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ATLAS and CMS – 25 Year Anniversary of LoI
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Outline of the Talk
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LHC
Where do we stand today (LHC and Experiments)?
What are the expectations for an integrated luminosity of 
300 fb-1 (original design goal)?

HL-LHC
What are the upgrades to the experiments?
What are the expectations for an integrated luminosity 
3000 fb-1(HL-LHC design goal)?



The LHC Accelerator is Operating Superbly
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Much progress has been made in the recent years
High machine availability (up to ∼ 50%)
High luminosity lifetime 
High peak luminosity (reached >1.7 1034 cm-2s-1)
More bunches, higher bunch intensity, stronger focussing

24.98 fb-1

23.22 fb-1

8.32 pb-1

914.21 pb-1

 mid-Sept.17 



So are the experiments ….. 

Di-muons
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1960 1974 1977 1983

50 years of Particle Physics 

example from CMS
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So are the experiments …
§ Precision measurement of the BS

0–BS
0 Oscillation frequency 

(equivalent to mass difference ΔmS of the BS
0 mass eigenstates). 

§ Using 34k BsàDS
−π+ decays

LHCb: NJP 15(2013)053021ΔmS = 17.768±0.023(stat)±0.006(syst) ps-1 

example from LHCb



And making superb measurements (1)
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The Standard Model Reigns Supreme!



And making superb measurements (2)
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W Mass: First LHC Measurement

m
W

= 80370± 7(stat)± 11(exp sys)± 14(modelling sys) MeV

= 80370± 19 MeV

• Use low pile-up
p
s = 7 TeV data

I Huge e↵ort to control systematic uncertainties
• Uncertainty comparable to previous best measurement from CDF
• Expect future improvements

I Larger statistics 8 TeV and 13 TeV samples

I Reduction of modelling uncertainies (theory and W kinematics (eg pW

T

)

• But higher pileup will be a challenge!

arXiv:1701.07240 17 / 26

MW = 80.358±0.008 GeV
mW

Electroweak Fit

Z

W mT



And making superb measurements (3)
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Legacy - Run I 
CMS+LHCb

T. Blake

Bs→!+!−

• Recent LHCb analysis using run 1 and 2 data (3fb-1 +1.4fb-1) provided 
the first single experiment observation ofBs→!+!− at more than 7". 
[LHCb, PRL 118 (2017) 191801]
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Candidates at large BDT response
LHCb alone: >7σ

… and did away with many 
hopes for signs of NewPhys

  

                                     

Bs→μμ in NP theories                                

9/22                                                                                                                                                              S.Gori

Generically, sizable NP effects are expected in Beyond the SM theories:

Pre-LHC, 2011

Straub, 1107.0266

b

s

(cancelation of the helicity suppression, m
μ
/m

Bs
)

What’s left:

Flavor Physics: rare processes 

SM MSSM
+NP?

P. Sphicas Summary EPS 2017



And making superb measurements (4)
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Charles Gale

RECENT PROGRESS IN THE HYDRO AS A 
CHARACTERIZATION TOOL  
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Beyond spectra: Quantifying asymmetries

Anisotropies in coordinate space generate those in momentum space 

Charles Gale
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Beyond spectra: Quantifying asymmetries

Anisotropies in coordinate space generate those in momentum space 

16 Wei Li (Rice) LHCP 2014 

Higher-order deformation of initial state 

Initial �QGP shape� includes higher multipole components"

ε2" ε3" ε4" ε5"+! +! +!=! +...!

cos2Δϕ" cos3Δϕ" cos4Δϕ" cos5Δϕ"

Multipole expansion

“One fluid to rule them all” Charm flows too

pp pPb PbPb

Heavy Ions: collectivity (flows)

P. Sphicas Summary EPS 2017



Making Discoveries: 
Run 1 Legacy Results: H → bosons
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ATLAS: H→ 2γ Channel CMS: H→Z→4l  Channel 

Sign/Exp Exp Obs
ATLAS 6.2 σ 8.1 σ
CMS 6.3 σ 6.5 σ

Sign/Exp Exp Obs
ATLAS 4.6 σ 5.2 σ
CMS 5.3 σ 5.6 σ

Phys. Rev. D90 (2014) 112015.  Phys. Rev. D89 (2014) 092007  



Making Discoveries: 
Run 1 Legacy Results: H → bosons
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Paper on Avalanche Photodiodes
E. Lorentz et al., 

Max Planck Institute, Munich
MPI-PHE-93-23 (1993)

CMS: H→ 2γ Channel 

EPJC (2014) 74:3076



Higgs boson: Legacy Measurements
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Signal Strength
Ratio of measured rate and the SM expectation

ATLAS+CMS
Ratio = 1.09 ± 0.11

JHEP08 (2016) 045 

Within errors the found Higgs boson looks very much like the SM one



Search for the Standard Model Higgs Boson  
and LHC Experiment Design
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The possibility of detection of the SM Higgs boson over the wide 
mass range, and its diverse manifestations, played a crucial role in 
the conceptual design of the ATLAS and CMS experiments 

Search for a low mass Higgs boson (e.g. H→γγ,  H→ZZ→4l) placed 
stringent performance requirements on ATLAS and CMS detectors 
(especially Tracker momentum and ECAL energy resolution).

Natural Width   0.01        1      10        100   GeV 

Plot
from the 90’s

Natural width 
Γ ~ h/τ  

16



SUSY Searches at the LHC
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L



Not yet discovering: Supersymmetry
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LHC Physics 54P. Sphicas/ICHEP2002

SUSY SummarySUSY Summary
■ SUSY discovery (should be) easy and fast

◆ Expect very large yield of events in clean signatures (dilepton, 
diphoton).

● Establishing mass scale is also easy (Meff)

■ Squarks and gluinos can be discovered over very 
large range in SUGRA space (M0,M1/2)~(2,1)TeV
◆ Discovery of charginos/neutralinos depends on model
◆ Sleptons difficult if mass > 300 GeV
◆ Evaluation of new benchmarks (given LEP, cosmology etc) in 

progress

■ Measurements: mass differences from edges, squark 
and gluino masses from combinatorics

■ Can extract SYSY parameters with ~(1-10)% accuracy

In 2012, we found a Higgs 
boson at 125 GeV…

3

Introduction

Simplified Models Specific SUSY Models (CMSSM)

No significant signals found  → have presented SUSY limits in:

What is the impact of the full set of ATLAS 
searches on a broader set of SUSY models?

SUSY 
should have 

been here 

P. Sphicas EPS 2017



Alas – SUSY has not turned up yet …

MPI 100 Oct17 tsv 19

Inclusive 
Searches

3rd Gen
Direct

EW Direct

Long-lived

RPV

3rd Gen  
gluino med.



20

Search for Heavy (Z’) bosons at the LHC
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No evidence for BSM physics has been found so far.
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Mono-jet/Mono-V Mono-Photon Mono-Z(ll) 
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Mono-Z ATLAS very similar



Direct Detection experiments and collider are complementary! 
They probe different regions of the relevant parameter space!  

Projections for Future Experiments: σ vs MDM

Can be also shown in the σ vs MDM plane …  
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Non-SUSY BSM: vast, simply vast ….
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Exotics models  

Long-lived 
(SUSY or not) 
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Moving Forward 
Should we really expect new physics?



Matter-antimatter asymmetry

Moving Forward 
Should we really expect new physics ?

25

Ample observational evidence for physics Beyond the SM

Dark Matter 

The lightness of the Higgs boson?

νe
νµ

ντ

Neutrino mass (oscillations)

a QM phenomenon

2015

MPI 100 Oct17 tsv



Physics Outlook: Questions for the LHC
1. SM contains too many apparently arbitrary features - presumably these 
should become clearer as we make progress towards a unified theory.
ü  2. Clarify the e-w symmetry breaking sector
SM has an unproven element: the generation of mass
Higgs mechanism ->? or other physics ?
Answer will be found at LHC energies
3. SM gives nonsense at LHC energies
Probability of some processes becomes greater than 1 !! Nature’s slap on the wrist!
Higgs mechanism provides a possible solution

5. Search for new physics at the TeV scale  
SM is logically incomplete – does not incorporate gravity 
Superstring theory adramatic concepts: supersymmetry , extra space-time 
dimensions ? 

e.g. why Mγ = 0 
MW, MZ ~ 100,000 MeV!

4. Identify particles that make up Dark Matter
Even if the Higgs boson is found all is not completely well with SM alone: 
next question is “Why is (Higgs) mass so low”? �
If a new symmetry (Supersymmetry) is the answer, it must show up at O(1TeV)

MPI 100 Oct17 tsv

Transparency from 
the early 90’s

26



What makes it worthwhile to continue 
physics exploitation of an accelerator?
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1.  Higher centre-of-mass Energy  
LHC is now running at 13 TeV (~ twice the energy of Run 1)

2.  Higher Integrated Luminosity  
From mid-2020s LHC will examine 10 times the number of 
p-p collisions previously examined.

3.  Qualitatively better detectors

World’s Topmost Priority in Particle Physics 
exploitation of the full potential of the LHC

High luminosity upgrade of the machine and detectors with a view to 
collecting ten times more data than in the initial design 



“SLHC” Started a Long Time Ago
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Jan 2001

EPJC39 (2005) 293 

Apr 2002



Physics Thrust for HL-LHC: Energy Frontier
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S. Cittolin

Physics should drive technical choices
1.  Higgs boson and EWSB physics
•  Experimentally → make precision (aka sensitive) 

measurements of the properties (couplings etc.) 
and self couplings in a new sector

•  Theoretically → are precise predictions (~1%) 
possible 

2. Search for physics beyond the SM
•  Extend mass reach for possible high mas objects predicted by BSM
•  Dark matter & weakly interacting BSM phenomena
•  Ensure coverage and sensitivity to elusive signatures

3. Precision (sensitive) SM measurements
•  Look for (significant) deviation from SM predictions
•  Intrinsic value of knowledge acquired independent of discovery



Physics Thrust for HL-LHC: Flavour
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LHCb : Searching for new physics via precision measurements 
Also contributions from ATLAS and CMS 
CP violation 
 
 
 
 
 
Rare decays and friends 
 
 
 
 
 
 
Continue to explore frontiers of spectroscopy (pentaquarks, doubly 
heavy baryons…) 

•  Reduce uncertainty on Unitarity Triangle angle γ to ~1o 
•  Probe Bs sector ever more precisely, in particular phase φs in Bs→J/Ψφ etc. 
    (analogue of sin2β in B0 system), down to <0.01 rad 
•  Intensify search for CPV in charm 

•  Increase precision on BR(Bs→µµ) and aim to observe B0→µµ 
•  Full exploration of rich wealth of observables in electroweak Penguins 
    (e.g. B0→K*µµ).  Elucidation of many puzzles in this area (P5’, RK, R K* etc.) 
•  Continue to explore Lepton Universality Violation in B→D*τν etc. (current 

tension with SM ~ 4 sigma).  Remarkably, prospects at least as good as Belle II. 

Guy Wilkinson



Physics Thrust for HL-LHC: Extreme Matter
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Heavy quark interaction in QCD medium
heavy flavour dynamics and hadronisation at low pT

high precision measurement of RAA and vn of charm and beauty 
Charmonium regeneration in QGP
charmonium down to zero pT

Chiral symmetry restoration and QGP radiation
vector mesons and virtual thermal photons (di-leptons)
Production of nuclei in QGP 
high-precision measurement of light nuclei and exotic states
Deconfinement
charmonium and bottomium spectroscopy
Energy loss of parton in QGP
jet quenching, high pT spectra, open charm and beauty
Tapan Nayak



Guidance for HL-LHC: Energy Frontier 
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Instantaneous Luminosity x 5   (much higher pileup !!!)
Integrated Luminosity   x 10 (higher radiation levels!!!)

1.  Higgs boson and EWSB physics
2.  Search for physics beyond the SM
3.  Precision (sensitive) SM measurements

The guidance implies the following:
Preserve (and possibly improve), at today’s values, 
      trigger thresholds 
      reconstruction and identification efficiencies (granularity)
      energy/momentum/mass resolutions

All at factor of 5 larger pileup !



Translation to Detector Design
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New higher granularity more radiation hard inner trackers 
ATLAS & CMS – factor ~10 more channels with sensors and electronics 
that can withstand doses of up to 500 Mrad and fluences of 1016  n/cm2

LHCb – new Velo with pixels, new SciFi tracker
ALICE  - new pixels detector and new (lower deadtime) readout for TPC
Replacement of components affected by radiation
ATLAS/CMS – endcap calorimeters (CMS’ needs replacement)
Higher bandwidth L1 triggers and DAQ
Introduce Track Triggers in L1
Higher L1 output rate [e.g. ATLAS/CMS 100→750kHz and latency (>10µs)] 
– new trigger processors (ASICs → FPGAs).
DAQ recording rate 1000→10k evts/s
Replacement of front-end electronics
Deal with higher rates, longer pipelines (e.g. ATLAS/CMS >10 us), 
LHCb – deal with 40MHz L1 trigger 
Introduction of precision timing
Vertex localization and pileup suppression
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P. Allport EPS 2017
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New Tracker 
•  Rad. tolerant - increased granularity - lighter
•  Tracks (pT≥2 GeV) in hardware trigger (L1)
•  Extended coverage to  η ≃ 4

Trigger/HLT/DAQ
•  Tracks (pT≥2 GeV) in hardware trigger (L1)
•  Trigger latency 12.5 µs, output rate 750 kHz
•  HLT output 7.5 kHz 

New Endcap Calorimeters 
•  Rad. tolerant - increased transverse 

and longitudinal segmentation
•  intrinsic precise timing capability 

Barrel EM calorimeter 
•  New FE/BE electronics 
•  Lower operating temperature (8∘C) 

Muon systems
•  New DT & CSC fe/be electronics
•  Complete RPC coverage 1.5<η<2.4
•  GEMs:  GE1/1, GE2/1, ME0

Beam radiation and luminosity
Common systems &infrastructure

Example: CMS Upgrades for Phase II

MPI 100 Oct17 tsv

MIP Timing Layer (barrel & 
endcap) in TP stage



Example Event: VBF Hèγγ - a VBF Jet
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Event Display (VBF H→γγ)
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Pileup <140>

VBF Jet 

γ



Event Display of VBF Jets (VBF H→γγ)
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Standalone simulation:  Taking Slices through ECAL section

ΔR~0.2



Event Display of VBF Jets (VBF H→γγ)
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Standalone simulation:  Taking Slices through Si- HCAL section

ΔR~0.2



Performance: Level-1 Trigger
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Jet-Trigger  Endcap region

single jet
jet

Considerable power lies in the selection of events with difficult signatures 
e.g. selection at L1 of VBF topologies without any requirement in the 
central region.



LHC/HL-LHC Plan
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FAV = Fabrication, Assembly and Verification 

today
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From Today to End of HL-LHC

G. SalamToday
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What will the LHC (and HL-LHC) Bring?
P. Meridiani EPS 2017
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Higgs boson Events in Numbers
Numbers of events at √s=14 TeV for 3000 fb-1

Process No. Evts (M)
gg→ H 145
VBF 13
WH 5
ZH 2.5
ttH 1.8

•  Higher statistics allows categorization (selection) of signal regions 
with higher S/B, regions where the systematics are better controlled, 

•  The balance between statistical and systematic errors changed

•  The precision of theoretical calculations/prediction need improving.
•  Are 1% theoretical predictions possible at a hadron collider?
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Calculations: Great progress in recent years

G. Salam



What will the LHC (and HL-LHC) Bring?
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HH : within factor 20 of SM→HL-LHC 

Paolo Meridiani

2ND GENERATION COUPLING

31

H➝μμ: probing 2nd generation Yukawa 
coupling (BR 2.18E-4) 

ATLAS+CMS combination sensitivity ~2σ 
by the end of Run2 

ATLAS arXiv:1705.04582

ATLAS Run1 + 36fb-1 @ 13 TeV:  
σ/σSM<2.7 @ 95%CL (2.8 exp) 

~200 signal events

H→µµ: same

Paolo Meridiani

DOUBLE HIGGS PRODUCTION

33

bbbb largest statistics 

bb(ɣɣ,!!) good compromise 
between statistics and S/B 

Main probe for trilinear Higgs coupling λHHH. Diagrams interfere destructively in SM 

Y
ie

ld

S/
B

Yt

Yt

�

A large matrix of final states  

sensitive to possible BSM contributions

Paolo Meridiani

DOUBLE HIGGS PRODUCTION
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between statistics and S/B 
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Y
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Yt

�

A large matrix of final states  

sensitive to possible BSM contributions

H➝ρɣ & H➝φɣ: couplings to light quarks 

Paolo Meridiani

RARE DECAY STATUS

35

Searches for rare decays: observation would imply BSM

Process σ/σSM (95% CL)  

H➝Zɣ (ATLAS) 
36fb-1@ 13 TeV <6.6

H➝Zɣ (CMS) 
Run1 <9

H➝ɣ*ɣ (CMS) 
Run1 <7.7

H➝J/Ψɣ (ATLAS) 
Run1 <540

H➝J/Ψɣ (CMS) 
Run1 <540

H➝ρɣ (ATLAS) 
36 fb-1 @ 13 TeV <52

H➝φɣ (ATLAS) 
36 fb-1 @ 13 TeV <208

H➝ee (CMS) 
Run1 <~105

36 fb-1 

H➝Zɣ, H➝ɣ*ɣ: access BSM in loops 

H➝J/Ψɣ: coupling to charm 

Run2

Run1

Rare decays…

P. Sphicas EPS 2017

CMS projections
σ(m)µµ: 40% better
εµµ: 20% better
5% Hµµ coupling
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What will the LHC (and HL-LHC) Bring?

G. Salam
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What will the LHC (and HL-LHC) Bring?
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What will the LHC (and HL-LHC) Bring?

W±W±!  5.3σ!

Observation of EW Boson Scattering

• Observation of Vector Boson Scattering a milestone in studies of EW
Sector

• S:N for EW:QED production for same-sign W scattering
I First 5� observation of W±W±jj EWK production
I Discriminating variable: m

jj

• First studies of ZZjj EWK production
I Larger contributions from Strong production in this channel

• Rich program of precision measurements anticipated with larger datasets
available in the future

25 / 26

J.Chang et al arXiv 1303.6335



Physics Thrust for HL-LHC: Flavour
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LHCb Selected performance plots 

Run 1

Future



Physics Thrust for HL-LHC: Extreme Matter
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ALICE: Pb-Pb integrated luminosities 
Run1+2   Up to 2018:    1 nb-1

Run 3      2012-2023:     6 nb-1

Run 4      2026-2029      7 nb-1

ALICE

High pT probes   
•  Upsilon suppression
•  γ, Z jet quenching, 

fragmentation
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Not yet discovering: Supersymmetry
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P. Sphicas 
Searches for Physics BSM 

Natural relationship between Higgs & SUSY  
■  “We will always have the stop” (top squark) 

■  Previous limits not applicable, due to (expected) 
different decays of the stop 

■  Previous limits not applicable when MET is small 
(Compressed spectra; or even zero? RP violation?!?) 

■  Other signatures that would have (easily!) escaped? 
Feb 28, 2017 

Seminar EKPA 56 

m(t1) > 950 GeV

P. Sphicas EPS 2017
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Axial-Vector Mediator
gSM=gDM=1

DARWIN 200 ton yr 
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Heavy Objects: Mass Reach



Summary
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§ The LHC Accelerator and its Experiments are “Marvels of Technology”
§ At the LHC a “massive” discovery of the Higgs boson has been made. 
The boson appears just to be the one predicted by the SM. Its properties are 
now being studied in great detail.
§  Superb measurement from all LHC experiments.
§  No evidence found yet of physics BSM. The Standard Model with a single 
“elementary” scalar doublet seems to work well (too well). 

§  Discovery of Higgs boson is just the start of the exploration of the Terascale. 
§  LHC is the only frontier accelerator we have. So incumbent upon us to 
exploit its full potential. To do so the accelerator and the detectors are being 
upgraded for the HL-LHC phase (to give a factor ten increase in the integrated 
luminosity over the original design).
§  The detectors are likely to be more powerful than ever.
§  Ahead is a suite of precision measurements (in the Higgs sector, SM), 
and the search for new physics.
§  What further discoveries await us?


