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André in 10 seconds 

¨  Graduated from LEFT (now MEFT) in 
2000. 
¤  Dimensional regularization of a �3 

theory for nuclear physics 
applications. 

¤  Fast Al2O3 passivation of silicon 
wafers using pulsed power. 

¨  PhD in Physics (IST, 2006) 
¤  NA60 experiment at the CERN SPS. 
¤  Silicon pixel and microstrip tracker 

readout and data acquisition. 
¤  Prompt thermal dimuons from quark-

gluon plasma. 

¨  Electromagnetic calorimeter data 
acquisition and trigger. 

¨  Single photon physics. 
¨  Statistics methods and modeling. 
¨  W mass measurement. 
¨  Higgs 

¤  diphoton decay discovery. 
¤  properties group convener. 
¤  theory-experiment forum 

convener. 
¤  … 
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“Pre-doc” In CMS since 2006 (LIP, CERN) 



The experimental method 
falsifying theories since the dawn of reason 
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3 [ opensource.com ] 

Crosses: experimental results pushing humans to track back and rethink their models of reality. 



Respeitar a natureza incerteza 
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A importância da incerteza 
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6 [ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ ] 

E os algarismos significativos ? 



A importância da incerteza 
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290/2030 > 4281/31372 ? 
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290/2030 > 4281/31372 ? 
 

Ou seja, 1.047 > 1 ? 



A importância da incerteza 
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$ R 
 
R version 3.2.2 (2015-08-14) -- "Fire Safety" 
Copyright (C) 2015 The R Foundation for Statistical Computing 
Platform: x86_64-apple-darwin14.5.0 (64-bit) 
 
> library("rateratio.test") 
> rateratio.test(c(290,4281),c(2030,31372),conf.level=0.90,alternative="greater") 
 

 Exact Rate Ratio Test, assuming Poisson counts 
 
data:  c(290, 4281) with time of c(2030, 31372), null rate ratio 1 
p-value = 0.2331 
alternative hypothesis: true rate ratio is greater than 1 
90 percent confidence interval: 
 0.9664013       Inf 
sample estimates: 
Rate Ratio     Rate 1     Rate 2 
 1.0468849  0.1428571  0.1364593 



A importância da incerteza 
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basicamente a mesma 



Um final feliz: artigo actualizado 
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Erro e incerteza 

Exactidão e precisão 
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Two words on accuracy and precision 
Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

13 



Im
precise 

Inaccurate 
Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

14 



Im
precise 

Im
precise 

Accurate Inaccurate 
Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

15 



Im
precise 

Accurate 

Precise 
Im

precise 

Accurate Inaccurate 
Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

16 



Precise 
Im

precise 
Accurate Inaccurate 

Precise 
Im

precise 

Accurate Inaccurate 
Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

17 



Erros não são incertezas 
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Two words on 
error and uncertainty 
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¨  Error: the result of a bias or mistake. 
¨  Uncertainty: the degree to which some 

thing is not known. 

¨  It’s a mistake to call errors uncertainties. 
¨  E.g., experimentalists correct for 

systematic effects (biases). 
¤ Corrections come with added uncertainty. 



Precise 
Inaccurate 

Im
precise 

Accurate 
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Ou o preço de andar à procura de coisas novas. 

“Água mole em pedra dura…” 
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Significant – xkcd.com/882 
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Significant – xkcd.com/882 
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O papel dos experimentalistas 
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Nature 
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Theory 

Experimentalists 

Nature 
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Theory 
Phenomenologists 
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Nature 
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Theory 

Nature 

Phenomenologists 

Experimentalists 

Experienced 
experimentalists 

Nature 



Basicamente... 
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¨ Respeitar a incerteza. 
¨ É um erro chamar erro à incerteza. 
¨ Quanto mais se procura, 

mais se encontra. 
¨ Quem surfa a natureza 

são experimentalistas. 



The experimental process 
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Physics question Detector Design 

Detector Construction 

Data taking 

Data analysis Physics answer 

Theoretical 
physics 



Quantum chromodynamics 
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¨  Quarks and gluons. 
¤  The non-Abelian SU(3) wonder of the Standard Model. 

¨  Confinement: quarks never alone. 
¤  Except if hot enough, like just after the Big Bang. 

¨  Collide nuclei of heavy elements. 
¤  Pb collisions = 208 protons and neutrons against other 208. 
¤  Dense (hot) quark and gluon system. 

 
¨  Quark-gluon plasma. 

¤  Hot enough for quarks to move “freely” in gluon “soup”. 
¤  Should “shine” thermal radiation. 
¤  Searched for since the 1980s. 



Excess of intermediate mass dimuon 
production  
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•   Yield of intermediate mass dimuons in heavy-ion collisions 
(S-U, Pb-Pb) exceeds sum of Drell-Yan and D meson decays, 
which describes well the proton data. 

peripheral 
collisions 

central 
collisions 

NA38/NA50 

proton-nucleus data 

Pb-Pb data 

Ok ! 

Much more than expected. 
What the heck ?! 



Thermal dimuons or charm enhancement ? 
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The intermediate mass dimuon yields in heavy-ion collisions can be reproduced either 

But the data collected by NA38/NA50 cannot distinguish between these 

by scaling up the open charm 
contribution by up to a factor of 3 (!) 

or by adding thermal radiation from a 
quark-gluon-plasma phase 

à direct evidence of a thermalized pre-
hadronization phase… 

NA38/NA50 

Which one is it ? 



Measuring dimuons – the giants’ way 
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•  Cannot distinguish vertex muons from decay muons 
•  Degraded dimuon mass resolution 

Muon 
Other 

Energy loss 
Multiple scattering 

hadron absorber 

muon trigger and tracking 

target 

beam 

m
agnetic field 

or 
? 



Measuring dimuons – the NA60 way 

Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

41 

2.5 T dipole magnet 

hadron absorber 

•  Origin of muons can be accurately determined 
•  Improved dimuon mass resolution 

Matching angles  
and momenta 

targets 

beam tracker vertex tracker 
muon trigger and tracking 

m
agnetic field 

Muon 
Other 

or 
! 



The Silicon Microstrip Telescope 

¨  (Only) one year from design 
to production 

¨  System used in June 2002: 
¤  16 Sensor modules 
¤  192 SCTA chips 

(24576 channels) 
¤  32 Hybrids and 32 Buffer cards 

¨  Data collected for first NA60 
physics analysis and results 
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Telescope readout architecture 
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Slink PCI card 

Radiation Area 

Clock, Command and 

Trigger fanout 

Clock, Command, Trigger 

and Flow control 

ADC 

J
T
A
G

 

Frontend Sensor 

Wire 

bonds 
Digital Analog 

T
r
ig

g
e
r
 



PC hardware oblige 
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Channel-link inputs 
(one per ADC card) 

Ethernet sub-event data 
output 

(to Event Builder) 

Slink mezzanine + SSPCI 
(one per 4 ADC cards) 

Processing 

Inputs 

Outputs 

Parallel port JTAG output 
(to CCB router) 

(inexpensive) Personal 
Computer hardware 

Main memory 
(data buffer from PCI) 



PCI read-out system 
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Read-out system for 3 pixel planes using 3 PCI-CFD cards 

PCI-CFD 

•  40 MHz logic 
•  64 MB on-board SDRAM 

1000 events/s 

•  ~ 30 MB/s read speed 
•  Modularity 

Support for mezannine 
daughter-cards 

•  NA60 used it in  
Pixel telescope 
Beam tracker 
Zero degree calorimeter 

¨  High bandwidth 
¨  Any PC becomes a “crate” 
¨  Easy integration with DAQ software 



The silicon pixel vertex telescope 
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B

•  12 tracking points with good acceptance 
•  9 X (bending plane, B=2.5 T), and 
•  3 Y 

•  8 “small” 4-chip planes, plus 
•  8 “big” 8-chip planes 
•  ~ 2 % X0 per plane 

•  800’000 channels, 50x425 µm2 pixel size 

beam tracker 

targets 



Prompt or displaced? Prompt! 

Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

47 

A good fit requires two times more prompt dimuonss than the expected Drell-Yan yield 

Thermal radiation ! 



The experimental process 
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Physics question Detector Design 

Detector Construction 

Data taking 

Data analysis Physics answer 

Theoretical 
physics 



Higgs in CMS – ca. 2008 
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Higgs in CMS – ca. 2008 
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[ http://cern.ch/go/dJf7 ][ http://cern.ch/go/Sx8m ] 

•  Mass mechanism – the mexican hat field, first published by Brout and Englert (1964). 
•  Higgs boson – the field’s massive radial excitation, tacit to Brout and Englert, massless via 

approximations in Guralnik et al., and explicitly mentioned by Higgs (1964). 
•  Viability – photons and massive weak bosons can coexist, shown by Kibble (1967). 
•  Fermions – quark & lepton masses via Yukawa interactions, by Weinberg (1967). 

50 



The Standard Model of Particle Physics 
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The Standard Model of Particle Physics 
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The Standard Model of Particle Physics 
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53 Electromagnetic force – light Weak force – star combustion Strong force – protons and neutrons 



2001 – Higgs after LEP 
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2009 – Higgs after LEP & Tevatron 
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LHC – the lord of the rings 
[ http://natronics.github.io/science-hack-day-2014/lhc-map/ ] 
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Big Experiments 
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Big Experiments 
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Lead tungstate crystal production 
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Mechanical assembling 
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Submodule  
 2x5 crystals 

Supermodule 
1700 crystals 

Total 36 Supermodules  

Module 
400 crystals 



Custom electronics installation 
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2007: ECAL OD electronics integration 
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¨  Integrated tests of Data, Trigger and 
Control cards prior to installation 

¨  12 crates with 110 cards intensively 
tested 

¨  > 10 hours of continuous testing 
per crate 



Cabling the ECAL to the Calorimeter 
Trigger 
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¨  ~ 500 cables 
connecting the ECAL 
Trigger outputs to the 
Regional Calorimeter 
Trigger 



Cabling the ECAL to the Calorimeter 
Trigger 
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•  ~ 500 cables 
connecting the ECAL 
Trigger outputs to the 
Regional Calorimeter 
Trigger 



May 2007: ECAL barrel installation 
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ECAL Barrel installation half-way 
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36 green boxes inside the magnet 
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Jul 2007



Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

71 

HCAL 

ECAL 

DT 

Cosmic ray! 



Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

72 

HCAL 

ECAL 

DT 

Cosmic ray! 



2011 – Higgs after LEP & LHC 
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July 4, 2012: looking up to a new boson 
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“Higgsdependence” day recap 

Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

[ http://cern.ch/go/q8jx ] 

¨  5σ significance. 
¤ Just under the SM expectation: 
μ = σ/σSM	=	0.80 ±0.20 (at 125 GeV). 

¤ mX = 125.3 ±0.6 GeV. 
¤ “Proto-couplings” compatible with SM. 

¨  “More data needed…”	

75 



A 2012 hit 
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[ http://goo.gl/49c0c ][ http://goo.gl/suJzZ ][ http://goo.gl/ShJJG ] 76 
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[ http://cds.cern.ch/record/39448 ] 

1995 
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Event with 78 reconstructed vertices along ~10 cm. 

The LHC Run 1: a bountiful harvest 
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¨  LHC delivered ~30 fb-1. 
¨  Challenge: 

precision physics with 
~20 simultaneous 
proton-proton collisions. 

[ http://cern.ch/go/K8Tj ] [http://cern.ch/go/ZW9S ] 



On the shoulders of giants 
detector makers & theory calculators 
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“Yesterday’s discovery is today’s calibration, and tomorrow’s background.” – V. L. Telegdi [ http://cern.ch/go/lf9C ][ http://cern.ch/go/KD8D ] 

W, Z, and γ bosons 

Inelastic collisions: ~7×1010 

Top quark 

Higgs 

Eight 
orders of 

magnitude 
of EWK, 
top, and 
Higgs 
Physics 
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H(125) – looking for “something else”  
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¨  Mass 
¤  Exp. Uncertainties 
¤  SM consistency: (mH, mW, mtop) 

¨  Spin 
¤  J=1 and J=2 disfavored. 

¨  Charge 
¤  Zero. (That was easy.) 

¨  Parity 
¤ Amplitude decomposition � EFT 

¨  Scalar couplings 
¤ �� �(q) � f(q) � EFT 

83 



Handles on deviations 

Lx mini-school, Feb 2015 enjoying.higgs@cern.ch 

¨  Mass 
¤  Exp. Uncertainties 
¤  SM consistency: (mH, mW, mtop) 

¨  Spin 
¤  J=1 and J=2 disfavored. 

¨  Charge 
¤  Zero. (That was easy.) 

¨  Parity 
¤ Amplitude decomposition � EFT 

¨  Scalar couplings 
¤ �� �(q) � f(q) � EFT 

84 



Handles on deviations 
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¨  Mass 
¤  Exp. Uncertainties 
¤  SM consistency: (mH, mW, mtop) 

¨  Spin 
¤  J=1 and J=2 disfavored. 

¨  Charge 
¤  Zero. (That was easy.) 

¨  Parity 
¤ Amplitude decomposition � EFT 

¨  Scalar couplings 
¤ �� �(q) � f(q) � EFT 

Spin 1 Spin 2 prod. via gluon fusion Spin 2 production via qq̅ 
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Handles on deviations 
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¨  Mass 
¤  Exp. Uncertainties 
¤  SM consistency: (mH, mW, mtop) 

¨  Spin 
¤  J=1 and J=2 disfavored. 

¨  Charge 
¤  Zero. (That was easy.) 

¨  Parity 
¤ Amplitude decomposition � EFT 

¨  Scalar couplings 
¤ �� �(q) � f(q) � EFT 

! 
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Handles on deviations 
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¨  Mass 
¤  Exp. Uncertainties 
¤  SM consistency: (mH, mW, mtop) 

¨  Spin 
¤  J=1 and J=2 disfavored. 

¨  Charge 
¤  Zero. (That was easy.) 

¨  Parity 
¤  Amplitude decomposition � EFT 

¨  Scalar couplings 
¤ �� �(q) � f(q) � EFT 
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Handles on deviations 
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¨  Mass 
¤  Exp. Uncertainties 
¤  SM consistency: (mH, mW, mtop) 

¨  Spin 
¤  J=1 and J=2 disfavored. 

¨  Charge 
¤  Zero. (That was easy.) 

¨  Parity 
¤ Amplitude decomposition � EFT 

¨  Scalar couplings 
¤ �� �(q) � f(q) � EFT 
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Nobel prizes… 
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…and knighthoods. 
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Standard Model of Particle Physics 
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Standard Theory of Particle Physics 
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92 [ http://cern.ch/go/dW6z ] 

SM with H = 

Standard Theory 



The fate/character of the Universe 
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¨  Standard Theory seems self-consistent up to large scales. 
¤  …though the Universe might decay. 

[ JHEP 1208 (2012) 098 ] 93 

Hic sunt leones 

Hic est taedet 



Standard Theory of Particle Physics 
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Valid up to ~Planck scale ? 



Standard Theory of Particle Physics 
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But: dark matter, matter-antimatter, etc. 

Valid up to ~Planck scale ? 



Summary 
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Summary 
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Is the SM all 
there is? 
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Do we know 
what’s next? 

Is the SM all 
there is? 



Summary 
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t	yet	

Do we know 
what’s next? 

Is the SM all 
there is? 



Still SM ? 
Beyond SM ? 

Outlook 
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Accelerator physicists 
More & other collisions 

Experimentalists 
Better detectors & analyses 

Theorists 
Better predictions & tools 

Present 

Future 
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References 
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“…and references therein.” 

¨  Experiments’ pages on results: 
¤  ATLAS: http://cern.ch/go/7lDT 
¤  CMS: http://cern.ch/go/6qmZ 
¤  Tevatron: http://cern.ch/go/h9jX 

n  CDF: http://cern.ch/go/q8NV 
n  D0: http://cern.ch/go/9Djq 

¨  LHC HXSWG WG2: 
http://cern.ch/go/pj7d 

¨  Incomplete list of conferences and 
workshops: 
¤  Higgs Days 2013: http://cern.ch/go/6zBp 
¤  ECFA HL-LHC workshop: 

http://cern.ch/go/SFW6 
¤  Higgs EFT 2013: http://cern.ch/go/bR7w 
¤  Higgs Couplings 2013: 

http://cern.ch/go/THp9 
¤  Moriond 2014: http://cern.ch/go/k8FP 
¤  Bernasque 2014: http://cern.ch/go/Pz7l 
¤  ICHEP 2014: http://cern.ch/go/8Btf 
¤  Rencontres du Vietnam 2014: 

http://cern.ch/go/9ZJJ 
¤  Zuoz Summer School 2014: 

http://cern.ch/go/9SHw 
¤  Higgs Couplings 2014: 

http://cern.ch/go/ctN6 
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