 search papers submitted 
• Measurement papers continuing 
• Two examples: 
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• Measurement of B→μ+μ- decays: 
– Consistent with SM at 2 
– Also consistent with zero 

• WZ production at 8 TeV 

σFID(WZ→lνlνl) =  
35.1±0.9(stat)±0.8(sys)±0.8(lumi) fb 
NLO prediction 30.0±2.1 fb 



• ATLAS Upgrades 
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ATLAS Upgrade Timelines 
2010 2011 2012 2013 2014 2015 2016 2017  2018  2019  2020 2021 2022 2023 2024 2025 .. 2035 

Phase 0 upgrade: 
Consolidation, √s=13-14 TeV, 
25nsec bunch spacing, 
L≈1x1034 cm-2s-1 (µ≈30) 
∫L ≈ 100 fb-1 

• New insertable pixel b-
layer (IBL) 

• New Al beam pipe 
• New pixel services 
• New evaporative 

cooling plant 
• Consolidation 

(calorimeter power 
supplies) 

• Neutron Shielding 
• Finish EE muons 

installation 
• Upgrade magnet cryo 

Phase 1 upgrade: 
Ultimate luminosity 
L≈2x1034 cm-2s-1 (µ≈60) 
∫L ≈ 300 fb-1 

• New Muon Small 
Wheel (NSW) 

• High Precision 
Calorimeter Level-1 
Trigger 

• Fast Track Trigger 
(FTK) 

• Topological Level-1 
Trigger Processor 

• (New forward 
diffractive physics 
detectors AFP) 

Phase 2 upgrade: 
 

L ≈ 7x1034 cm-2s-1 (µ≈150) 
∫L ≈ 3000 fb-1 

• All new Tracking 
Inner Detector 

• Calorimeter 
Electronics 
Upgrades 

• Muon system 
upgrades (big 
wheels) 

• Level-1 track trigger 
• New forward 

calorimeters 
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Phase-1: New Muon Small Wheel 
• Replace muon small wheels 

with improved granularity / 
tracking 

• Maintain low muon pT 
thresholds at highest rates 

– ≈ 1/6 rate for 1.3 < |η| < 2.5 
with nominal pT thresholds 
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ORIGINAL 

WITH NSW 



Phase-1: New Muon Small Wheel 
• Mechanics: 

– Construction of New JD and 
mechanical Structure (10 Mt 
Diameter,~100 T) 

• Detectors:  
– 16x2 Sectors each 

consisting of 2 MicroMegas 
(MM) and 2 sTGC Wedges 

• Electronics: 
– 4 Different ASICS + 5 

electronics  cards 
– sTGC Pad Trigger 
– New Trigger Processor  
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Greek Participation in the NSW 
• Thessaloniki, NTU Athens & 

University of Athens: 
– major responsibilities for 

original ATLAS muon chamber 
construction (BI chambers) 

• Strong engagement continues for 
the NSW 
– NTUA is in charge of 

designing, implementing and 
producing the L1DDC 
electronics which interfaces 
the detector front-end cards 

• both Micromegas and 
sTGC 

• Thessaloniki is responsible for 
construction of 1 of the 4 
Micromegas chamber 
• Collaboration with Dubna & 

CERN 
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Micromegas construction in Thessaloniki 
• Quadruplet construction methods developed at 

CERN by Thessaloniki, Dubna and CERN 
• Module-0 prototype nearing completion 

 
In Parallel 
• Clean room in Thessaloniki has been set up 
• Mesh stretching tooling and method has been 

established and is ready for use 
• Assembly tooling table is under production 

 
Next Steps 
• Thessaloniki team will do the chamber 

production – engineer + physicts + techs + 
students 
 

• Major and critical activity over the next 2 years, 
completing ~100 drift panels 
 

• Significant logistics – ATLAS counts on AUTH 
administration support to have succeed in this 
critical part of the project ! 
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• Current ATLAS status 
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2016 Startup 
• Running with stable beams 
• Moving to intensity ramp 
• Expect further “scrubbing” 
• 12/05/2016: 

– Intensity ramp now at 600 bunches 
– ATLAS: 0.13 fb-1 @ 92% Eff. 

• Luminosity ramp continues 
– Eventually > 2000 bunches 

 

2016-May-12 Rob McPherson       University of Victoria / IPP 51 



• Summary 
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Wrap-up 
• Huge physics output with 2015 data 
• 2016 starting out well.   
• Run-2 & Run-3 will see the last large increase in 

direct energy reach from any project for the 
foreseeable future 
– Entering into the critical new physics discovery 

window of the LHC program 
• Preparing for precision physics at the TeV-scale 

@ LHC Run-4 (beyond 2025) 
– ATLAS and LHC upgrades ongoing and 

ramping 
• Intense and fun few years/decades coming up  
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• Additional Material 
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√s = 13 TeV: cross sections 
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Proton-Proton Plans for 2016 

• Stable Operations 
• Electron Cloud control 
• 13 TeV, β* = 40 cm 
• 25 nsec bunch 

separation, 2748 
bunches with 228 bunch 
trains 
– May need to reduce to 

72 due to SPS beam 
dump 

• Push availability and 
efficiency 
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180 institutions across 38 countries 
≈ 2900 scientific authors 

≈  1900 with PhD  
≈  1000 students 



Endcap toroid C: back in position 
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Trackers installed in AFP pots 
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First events seen by AFP 



2015-2016 Shutdown: Forward Detectors 

• AFP 
– Infrastructure installed 
– Two stations equipped with tracking system 

• ALFA 
– Maintenance done on fans and pumps 
– Noisy electronics changed, DCS/TDAQ upgraded 

• LUCID 
– 4+4 PMTs replaced with 207Bi calibrationed PMTs 
– TDAQ upgrades 

• ZDC 
– Detectors refurbished 
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2015-2016 Shutdown: TDAQ 

• 168 x 64-bit single-board computers installed 
• Hardware-based region-of-interest builders 

replaced with commodity hardware 
• Upgrades for 100 kHz  Level-1 
• During 2016 run: 

– Commission Tile-Muon coincidence 
– Increase complexity of new Topological-

processor 
 

• TDAQ fully ready for √s=13 TeV and 
L=1034cm-2s-1 
2016-May-12 Rob McPherson       University of Victoria / IPP 62 



Software and Computing 
• Software releases 

– 2015: 20.1 
• New analysis model 

– 2016: 20.7 
• Also 2015 data/MC 

reprocessing 
• Improve robustness 

– 2017/2018: 21 
• Many improvements for 

full Run-2 analysis 
• Also foundation for fully 

multithreaded framework 
2016-May-12 Rob McPherson       University of Victoria / IPP 63 

New formats 

Old format 

Ev
en

ts
 a

cc
es

se
d 

pe
r 

da
y 

20 billion 

10 billion 

reprocessing 
Jo

b 
sl

ot
s 

in
 u

se
 

250k 



2015 Data Papers Already Submitted 
• Published/accepted 

 Observation of long-range elliptic anisotropies in √s=13 and 2.76 TeV pp collisions... 
 Search for New Phenomena in Dijet Mass and Angular Distributions... 
 Search for strong gravity in multijet final states... 
 Measurement of the ZZ Production Cross Section... 
 Search for new phenomena with photon+jet events... 
 Search for new phenomena in final states with large jet multiplicities and missing 

transverse momentum... 
 Search for supersymmetry ... in final states with jets and two same-sign leptons or three 

leptons... 
• Submitted 

 Charged-particle distributions... 
 Muon reconstruction performance... 
 Search for resonances in the mass distribution of jet pairs with one or two jets identified 

as b-jets... 
 Measurement of W and Z-boson production cross sections... 
 Search for charged Higgs bosons in the H±→τν decay channel in fully hadronic final 

states... 
 Search for new phenomena in events with a photon and missing transverse momentum.... 
 Search for metastable heavy charged particles with large ionisation energy loss... 

• Additional 2015 data papers in collaboration review 64 



Phase-1 Upgrades 
• ATLAS Phase-1 

upgrades includes 
five main projects 
– New Muon Small Wheel 

(NSW) 
– LAr Calorimeter 

Electronics 
– Fast Track Trigger (FTK) 
– TDAQ Phase-1 
– ATLAS Forward Protons 

(AFP) 
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Phase-1: New Muon Small Wheel 
• Construction: 

– Almost all sites active 
– First Module 0s being 

produced 
• CERN Integration: 

– Infrastructure being 
deployed 

• 3 ASICs expected mid July 
• Front End boards: ~ 1 year 
• 1 MHz readout: 

– Being integrated 
(significant changes) 

• Very good progress 
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Phase-1: LAr Electronics 

• LAr trigger electronics 
modified to increase 
granularity in L1Calo 

• Control e/γ trigger rate a 
high luminosity 
– Many new electronics 

boards 
– Demonstrator installed 

for 2015 
– Prototype with final 

components during 2016 
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Simulation 
70 GeV e 



Phase-1: LAr Electronics 
• Upgrade to use offline granularity in 

L1 trigger 
• Demonstrator board used in 2015 
• New baseplanes, circuit boards 

progressing well 
• Front-end boards 

– Good preliminary results 
– Might need backup for “LOCx2” 

• Back-end boards 
– Successful integration tests 

• Front-end – Back-end  
– Integration early 2017 
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Phase-1: Fast Track Trigger 
• FTK performs pattern recognition and track fitting 

extensively using FPGA and Associative Memories (AM) 
– All boards in production except Associative Memory Board 

(AMB) 
– First AM06 ASICS will be delivered shortly and after testing it, 

AM Boards production will start 
– initial installation with enough processing power to cover the 

barrel for mu<40 around May 2016 
– further processing power will be installed staged 
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Phase-1: Fast Track Trigger 
• Major step ahead 

– Delivery of “AM06” chip 
– Good yield (83-89%) 

• FTK Barrel 
– Aim to have all HW at CERN 

in July 
• FTK Card integration 

– On-going and time critical 
• P1 Integration  

– Progressing well 
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Phase-1: Trigger-DAQ 

• L1Muon endcap and 
barrel progressing 
– Many boards delivered 

and under test 
• L1Calo 

– Prototypes being 
manufactured 

– Readout Driver prototype 
under test 

• Link-speed between 
L1Calo and detectors 
– Re-baselined at 11.2 Gb/s 
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Phase-2 Upgrades for HL-LHC 
• Main emphasis in 2016 

– R&D continues to establish technical designs 
– Initial Design Reviews (IDRs) 
– Key decisions on remaining options 
– First technical design report (TDR) for the ITk 

strips 
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Ongoing R&D 
• Prototyping, design, engineering 

– Especially ITk, muons, FCal 
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Reviews 
• Initial Design Review, IDR:  

– overall performance and technical requirements 
• Technical Design Review, TDR: 

– Full technical design and contribution breakdown 
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TDAQ Phase-2 in 2016 
• With muon inner-barrel electronics replacement, a simpler 1 MHz 

readout architecture would become possible 
 Considering: L0-only scheme 

• Decision targeted in summer 2016, after TDAQ IDR review 
complete 

• TDAQ TDR is scheduled at the end of 2017, as late as possible 
within the constraint to keep all TDRs within 2016/7 
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Muon Phase-2 in 2016 
• Muon key decisions 

 Scope and details of barrel-inner (BI) 
region (big potential to improve 
trigger) 
 Replacement and technology of 

new detectors 
 Trigger upgrade options, including 

big-wheel innermost region 
 Review panel is in place, meeting 

weekly 
• Aiming for decision in early summer, 

to present a single choice in IDR in 
early autumn 
 

• TDR planned one year after IDR, in 
June 2017 
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LAr Phase-2 in 2016 
• Largest cost is to replace readout electronics – R&D on-

track here without major decision points in 2016 
 

• Key decision: sFCal replacement 
 Risk of FCal during HL-LHC (ion build-up) 
 Risk assessment of replacement 

 ALARA, mechanical risks 
 Performance improvement studies critical 

 
• Targeting June 2016 decision point 

 
• LAr IDR targeted for autumn 2016, TDR one year later in 

Sept 2017 
 

• High-granularity timing detector (HGTD) decision point is 
under discussion, active R&D programme 
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ITk Phase-2 in 2016 
• Layout: beyond LoI layout (Scoping Document) 

 Strip baseline has 4 barrel layers and 6 disks 
 Pixel barrel, baseline 5 layers 
 Main layout optimisation is in pixel forward 

region, 2<|η|<4 
 Decision milestone set to June 2016, required 

for Strip TDR at end of 2016 and for sFCal 
decision 

 Further refinement of forward pixel layout will 
follow (for Pixel TDR) 

• TDR planned in two parts 
 First (“Strip TDR”) will include full conceptual 

design of ITk plus much more (TDR level) for 
strip tracker and other available parts 

 Second (“Pixel TDR”) will provide TDR-level 
description of pixels plus remaining items 

• The two TDRs are targeting December 2016 and 
December 2017 
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• Long Term LHC? 
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Higher Energy in the LHC Tunnel 
• Working group on pushing LHC energy 

– Design: 14 TeV 
– Ultimate: 15—16 TeV (max dipole field ≈ 9.5 T) 
– Beyond: eg, replace 1/3 of dipoles with 11 T Nb3Sn magnets 

• HE-LHC (part of FCC study): ≈ 16 T magnets, √s = 28 TeV 
– Can be built at constant CERN budget 
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