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¡ What problems are we faced with in HEP? 
¡ What kind of approaches do we use to solve them? 
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¡  3 projects from IPP 

§  Higgs Analysis VHbb (Grab; Bortignon, Eller, Mohr) 

§  CMS data analysis 
§  one of the 5 discovery channels at LHC 
§  1/3 of this Analysis carried out at ETH 

§  Pixel Detector testing (new CMS Pixel Layer 
1 & 2) (Wallny; Bachmair, Eller, Mohr, Rossini) 
§  Pixel Module Readout with custom made 

hardware 
§  Automated Testing 

§  Testbeam Analysis RD42 (Wallny; Bachmair, Baeni, Hits) 
§  Data from different Testbeams and samples 
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PROJECT 1 

¡  CMS Data Analysis 
§  Higgs produce in association with a Vector boson 
§  Higgs decaying into two b quarks (jets) 
§  Vector boson decaying into 

§  2 leptons (Z) 
§  2 neutrinos (Z) 
§  lepton/neutrino pair (W) 

§  Analysis divided like that  
among 3 Groups 

§  ETH: Z into 2 leptons 
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¡  Large Hadron Collider (LHC) at CERN, Geneva 
§  Accelerates and collides protons at unprecedented energies 

¡  Four experiments/detectors around the ring 
§  Compact Muon Solenoid (CMS) 
§  Records the particles produced 

in these collisions 
§  All this is basically a giant data 

production machine 
§  Numbers for CMS: ~ 5 PB per year, 

~ 15 TB per day, ~ 200 MB per second 
§  All LHC experiments combined: ~ 15 PB per year 
§  Physicists around the world want to access and  

analyze this data 
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¡  Data stream 
§  Online Trigger Farm 
§  Tier-0 (recording and 

fast RECO) 
§  redistribution to 

Tier-1 centers (RECO, 
storage) 

§  Tier-2 Centers 
(subset of data, MC 
production) 

§  Tier-3 (Data Analysis, 
private 
production, ...) 
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¡  CMS uses a python frontend called CRAB for job creation and submission in 
a user-friendly way 
§  User only needs to specify some minimal information: 

§  Configuration 
§  Dataset 
§  Number of events/jobs 

§  Output handling 
§  Rest is handled by CRAB 
§  Splitting of jobs 
§  Finding appropriate sites 
§  Submission 
§  Basic monitoring 
§  Output retrieval 
§  CRAB is interfaced with a 

command line tool 
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¡  Tier-3 computing facility for 
running Analyses for ETH/
UZH/PSI 
§  computer cluster with 

§  31 worker nodes 
§  336 Cores 
§  ~ 1 PetaByte of storage servers 

§  located at PSI, Villigen 
§  batch job system to run many 

independent jobs in parallel 

h t tp : //w ik i . c h ipp . c h/ tw ik i/b in/v iew/CmsT ie r3/
T ie r3 Ove r v iew  
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¡  extensive use of ROOT 
§  c++ library, developed and maintained by HEP community 

§  http://root.cern.ch/drupal/ 

§  data structure (TTree) 
§  Histograming, Fitting, Plotting, etc... 
§  additional, special packages 

§  TMVA 
§  RooFit 
§  ... 

¡  interfaced with C++ and python 
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***********************************************************************************************************************************************************************************************************************************************	
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  *	
  nfathFilt	
  *	
  	
  	
  	
  naJets	
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  weightMCP	
  *	
  hJet_pt.h	
  *	
  hJet_eta.	
  *	
  hJet_phi.	
  *	
  hJet_e.hJ	
  *	
  hJet_cmva	
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  hJet_cosT	
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  hJet_JECU	
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  hJet_vtxM	
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  hJet_vtx3	
  *	
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¡  Skimmed dataset of VHbb Analysis: ~40 GB, including: 
§  Signal Montecarlo 
§  Background Montecarlo 
§  Data 

¡  High throughput calculations 
§  independent events 
§  in many steps it can be processed event by event 
§  use batch job system to run our code on independent subsamples of 

the dataset in parallel 
§  order of 100 jobs 
§  only 100 MB – 1 GB per job 
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DATASETS 
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¡  Example: one Variable for all Events of a specific phase space 
region (selection) in a Histogram. Here: invariant mass of the 
bb-system 
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DISTRIBUTION 
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¡  simulation usually describes 
data extremely well 
§  good understanding of 

detector and processes 

¡  important since tiny signals  
are sitting on top of a huge  
background 
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DATA / SIMULATION 
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¡  important to monitor that data is described by simulation – 
DATA/MC comparison  
§  chi2 test 
§  K-S test 
§  ratio plots 

Philipp Eller - ETH Zurich 14 

DATA TO MC COMPARISON 
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¡  Cut out a certain “window” of all data 
§  for example |η|<2.4 (within tracker) 

§  or run optimization for a figure of merit in a multi dimensional phase 
space, e.g. 

§ Minimization problem 

¡  inclusive Dataset should always be available 
§  producing skimmed, cached files among the inclusive samples 
§  hash to identify 
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EVENT SELECTION 
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¡ Multivariate Analysis 
§ most common method in HEP: boosted decision tree (BDT) 
§  to generate a new, not necessary physical, variable to separate signal 

from background (discrimination) 
§  output between 0 (bkgd) and 1 (signal) 
§  Different Goals to optimize for: 
§  signal purity 
§  exclusion limit 
§  efficiency 

§  to correct a variable (regression) 
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MVA 
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¡  training (learning) and application of MVA algorithms using 
TMVA ROOT toolkit 
§ many MVAs implemented: Multi layer perceptron, boosted decision 

tree, fisher discriminant, bayesian neural networks, ... 
§  http://tmva.sourceforge.net/ 

¡  Training on special montecarlo samples, excluded from the 
further analysis (bias) 

¡ multidimensional parameter space for classifier 
§  optimization problem 

¡  see talk of H. Voss 
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TMVA 
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¡  different 
variables (20-30) 
to discriminate 
signal from 
background 

■ Signal 
■ Background 
 

¡  selecting best 
vriables, highest 
discrimination 
power, 
correlations with 
other vars 
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CLASSIFICATION 
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¡  optimization targeting best background rejection and signal 
efficiency. 

¡  no overtraining (training samples learned) 
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OPTIMIZATION 
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¡  Use other variables to correct a variable 
§  Here correcting the b-jet energy 

§  recover from semi-leptonic b decays (neutrino missing) 
§  plot: balance of V- vs. H-system pt before and after regression 
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REGRESSION 
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¡  get scale factors for simulation from fit in mass sidebands 
§  extrapolate to signal region 
§  simultaneous fits of Drell-Yan (■,■,■) and tt-bar (■) backgrounds 
§  vary normalization of the 4 processes to best fit the data 
§ minimization problem 
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BACKGROUND NORMALIZATION 
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¡  bins at distribution tails can have too few entries 
§  find the edges of the BDT output 
§  require less than 35% stat uncertainty on the BKGd in the first and 

the last bin 
§  rest in between is put in equidistant bins 
§  shape is not changed 
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BINNING 
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¡  different nuisance for 
final fit 
§  statistical uncertainty 
§  shape systematics 

§  jet energy, b-tagging, ... 

§  normalization systematics 
§  luminosity uncertainty, 

scale factors, ... 

§  correlated and 
uncorrelated (or anti-
correlated) nuisances 
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SHAPE VARIATION 
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FITTING 

29th january 2014 

bin 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV 	
  ZmmHighPt_8TeV	
  
process	
  ZH 	
  Zj0b 	
  Zj1b 	
  Zj2b 	
  VVLF 	
  VVHF 	
  TT 	
  s_Top	
  
process	
  0 	
  1 	
  2 	
  3 	
  4 	
  5 	
  6 	
  7	
  
lumi_8TeV 	
  lnN 	
  1.05 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.05 	
  1.05 	
  -­‐ 	
  1.05	
  
pdf_qqbar 	
  lnN 	
  1.01 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.01 	
  1.01 	
  -­‐ 	
  -­‐	
  
pdf_gg 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.01	
  
QCDscale_VH 	
  lnN 	
  1.04 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
QCDscale_ttbar 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.06	
  
QCDscale_VV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.04 	
  1.04 	
  -­‐ 	
  -­‐	
  
QCDscale_QCD 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_boost_EWK 	
  lnN 	
  1.02 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_boost_QCD 	
  lnN 	
  1.05 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_ST 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.29	
  
CMS_vhbb_VV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.15 	
  1.15 	
  -­‐ 	
  -­‐	
  
CMS_eff_e 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_eff_m 	
  lnN 	
  1.04 	
  1.04 	
  1.04 	
  1.04 	
  1.04 	
  1.04 	
  1.04 	
  1.04	
  
CMS_vhbb_Zj2b_Zll_SF_8TeV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.1 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_Zj1b_Zll_SF_8TeV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  1.07 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_Zj0b_Zll_SF_8TeV 	
  lnN 	
  -­‐ 	
  1.04 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_TT_Zll_SF_8TeV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.05 	
  -­‐	
  
CMS_vhbb_ZjLF_Zll_exHighPt_8TeV 	
  lnN 	
  -­‐ 	
  1.02 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_ZjHF_Zll_exHighPt_8TeV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  1.02 	
  1.02 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_TT_Zll_exHighPt_8TeV 	
  lnN 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.02 	
  -­‐	
  
CMS_vhbb_stats_ZH_ZmmHighPt_8TeV	
  shape 	
  1.0 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_stats_Zj0b_ZmmHighPt_8TeV 	
  shape 	
  -­‐ 	
  1.0 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_stats_Zj1b_ZmmHighPt_8TeV 	
  shape 	
  -­‐ 	
  -­‐ 	
  1.0 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_stats_Zj2b_ZmmHighPt_8TeV 	
  shape 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.0 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_stats_VVLF_ZmmHighPt_8TeV 	
  shape 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.0 	
  -­‐ 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_stats_VVHF_ZmmHighPt_8TeV 	
  shape 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.0 	
  -­‐ 	
  -­‐	
  
CMS_vhbb_stats_TT_ZmmHighPt_8TeV	
  shape 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.0 	
  -­‐	
  
CMS_vhbb_stats_s_Top_ZmmHighPt_8TeV 	
  shape 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  -­‐ 	
  1.0	
  
UEPS 	
  shape 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0	
  
CMS_vhbb_res_j 	
  shape 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0	
  
CMS_vhbb_scale_j	
  shape 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0	
  
CMS_vhbb_eff_b 	
  shape 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0	
  
CMS_vhbb_fake_b_8TeV 	
  shape 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0 	
  1.0	
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¡  CMSSW Higgs combine tool 
¡  Hypotheses testing H0 and H1 

¡  find values of nuisance parameters for s and s+b hypothesis 
best describing the data by maximizing the likelihood 

 

 
¡  generate test statistics for profile likelihood or Asimov dataset 

for asymptotic approximation 
¡  extract CLS and/or significance and signal strength of excess 
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SIGNAL EXTRACTION 
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¡  ROOT library to generate plots for publications 
§  Histograms, Function graphs, Text elements, ... 
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PLOTTING 
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PROJECT 2 

¡  new Pixel Detector for 
CMS soon going into 
production 
§  assembled Pixel Modules 

need to undergo testing 
§  order of several hundred 

modules 
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PIXEL DETECTOR 

29th january 2014 



¡  Using custom made Hardware (digital testboard) from PSI to 
readout and test our pixel detectors 
§  FPGA for controlling and data acquisition (DAQ) 
§  NIOS softcore and Computer Software for reading out and processing 

the data 
§  User Interface 
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DETECTOR READOUT 
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¡  A Software Framework in several layers using different 
languages to handle different things 
§  Hardware description language for FPGA implementation 
§  C++ for low level functionality (close to hardware) 
§  python for high level functionality and interface 
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DETECTOR READOUT 
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FPGA 
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(HDL) 

FPGA 
Software 

(NIOS C++) 

Remote 
Procedure 
Calls (C++) 

cython 
wrapper 

python 
program 



¡  Controlling several dif ferent lab devices to execute procedure 
§  asynchronous Events (server/client structure) 
§  error handling (program errors, temperature setpoint, etc...) 
§  in/out file handling 
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DETECTOR TESTING 
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server 

Testboard 
agent 

Testboard 
client 

cooling 
agent 

cooling 
client 

high voltage 
agent 

high voltage 
client 

x-ray agent 

x-ray client 

config files 

server side 
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¡  database to store all production relevant information 
§  vendor, part numbers, etc 
§  test results 
§  grading 
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DATABASE 
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PROJECT 3 

¡  RD42 collaboration: 
§  Development of diamond tracking detectors for High Luminosity 

Experiments  at LHC 

§ Measure radiation hardness of diamonds in an irradiation program 
§  15 test beam campaigns 
§  21 different diamonds 

§  Different kind of irradiations, different fluencies 

§  249 Runs 
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DIAMOND TEST BEAM ANALYSIS 
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TEST BEAM SETUP 
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ANALYSIS STRUCTURE 
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¡  Steps from raw Data to final result 



¡  form a track with the telescope and point into the diamond 
plane 

¡  Get collected charge around predicted hit position and convert 
into mean free path 

¡  Extract damage constant 
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TRANSPARENT ANALYSIS 
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¡  Iterative procedure 
§  Align Silicon planes 

§  Tilt correction (slope) 
§  Offset correction  
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ALIGNMENT 
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¡  Test beam campaign 
§   with a diamond 
§  Different bias voltages 

¡  Diamond does not hold voltage 
§  Areas where diamond is inefficient are created 
§  Results are not useable for this study 
§  Possible solution: Re-Metallization and than retesting 

¡  Identify such samples and handle them correctly 
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BAD DATA FROM POOR SAMPLE 
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Bias: - 1000 V Bias: - 800 V Bias: - 200 V 



¡  After alignment residual between predicted hit position and 
actual hit position should be centered around 0 

¡  In some runs the residual is off by more than 10 mum 
§  identified timing problem, applied correction 
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BAD READOUT 
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¡  These unknown problems can often only identified by actually 
looking at plots by eye 
§  Supported by automatic analysis scripts 
§  Html pages to check  most important plots 
§  HTML Tables to help identify potential problems 
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CHALLENGES 
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¡  Diverse problems for computing in HEP 

¡  Data Analysis 
§  high throughput 
§  optimization problems 
§ multivariate techniques 
§  statistical analysis 

¡  Detector 
§  hardware communication 
§  event driven programming 
§  production DBs, overview tables 
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