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LHC Run I 
•  Successful operation during Run I 

n  2010: 0.04 fb-1 

¨  7 TeV  
¨  Commissioning 

n  2011:  6.1  fb-1 (exp 5) 
¨  7 TeV  
¨  … exploring the limits 

n  2012:  23.3  fb-1 (exp 20) 
¨  8 TeV 
¨  … production 
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First 13 TeV Collision!! 
•  LHC collides protons at 13 TeV to tune accelerator 

–  Physics run starts from June 3rd!!! 
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Success of Standard Model 
•  Discovery of a SM-like Higgs boson: precise  

measurement of mass, coupling strength,  
production and decay kinematics 

•  Impressive precision tests of the Standard Model  
over many order of magnitude 
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The Standard Model (SM) 
•  The SM is the current theory of fundamental 

particles and how they interact 
•  Forces 

–  Strong force: binds protons and neutrons 
to form nuclei 

–  Electromagnetic force: binds electron 
and nuclei to form atoms 

–  Weak force: causes radioactivity 
–  Gravitational force: binds matter on large 

scales 
•  Higgs boson: explain why particles have a 

mass 
•  During last 3 decades, a lot of experimental 

observation support that the SM is correct 
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Combination of Higgs Mass 
•  Phys. Rev. Lett. 114, 191803 (2015) 
•  0.19% precision!! 
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Observation of Bs à mumu 
•  First observation of the very 

rare dcay of the B0
s into two 

muons 
•  BSM particles can contribute on 

the excess of SM prediction on 
the decay rate 
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New Record! 
Another Record broken ….  

http://www.nature.com/news/physics-paper-sets-record-with-more-than-5-000-
authors-1.17567 

   
5,154 authors – listed also in the PRL print version 
2,700-author list for CMS+LHCb paper (not in print-
version of Nature) 
PRL Editor Garisto: 
„The biggest problem was merging the author lists from two 
collaborations with their own slightly different styles. I was 
impressed at how well the pair of huge collaborations worked 
together in responding to referee and editorial comments “ 
Some biologists  were upset this week about a 
genomics paper with more than 1,000 authors  
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Beyond the Standard Model 
•  We are exploring the EWK symmetry  

breaking scale 
•  The SM does not correctly account for 

–  Hierachy problem: fine-tuning  
required for Higgs mass at EWK  
scale 

–  Dark matter: cosmological evidence.  
Can we produce the DM particles in  
the LHC? 

–  Unification of forces: gauge coupling  
divergence at unification scale 

–  … And the unexpected: probe unknown  
and unexpected territory! 

•  Therefore, the SM falls short of being  
a complete theory of fundamental  
interactions  
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Beyond the Standard Model 

Extra dimension 

RS Gravitons 

Long-lived particles 

Leptoquarks 

Excited fermions 

Compositeness 

Multijet resonances 
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BSM Results from Run I data 
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CMS Run I Publication 

392 papers submitted: 
 
In review process (151):  
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CERN 



CERN in Numbers 
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Large Hadron Collider (LHC) 

Proton- Proton Collision 
Beam energy :  7,8, 13 TeV  
Luminosity : 1034 cm-2 s-1 

Data taking : > 2009 

bunch-crossing rate:  40 MHz 

∼20 p-p collisions for each bunch-crossing 
p-p collisions ≈ 109 evt/s ( Hz ) 

Energy on one beam  

= TGV with 150 km/h 
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Future Circular Collider (100 TeV) 

15 T ⇒ 100 TeV in 100 km 
20 T ⇒ 100 TeV in 80 km 

•  80-100 km tunnel infrastructure in Geneva area 
•  design driven by pp-collider requirements  
•  with possibility of e+-e- (TLEP) and p-e (VLHeC) 
•  CERN-hosted study performed in international collaboration 
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Why High Energies? 
•  Accelerator and detector are instrument to study smaller and smaller 

structures and heavy short-lived objects with a detector 

•  Wavelength of probe radiation  
needs to be smaller than object  
to be resolved 
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Why Make Larger? 
•  This is due to technological limitations 

•  Magnetic field, accelerating gradient, … 

•  Circular machine 
–  The higher the particule momentum, the higher the magnetic field to 

keep beam on trajectory 
–  The higher bending angle, the higher the magnetic field 
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Enter a New Era in Fundamental Science 
Start-up of the LHC, one of the largest and truly global 

scientific projects ever, is the most exciting turning 
point in particle physics. 

Exploration of a new energy frontier  

CMS 

ALICE 

LHCb 

ATLAS 

Geneva lake 
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CMS Collaboration 
•  Approximately 3800 scientists (43 countries, 200 institutions) 
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Why This is Not An Easy Task 

This is part of the ATLAS 
detector (one of the pixel 
patch panels). 
 
This is typical of what 
experiments look like on 
the inside. 
 

You can see how modeling 
this by simple geometrical 
shapes is likely to  
introduce inaccuracies. 
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Why This is Not An Easy Task 
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Detector Mass in Perspective 

14000 tones 

10000 tones 
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CMS Slice 
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CMS Trigger and Data Acquisition 

75 KHz (75 GB/sec) 

100 Hz 
(100 MB/sec) 

Level 1 Trigger - special hardware 

High Level Trigger – PCs 

multi-level trigger to: 
• filter out not interesting  
events 
• reduce data volume 

data 

Bunch crossing 
40 MHz 

 ∼ GHz ( ∼ PB/sec) 

1 event is ∼ 1MB in size 

data recording 

Online system 

Offline analysis 
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On the Tape (Grid) 

Raw Data:  	
1000 Gbit/s Raw Data: 

 	1000 Gbit/s 

Events:  	
10 Gbit/s Events:  	
10 Gbit/s 

Controls:  	
1 Gbit/s Controls:  	
1 Gbit/s 

To regional centers  	
622 Mbit/s To regional centers  	
622 Mbit/s 

Networks, farms and data flows 

Remote  	
control rooms Remote  	
control rooms 

Controls:  	
1 Gbit/s Controls:  	
1 Gbit/s Concorde 

(15 Km) 

Balloon 
(30 Km) 

CD stack with 
1 year LHC data! 
(~ 20 Km) 

Mt. Blanc 
(4.8 Km) 
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Collision Data 
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Pile-up 
•  LHC delivers collisions with more than one interaction per bunch 

crossing 
•  Origins of pile-up 

–  In-time: real (typically) QCD multijet events emerging from non-
primary vertex 

–  Out-of-time: energy  
deposit in calorimeters  
which is coming from  
other bunch crossing  
due to long readout time 

–  Stochastic: random  
energy fluctuations  
combined by cluster  
algorithm 

78 vertices  
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Highlight of Run I Results 

Recent Results!!! 
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SuperSymmetry 

a rich phenomenology 
and a broad set of 

signatures 

Supersymmetry (SUSY) is a family of weakly-coupled theories that give solutions to the Naturalness 
problem, realize unification at the GUT scale and, in certain cases, provide candidates of Dark Matter 

fundamental space-time symmetry between fermions  
and bosonds that regularizes the Higgs boson mass 

Each SM particle 
has a 
supersymmetric 
partner 
 
at the TeV scale? 
(“SUSY breaking”) 

Search for SUSY partners 

•  Provides solution to the hierarchy 
problem 

–  “Natural” (not-so-fine-tuned) 
SUSY: TeV scale 

•  Can provide dark matter candidate 
–  If RP is conserved, sparticles 

pair produced & lightest SUSY 
particle is stable 

–  Missing transverse momentum 
signature in detectors 
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SUSY Results from Run I… 

Mass scales [GeV]
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Long-Lived Particles 
•  Several BSM models (including SUSY) could give rise to new, massive 

particles with (relatively) long lifetimes 
–  SUSY with weak RPV 
–  Minimal B-L extension of the SM 
–  “Split” SUSY 
–  Magnetic monopoles 
–  Stable charged leptons and  

R-hadrons 
•  Striking signatures including: 

–  Disappearing tracks 
–  Displaced vertices in tracking  

detector 
–  Displaced muonic lepton-jets 
–  Decays in the calorimeter 
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Displaced Lepton Pairs 
•  Search for non-SM Higgs boson decaying to spinless, long-lived boson 

X which can decay to leptons  
•  Require leptons associated with tracks to have |d0|/σ(d0) > 12 
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Search for Dark Matter 
•  TeV scale DM search motivated by the “WIMP (weakly interactive 

massive particle)” 
–  Effective Field Theories, simplified models 

•  Dark matter particles escape detection: tag events using recoiling 
objects, measure the missing transverse energy (ET

missing) 
•  Mono-X + ET

missing ( X = jet, W/Z/γ, top, ttbar/bbbar) 
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Theories of Dark Matter 
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Search for Dark Matter 
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Resonance Searches 
•  Many BSM theories predict narrow resonances at the TeV mass scale 

–  Clear “bump”  
over SM prediction 

–  Almost any combination  
of 2 SM particles can  
form a resonance in  
BSM mode 
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Leptoquarks (LQs) 
•  Search for singly produced 1st and 2nd generation 

leptoquarks (eej or µµj final state) 
•  Single LQ production x-section depends strongly 

on λLQ-l-q 

•  Additioinal non-resonant contributions 
–  Enhancement in low mass tail of Mlj distribution 

•  Initial state has quark flavour  
–  Anything beyond 1st generation is suppressed 

Second gen. LQ mass (GeV)
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Search for W’ and Z’ 
•  New heavy gauge bosons can appear in many BSM models 

–  SSM, RS gravitons, composite Higgs, etc. 
–  Signature based to cover all possible  

scenarios and interpret in many  
benchmark signal models 

•  W’ couples to fermions as the SM W 
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Search for W’ and Z’ 
•  New heavy gauge bosons can appear in many BSM models 

–  SSM, RS gravitons, composite Higgs, etc. 
–  Signature based to cover all possible  

scenarios and interpret in many  
benchmark signal models 

•  Z’ couples to fermions as the SM Z 
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Drell-Yan Differential Cross Section 
•  Imporatnt SM benchmark channel to test pQCD  

at NNLO 
•  Dominant background of BSM searches in  

dilepton channel 
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DY Results at LHCP 2014 
•  This result was introduced as an example of QCD triumph in LHCP 

2014 plenary talk: “Precision QCD Theory” by Radja Boughezal (ANL) 
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Diboson Production 
•  Important test of the gauge sector of the SM 
•  Irreducible background for Higgs and searches 
•  Test of triple gauge couplings 

–  Charged TGC (WWZ, WWγ) allowed in SM 
–  Neutral TGC (ZZZ, ZZγ) forbidden in SM 

•  Anomalous couplings generally lead to larger 
cross sections, especially in the high transverse 
momentum  
tails 

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryMar. 2015

All results at:
http://cern.ch/go/pNj7

(NNLO th.), γγ  0.12± 0.01 ±1.06 -15.0 fb
γW  0.13± 0.03 ±1.16 -15.0 fb
γZ  0.05± 0.01 ±0.98 -15.0 fb
γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.15± 0.13 ±1.05 -14.9 fb
WW  0.10± 0.04 ±1.11 -14.9 fb

(NNLO th.)WW,  0.08± 0.02 ±1.01 -119.4 fb
WZ  0.07± 0.07 ±1.17 -14.9 fb
WZ  0.07± 0.03 ±1.12 -119.6 fb
ZZ  0.07± 0.14 ±0.99 -14.9 fb
ZZ  0.08± 0.06 ±1.00 -119.6 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NNLO)vs. NLO 

Good agreement 
with SM NLO 
prediction 
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From Run I to Run II 
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Luminosity Ratio 
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Z’ Projection at 14 TeV 
•  Projection of discovery reach at 14 TeV with 300, 1000, 3000/fb 
•  Used in Snowmass white paper 
•  Studies are based on generator level extrapolations and scaling of  

8 TeV results 
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 with 300/fb σdiscovery at 5

 with 1000/fb σdiscovery at 5

 with 3000/fb σdiscovery at 5

 (LO)SSMZ’
 (LO)χZ’
 (LO)ηZ’
 (LO)ψZ’

 = 14 TeVsCMS Projection Preliminary, 

Important to understand 
the future expectation  
to decide the detector  
upgrade plan 
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LHC Operation 
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Summary 
•  Many searches for new physics and SM tests are on-going at LHC 
•  While a bit frustrating that we haven’t found anything yet, it’s definitely 

not a time to give up 
•  New LHC energy may  

very well cross the  
threshold and plethora  
of new phenomena will  
open up in the  
forthcoming run 

•  Stay tuned with new  
13 TeV results from  
CMS!! 

Standard Model 

Hint for BSM 

BSM 

???? 
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Thank You! 



June 5th, 2015                       H.D. Yoo, SNU                                                                 slide   53 

Back Up 
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Drell-Yan Cross Section (2) 
•  Improved knowledge on PDFs is very  

important at the LHC 
–  Current best measurement of W mass 

from CDF/D0 is dominated by PDF  
uncertainties 

–  Implications for indirect new physics  
searches 

–  Especially at the LHC, where new x-Q2 

kinematic regions are probed 
•  Applications of the double differential cross 

section measurement to PDF constraints 
–  Replace the existing DY data with  

fixed-target in the PDF fit 
–  Purpose to constraint PDFs 

•  In particular d quark and anti-quarks 
 

B. Jayatilaka, Moriond 2012 
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Model and Limit Setting 
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Systematic Uncertainties 



June 5th, 2015                       H.D. Yoo, SNU                                                                 slide   57 

Benchmark Signal Modeling (1) 
•  Z’ → 4 leptons 

–  Generator: CalcHep 3.4.1 + PYTHIA  
–  Tree-level matrix element calculation by CalcHEP  
–  Model files provided by authors of theory paper 
–  Generate 10 mass bins (12000 events each) for expected limit 

calculations: M = 750-3000 GeV with 250 GeV bin size 
–  Five channels: µµµµ, µµµe, µµee, µeee, eeee 
–  Additional MC samples with various M(ϕ) are currently underway 

•  Simulation and reconstruction  
–  Use Full-Sim: 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideSimulation  
–  PV smearing, pile-up mixing, L1/HLT emulation, physics object 

reconstructions  
–  CMSSW_5_3_4 with Summer12 S10 Pile-up scenario  
–  Global tag for reconstruction: START53_V7C which includes the 

latest mis-alignment scenario  
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Benchmark Signal Modeling (2) 
•  Assumptions on the intermediate particle (Φ) 

–  Mass: 50 GeV to allow for on-shell decays of the Z´ 
–  Width: < 0.1 GeV 

•  It is insensitive as long as it is sufficiently smaller compared to its mass 
–  Coupling constant to dilepton: 0.01 

•  The value is the boundary of the coupling constant to dilepton of the 
sneutrino in SUSY model recommended by theory model author 

•  R. Barbier et al, “R-parity violating supersymmetry” 
•  Dependency of Φ parameters 

–  Φ mass: it has relatively strong dependency on the results of σ*Br, 
in particular, Br 

–  Φ width, coupling constant: they have negligible dependency on the 
results of σ*Br  

•  Test the coupling constant with 0.005 and 0.05 and observe negligible 
difference 
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Benchmark Signal Modeling (3) 
•  Summary of parameters 
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CMS Upgrade Program 

Sep$3,$2012$ Upgrade$Coordina3on$4$CMS$Week$Lisbon$ 26$

LS1 $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$LS2$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$LS3$$$$$$$$$$$$ $$

LS1$Projects:$in$produc3on$
•  Comple3on$of$muon$coverage$(ME4)$
•  Improve$muon$opera3on$(ME1),$DT$electronics$
•  Replace$HCAL$photo4detectors$in$HF$(new$PMTs)$
and$HO$(HPDSiPM)$

Phase$1$Upgrades:$TDRs$in$prepara3on$
•  Pixel$detector$replacement$
•  HCAL$electronics$upgrade$
•  L14Trigger$upgrade$

Phase$2:$Working$Groups$
•  Tracker$replacement,$Track$Trigger$
•  Forward$Region:$$Calorimetry,$and$Muons?$
•  Further$Trigger$upgrade?$

•  Longevity$$Phase$2$
•  Phase$2$Scope$
•  Targeted$R&D$program$
•  Technical$Proposal$ $$ $2014$

2013$

scope$described$in$Technical$Proposal$for$the$Upgrade$of$the$CMS$detector$through$2020$$
hWp://cdsweb.cern.ch/record/1355706$$$LHCC420114006$
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Detector Upgraded in LS1 
DT sector 
collectors 

HF 
PMT 

ME4 
endcap 
muons 

ME1 FE 
electronics Cold trackrer 

operation New beampipe 
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LS1: Exercutive Summary 
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LS1 Muon Upgrades 

Target Rate 5 kHz 

Trigger performance: significantly lower threshold 
for same rate 
CSC and RPC: ME4/2 (1.25<|η|<1.8) 
More hits, lower rates   
CSC: ME1/1 (2.1<|η|<2.4) new digital boards and 
trigger cards : higher strip granularity  
Electronics reliability 
DT:  new trigger readout board and relocation of 
sector collector from UXC55 to USC55 (new 
optical links) 
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HLT: Challenges for 2015 
•  2012: 8 TeV HLT σ ∼0.09 µb  

–  PU=25, small dependence on PU 
•  8 TeV→ 14TeV ⇒  rates double  

–  Average output rate of ~ 1.2kHz at 
1034cm-2s-1 if menu untouched.  

•  To keep the present acceptance: 
–  Improve HLT object reconstruction 

•  Allowing tighter cuts 
–  Reconsider strategies 

•  More cross triggers 
–  Will need more CPU 

•  e.g. to extend PF usage 
•  Particularly if PU <> grows above 

25 

σHLT≈ 0.09µb 


