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Colliding Protons in the Experiments

... at a rate of 40 million events per second
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The ATLAS Detector as a “Camera”

the detector has has about 90 million channels,
2.5 MB per event at a rate of 40 MHz (!)
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• LHC is a high energy and high 
luminosity proton-proton collider
➡ design centre-of-mass energy is 14 TeV and     

design luminosity is ℒ = 1034 cm-2s-1

➡ !rst collider to reach energy regime of                   
high energy cosmic rays (HECR)

➡ expect ~23 p-p collisions at a bunch crossing 
frequency of 40 MHz (!)

• LHC is a unique machine
➡ !rst collider to explore the physics at the TeV scale
➡ excellent sensitivity to rare (new physics) processes

•expected production cross-sections
➡ large inclusive b, W/Z and top production rates

• LHC is a combined b-, W/Z- and top-factory
➡ cross-section for jet and W/Z production orders of 

magnitude larger than e.g. expected for Higgs
➡ total cross-section dominated by soft interactions

Introduction: LHC
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W.J. Stirling, private communication
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Introduction: LHC Physics Programme
•proton-proton programme:

I. mass and electroweak symmetry breaking
• search for the Higgs Boson, measurement of its 

properties
II. hierarchy in the TeV domain 

• search for new phenomena moderating the hierarchy 
problem 

• search for the unexpected at the high-energy frontier
III.electroweak uni!cation and strong interactions 

• precision measurements (mtop, MW) and tests of the 
Standard Model 

• tests of perturbative QCD at the high-energy frontier
IV. "avour

• B-,D-mixing, rare decays and CP violation as tests of 
the Standard Model

•heavy ion programme: (not covered here)

➡ study quark-gluon plasma in Pb+Pb collisions at up to 
5.5 TeV per colliding nucleon

7

Peter Higgs visiting CERN in 2008
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Marrakech:   Andi, Andreas, Daniel, me, Heather

Month in Year
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LHC Run-1 from 2010 until 2012
•!rst LHC running period
➡ 2010+2011at 7 TeV and 8 TeV in 2012
➡ increase in centre-of mass energy yields 

increase in parton luminosity, especially   
for large MX processes

➡ but jet, W/Z and top cross-sections scale 
fast, background for new physics searches

•outstanding LHC performance
➡ peak luminosity of 7.7 ×1033 cm-2s-1 with  

half the number of bunches
➡ more than 25 fb-1 in total recorded in Run-1

• currently in 2 year shutdown
➡ restart in 2015 at 13-14 TeV

•presented in the following
➡ 7 TeV and latest 8 TeV physics results
➡ status mostly summer 2013

8

integrated luminosities

ratio of parton 
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Marrakech:   Andi, Andreas, Daniel, me, Heather
Raw ΣET~2 TeV 
14 jets with ET>40 
Estimated  PU~50 
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High Luminosity comes at a Price

• typical LHC event in 2012
➡ large number of interactions in 1 event

• so-called event “pileup”
➡ exceeding detector design levels (!)

• challenge for the experiments
➡ detector (including readout)
➡ trigger: select interesting interactions, 

keeping acceptable total rate
➡ data volume: from the detector recorded 

on tape and to be processed/analyzed on 
computing GRID worldwide

➡ reconstruction and analysis: make sense 
out of these very complex events and 
extracting interesting physics information

• let’s look at processing chain
➡ how do we deal with all the data ?

zoom onto interaction region

9

LHC design
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Marrakech:   Andi, Andreas, Daniel, me, Heather

Basics: Event Reconstruction “in a Nutshell”
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Basics: Event Reconstruction “in a Nutshell”
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• typical HEP detector
➡ tracker to measure 

charged particles
➡ e.m. and hadronic 

calorimeter to measure 
energy of particles (jets)

➡ muon spectrometer to 
detect muons penetrating 
the rest of the detector

Jet
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Marrakech:   Andi, Andreas, Daniel, me, Heather

Basics: Event Reconstruction “in a Nutshell”
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• reconstruction of 
particles produced     
in p-p interactions
➡ pattern recognition 

combines information      
from different detectors

Jet
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In Reality ?

H→ZZ*→4μ candidate

... a bit more complicated
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•event selection during data taking - the Trigger
➡ experiments produced ~ 10 PB of raw data every year during Run-1

ATLAS detektor
Level-1 Trigger:
special electronics

Level-2+3 Trigger:
software, PC farm

40 MHz,  100 TB/s 20 kHz, 50 GB/s 400 Hz , 1 GB/s

Online and Offline Data Processing
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•event selection during data taking - the Trigger
➡ experiments produced ~ 10 PB of raw data every year during Run-1

ATLAS detektor
Level-1 Trigger:
special electronics

Level-2+3 Trigger:
software, PC farm

40 MHz,  100 TB/s 20 kHz, 50 GB/s 400 Hz , 1 GB/s

Online and Offline Data Processing

•event reconstruction
➡ sophisticated pattern recognition algorithms

• especially for  track reconstruction
➡ Trigger:  only Regions of Interests (RoI)
➡ Offline:   full event reconstruction

•CPU limited due to pileup (!)

New  Tracking

A Salzburger / Artemis School on Calibration and performance of ATLAS detectors / ID reconstruction - part I /  16-09-2008  

NEWT now
ATLAS Atlantis cosmics

ATLAS Atlantis    Event: JiveXML_2102311_00227   Run: 2102311   Event: 227
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Trigger Selection Strategy

• total p-p cross section
➡ dominated by soft interactions (QCD)

•W,Z,top,Higgs production
➡ orders of magnitude smaller cross section
➡ events with high pT  jets/e/μ/τ/γ or missing ET

• they de!ne Regions of Interests (RoI) in events

•Trigger strategy:
➡ Level-1: (special) fast readout, search for candidates
➡ Level-2: partial event readout to reconstruct RoIs
➡ Level-3: full event building and use offline software

13

W.J. Stirling, private communication
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➡ minimize data movement
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stored for offline processing
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Marrakech:   Andi, Andreas, Daniel, me, Heather

LHC Raw Data vs Commercial World
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Marrakech:   Andi, Andreas, Daniel, me, Heather

➡ LHC total data volume not so different from Google and Facebook              
(@ science budget)

LHC Raw Data vs Commercial World

14
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• real data processing chain

➡ output of reconstruction input to analysis
➡ next step is data reduction in group analysis
➡ selected data is subject of !nal analysis

Processing and Analysis Model

15

ATLAS data after Trigger

Reconstruction Group Analysis

Final Analysis

physics 
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• complemented by simulation chain

➡ physics generators simulate physics event 
➡ particles tracked through detector simulation
➡ detector response simulated in  digitization

Processing and Analysis Model

15

ATLAS data after Trigger

Reconstruction Group Analysis

Final Analysis
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Detector 
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Processing and Analysis Model

15

CPU Consumption
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The Simulation Chain
•Monte Carlo physics generators
➡ sophisticated modeling of p-p interactions

• proton parton distribution functions (PDFs)
• matrix elements calculations
• fragmentation and particle decay models

➡ used to produce all kinds of physics channels

•very detailed detector simulation
➡ track particles through detector material

• particle transport in b-!eld
• complex geometry model 
• emulate full physics of passage of particles 

through matter (secondaries, showers...)
➡ energy deposits in sensors

•detector digitization
➡ sophisticated emulation of sensor response  

to energy (ionization) signals and of readout
• output “looks like” real data (incl. pileup)

16

model placed volumes

ALICE Root 4.3 M

ATLAS GeoModel 4.8 M

CMS DDD 2.7 M

LHCb LHCb Det.Des. 18.5 M

a “picture” of the ATLAS Pixels

G4 simulation

R

CMS Full Simulation
z
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Computing Model of the Experiments
• tasks of Offline Computing:
➡ reconstruction of raw data events (mainly at Tier-0)

➡ production of large Monte-Carlo (simulated data) samples
• generators for different physics processes
• very detailed simulation of detector response (Geant4)
• same reconstruction applied to Monte-Carlo samples

➡ physics analysis of data sets by research teams

•Worldwide LHC Computing Grid (WLCG)
➡ federation of more than 150 computing centers worldwide

• GRID middleware as common layer, experiment speci!c                             
Production Systems and Data Management Systems

➡ hierarchically organized (Monarc Model):
• Tier-0 at CERN (for prompt reconstruction of raw data taken)

• Tier-1 centers worldwide, regional associated Tier-2 centers
• small Tier-3 farms (for local data analysis at institutes)

➡ data distributed worldwide from CERN
• Tier-1 act as centers for processing of large data sets
• Tier-2 act mainly CPU farms for simulation

17
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WLCG in action 

WLCG

NIKHEF



Markus Elsing

WLCG - truly Worldwide Computing

18

•150 computing centers distributed over 40 countries
➡ 300+ k CPU cores (~ 2M HEP-SPEC-06)

• the biggest site with ~50k CPU cores, 12 Tier-1 with 2-30k CPU cores
➡ each Tier center is small compared to a typical High Performance Centers

• WLCG is optimized for data intensive processing with distributed data, 
services and operation infrastructure

NIKHEF
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Example: ATLAS GRID Statistics

➡ ATLAS: ~ 3 billion raw and 3-5 billion simulation events per year of data taking
19

150 PB on disk

1M jobs/day

150k concurrent jobs running
2013-072012-01

150k concurrent jobs running

2013-07
2012-01 2013-07

1PB data transferred / day

500 TB

2012-07 2013-07
2012-01

150K concurrent jobs running

1M jobs / day

1 PB data transferred / day
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Evolution of WLCG Resources
•upgrades of existing centers
➡ additional resources expected mainly from 

advancements in technologie (CPU or disk)
➡ will not match additional needs in coming years

• todays infrastructure
➡ X86 based, 4 GB per core, commodity type CPU servers
➡ applications running  “event” parallel on separate cores
➡ jobs are send to the data to avoid transfers

• technology is evolving fast
➡ network bandwidth fastest growing resource

• data transfer to remote jobs is less of a problem
• strict Monarc Model no longer necessary
• "exible data placement with data popularity driven 

replication 
➡ modern processors:  vectorization of the applications
➡ “many core” processors like Intel Phi (MIC) or GPGPUs

• much less memory per core !
20
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HEP Applications on modern Processors

•high energy physics applications
➡ optimized for precision and physics performance
➡ more than 10 years of software development

• projects have several 100 developers (students...)
• complex applications, highly specialized

•vectorization (SIMD)
➡ modern processors have long registers

• big potential in vectorizing the code
• requires good  C++ knowledge from developers

➡ experience with auto-vectorization in compiler
• HEP software not easy to optimize

➡ dedicated vectorization of crucial parts of the software
• i.e. Runge-Kutta b-!eld transport of charge particles                  

in simulation and reconstruction
➡ vector libraries for linear algebra or trigonometric 

functions
• optimize data model for complex calculations

21
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Development towards Multi-Threading

• todays applications are “event” parallel
➡ typically 2-4 GB of memory required per core
➡ not yet a problem with commodity CPU servers

• future “many core” processors
➡ much less memory per core
➡ todays applications are problematic

• memory access and bandwidth limits, etc.

• short term developments
➡ multi-threading to reduce memory requirements
➡ applications based on i.e. Intel TBB

• software frameworks support thread parallelism 
• !rst prototype applications exit (CMS, ...)

• in the long term adapt the applications
➡ simulation: dedicated tasks are assigned to cores
➡ GaudiHive framework: parallel processing of individual algorithms

22
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High Performance Computing and HEP

• infrastructure is getting heterogeneous 
➡ mostly opportunistic usage of additional resources 

• commercial Cloud providers (i.e. Google, Amazon)
• free CPU in High Performance Computing centers

➡ big HPC centers outperform WLCG in CPU
• X86, BlueGene, NVIDIA GPUs, ARM, ...

➡ GRID (ARC Middleware) or Cloud (OpenStack) interface

• suitable applications
➡ CPU resource hungry with low data throughput
➡ physik generators, maybe detector simulation

•X86 based systems
➡ small overhead to migrate applications

•GPU based systems
➡ complete rewite necessary (so far) or dedicated code
➡ i.e. physics generators VEGA or Baes/Spring

23

 15 April 2013 GPU workshop - DESY 6 
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Physics Groups: Data Analysis on GRID

24

➡ international research teams (students, Postdocs,...) cover physics subjects
• development of sophisticated techniques
• comparing data and Monte Carlo simulation, extracting of physics results

➡ huge physics spectrum covered by the experiments
• results are often presented only weeks/months after data taking !nished
• so, let’s look at the physics now...
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Jets Production and Underlying Events

•underlying events
➡ pre-LHC models predict e.g. too little transverse 

activity, region sensitive to multi-parton 
interactions

➡ LHC results basis for improved MC tunes
• good description achieved with modern codes 

like PYTHIA8 or HERWIG++
• cosmic air shower models yield as well a good 

description (EPOS)

• jet production
➡ excellent description by pQCD over many orders of 

magnitude    (LHC covers huge range in pT and |y|)

➡ based on PDFs, constrained by HERA and 
TEVATRON
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Standard Model Measurements

•W±/Z, W/Z+jets and        
di-boson production
➡ important tests of SM
➡ background for searches (Higgs)

•W and Z studies
➡ huge event rates

• heavily used for calibration
➡ W/Z rapidity distribution 

sensitive to strange quark sea 
contribution in proton PDFs
• ATLAS compatible with no 

strange sea suppression

•di-boson production
➡ can put limits on anomalous 

Triple  Gauge Couplings
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Top Cross-Sections and Mass
• LHC is a top factory
➡ tt cross-section is large ~200 pb   (~4 million events so far)

➡ rich top physics program

• top pair and single top production
➡ several channels accessible, even all hadronic
➡ 7 and !rst 8 TeV results in agreement with SM

•precision top mass measurements
➡ derive mt from kinematic mass reconstruction
➡ already systematically dominated (jet energy scale, ...)

Paolo Meridiani

TOP PAIR CROSS SECTION @ 8 TEV

lepton + jets channel
• good compromise 

between purity and 
statistics 

• Cross section extracted 
from a fit to the invariant 
mass of lepton and b-jet 

di-lepton channel
• very clean channel

• counting experiment with 
increasing number of b-
tagged jets

• e-mu channel particularly 
clean: driving the xsec 
measurement

CMS-TOP-12-007

13
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Precision is challenging NNLO 
predictions
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Mt and Electroweak Fit
•direct top and W mass measurements
➡ currently still based on TEVATRON results
➡ compatible with combined !t to electroweak 

precision data and a light Higgs
➡ as well with MSSM

•precise measurements of top mass 
➡ experimental observable and pole mass ?

• kinematic reconstruction from uncolored !nal state
• sensitive to hadronisation effects (color reconnection...)

➡ determine running mass (MS-scheme) from CDF/DO 
top pair cross-section at NNLO, yields:

• close to world average, factor 4 larger uncertainty
• PDF and αs uncertainties currently limiting for LHC, 

may be reduced in the future ?
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Searches for the SM Higgs

•SM Higgs phenomenology
➡ precisely predicted, but Higgs mass

• NLO and NNLO calculations   (typical σ ~ 5-15%)
• production dominated by gg fusion, then vector 

boson fusion (VBF), associated WH and ZH
➡ cross-section and branching ratios are strong 

function of MH

•Higgs searches using 2011 data
➡ both experiments saw hints for a light Higgs

• around ~3σ each, ignoring “look elsewhere effect”
• indications as well in TEVATRON data

➡ low mass region at LHC
• many decay modes accessible (γγ,ZZ,WW,ττ,bb)
• γγ and ZZ yield excellent mass resolution (~1%)

➡ challenging to control backgrounds, except for ZZ

•experiments “blinded“ the 2012 data
➡ not to bias results on new data
➡ huge effort to optimize expected sensitivity (pileup)
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The Discovery of the Higgs Boson

CERN Seminar
4.July 2012

30
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Results on 4.July 2012
•ATLAS and CMS announced discovery
➡ based on 7 TeV data and fraction of 8 TeV data
➡ both experiments excluded full mass rage,                 

but window around ~125 GeV
• including channels sensitive to high mH

➡ best sensitivities in γγ and ZZ(4l) channels

• local signi!cance at min. p0:

➡ since then we more than doubled the data set
• individual channels now passed 5 σ
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Higgs Signal Strength and Production

• full Run-1 data allows more detailed studies

• signal strength (μ = σ/σSM) for channels
➡ within uncertainties agreement with Standard Model
➡ combined: ATLAS μ=1.23±0.18 , CMS μ = 0.80 ± 0.14

• study individual production modes

➡ ATLAS 3.3σ evidence for VBF, CMS 3.2σ evidence for VBF,VH

•allows to determine Higgs couplings
➡ combining information from production and decay
➡ at LHC this requires some model assumptions (about ΓH)

• deduce Higgs couplings as a function of mass
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Figure 19: The measured production strengths for a Higgs boson of mass mH = 125.5 GeV, normalised
to the SM expectations, for the H! ��, H!ZZ(⇤)! 4`, H!WW(⇤)! `⌫`⌫ final states and their combi-
nation [7] together with the preliminary signal strength measurements for the H ! ⌧⌧ [71] and H ! bb
final states. The best-fit values are shown by the solid vertical lines. The total ±1� uncertainty is indi-
cated by the shaded band, with the individual contributions from the statistical uncertainty (top), the total
(experimental and theoretical) systematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios) shown as superimposed error bars.
For the H ! ⌧⌧ final state, only the total uncertainty is given.
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Anomalous Higgs Couplings 

•popular model for interpretation:
➡ scale Higgs-vector boson (κV)  

and Higgs-fermion couplings (κF)
➡ combined production and decay results  

• indirect constraints from EW data
➡ observables modi!ed by loop corrections

➡ compare result from Higgs production at LHC and !t to LHC + electroweak precision data
• so far κV  from electroweak !t to LEP, Tevatron and LHC data more precise
• both agree well with Standard Model within uncertainties
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Figure 5: Fits for 2-parameter benchmark models described in Equations (10-13) probing different cou-
pling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors κF and κV ; (b) the same correlation, overlaying the
68% CL contours derived from the individual channels and their combination; (c) coupling scale factor
κV (κF is profiled); (d) coupling scale factor κF (κV is profiled). The dashed curves in (c) and (d) show
the SM expectation. The thin dotted lines in (c) indicate the continuation of the likelihood curve when
restricting the parameters to either the positive or negative sector of κF .

As can be seen in Fig. 5(a) the fit prefers the SM minimum with a positive relative sign, but the local
minimum with negative relative sign is also compatible at the ∼ 1σ level. The likelihood as a function of
κV when κF is profiled and as a function of κF when κV is profiled is presented in Fig. 5(c) and Fig. 5(d)
respectively. Figure 5(d) shows in particular to what extent the sign degeneracy is resolved. Figure 5(b)
illustrates how the H→ γγ, H → ZZ(∗), H → WW (∗), H → ττ and H → bb̄ channels contribute to the
combined measurement.

The 68% CL intervals of κF and κV when profiling over the other parameter are:

κF ∈ [−0.88,−0.75] ∪ [0.73, 1.07] (14)
κV ∈ [0.91, 0.97] ∪ [1.05, 1.21] . (15)

These intervals combine all experimental and theoretical systematic uncertainties. The two-dimensional
compatibility of the SM hypothesis with the best fit point is 8%.
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Mass of Higgs Boson

•measured in γγ and ZZ(4l) channels
➡ almost model independent determination

•CMS:    MH = 125.7 ± 0.3stat ± 0.3sys GeV

•ALTAS: MH = 125.5 ± 0.2stat ± 0.6sys GeV
➡ γγ and ZZ(4l) agree at level of 2.4 σ

•already a precision measurement !
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Spin and Parity of Higgs Boson

•experimental approach
➡ observables sensitive to spin and parity (JP) like decay angles
➡ test alternative models with 0-, 2+ against 0+ (Standard Model)

• observation of H→γγ excludes J=1 (Landau Yang theorem)
• use J=2 models with minimal couplings (graviton inspired)

➡ test hypotheses pairwise against data
➡ exclusion of 0- w.r.t. 0+:

• ATLAS:  97.8% C.L. , CMS:  99.8% C.L.
➡ exclusion of J=2 models:

• CMS:  99.4% C.L. , ATLAS: >99.9% C.L.

•both experiments compatible with 0+ !

•Higgs studies at LHC just a starting !
➡ expect 350 fb-1 until 2021, HL-LHC aims for 3000 fb-1 until 2030

• LHC Run2+3 will enable us to measure H→ττ and bb, ttH, (...)                                
and to much improve the precision on Higgs couplings

• HL-LHC will see more rare channels opening up (e.g. H→μμ)
• measuring Higgs self coupling λ probably difficult
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Spin and CP (ii)

Hypotheses tested pair-wise with log likelihood ratio
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•motivations for (minimal) SUSY
➡ provides solution for hierarchy problem
➡ Higgs mechanism for EWSB is built in                                                     and 

predicts a light Higgs
➡ uni!cation of couplings
➡ R-parity: LSP is dark matter candidate

•SUSY is broken
➡ plenty of SUSY breaking models (CMSSM, ...)

• different sets of free SUSY parameters
• each model has rich phenomenology

• LHC results disfavor CMSSM
➡ no light SUSY discovered (so far)
➡ Higgs at 125.7 GeV still within SUSY reach
➡ constraints from rare B decays (Bs→μμ ...)

• instead, “bottom up” approaches
➡ phenomenological SUSY model (pMSSM)
➡ simpli!ed models to express results for SUSY s-particle searches
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arXiv: 1308.1841

ATLAS-CONF-2013-061

ATLAS-CONF-2013-062

ATLAS-CONF-2013-026
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Searches for Supersymmetry
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CMSSM

excluded m(g)<1.3 TeV for any m(q)~~

excluded up to ~1.7 TeV
for m(q)=m(g)~~
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•not !ne tuned Higgs requires:

➡ s-particles linked to Higgs loop need to              
be light

•3rd generation squarks
➡ cross-sections at LHC expected to be smaller 

than for 1st and 2nd generation 

•generic SUSY searches at LHC
➡ like: “0-lepton”   (signature: jets + missing ET)

• interpretation in simpli!ed model
➡ yield stringent limits on 1st and 2nd gen.

• excluded up to ~1.7 TeV for m(q)=m(g)
➡ not constraining 3rd generation squarks

• needs specialized t and b searches

“Natural” SUSY ?
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The crucial configuration of supersymmetry

not much constrained but expected belowB̃, W̃ mg̃

“s-particles at their naturalness limit”
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• simpli!ed models
➡ assumes 100% branching ratios

•gluino mediated Stop
➡ 4 top squarks in !nal state
➡ modes via virtual/on-shell stop

• but limit on m(g) depends little    
on m(t) above/below m(g)

➡ sensitive to m(g)<1300 GeV for          
m (χ0)<550 GeV

•direct Stop pair production
➡ 2W+2b-jets+missing ET

➡ modes with m(t) above/below m(t)
• combination of several signatures 

to maximize sensitivity

Dedicated Stop Searches
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•huge list of experimental signatures and models covered
➡ typical limits achieved up to:

• singly produced objects with QCD couplings ~ 3.5 TeV
• singly produced objects with EW couplings    ~ 4 TeV
• pair produced objects with QCD couplings     ~ 600 TeV
• unitarity limited rates  ~ 4 TeV
• compositeness scale    ~ 8 TeV

•details in !gures...
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Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL
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q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL
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W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL
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ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

No TeV Scale New Physics (yet)
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•mixing induced CP violation in Bs→J/Ψϕ
➡ CP violating phase ϕsccs  in Bs mixing-decay interference
➡ golden mode:

• sensitivity to new physics entering mixing between                                 
2nd and 3rd quark generation

• precise SM prediction, tiny theoretical uncertainty                           
(assume ϕsccs ≈-2βs)

➡ LHCb does time dependent analysis (of tagged events)

• recently (untagged+tagged) ATLAS results
➡ so far consistent with SM prediction

• remains priority to improve precision
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illustration of precision
based on fig. by G.Wilkinson
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Indirect Constraints on new Physics 

• search for new physics in B(s)→μμ
➡ new physics in loop effects vs precise SM predictions

• high sensitive to models with extended Higgs sector
• B➝μμ / Bs➝μμ probes minimal "avor violation

➡ EPS’13: !rst observation of Bs➝μμ by LHCb+CMS:

➡ consistent with Standard Model expectations (!)
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A.Schopper based on Fig. by D.Straub

B➝μμ 
vs models

Result 

 Several methods used, giving compatible results 
 Method based on pseudo experiments, modelling distribution with variable-

width Gaussian function (suggested by R. Barlow arXiv:physics/0406120): 
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What if SM unchanged up to MPl ?

•no new physics up to very high scales ?
➡ Standard Model de!nes running of couplings
➡ special meaning of λ≈0 at MPl ?

•absolute vacuum stability with Higgs 
self coupling λ(MPl)≳0 ?
➡ not quite for current “best” values of Mt and MH

➡ Standard Model vacuum probably metastable with 
lifetime >> age of universe
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Summary and Outlook

• the LHC, the experiments and their computing are 
doing fantastically well
➡ excellent data taken during Run-1, distributed and processed on WLCG

• GRID computing is a success for large sale data intensive physics analysis
➡ very rich harvest of physics results, much broader than any talk could cover

• the Higgs Boson has been discovered !
➡ its properties are (so far) compatible with Standard Model predictions

• LHC is a discovery machine for new physics
➡ experiments cover a huge spectrum of signatures and BSM models
➡ no signs for TeV scale physics beyond the Standard Model yet

• this is just the start
➡ machine upgrade from 8 TeV to close to 13 TeV in 2013/2014 shutdown

• expect to take ~350 fb-1 at 14 TeV until 2021
➡ HL-LHC will take LHC program until 2030, for a total of 3000 fb-1
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