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     Quarks and the Cosmos       

     Inner Space /  Outer Space      

What is Particle Physics?:  
Study of the smallest things in the world 
& the interactions (forces) between them 

to explain  the Universe’s past, present, and 
future 



The Higgs Boson was (prior to July 4, 2012) 
the last remaining undiscovered particle in 
the Standard Model of Particle Physics 

!   July 4, 2012, Higgs Boson 
discovery announced 
!   Published October 2012 in 

Physics Letters B 
 

!   Outline of this talk 
!   The Standard Model 
!   Discoveries in Particle Physics 
!   Accelerators and Nobel Prizes 
!   Large Hadron Collider (LHC) 
!   ATLAS & CMS experiments 
!   Discovery of the Higgs Boson 
!   What comes next? 
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Peeling back the layers of Matter: 
The Periodic Table of Elements 
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Inner Space: atoms, quarks & electrons 
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The size of an atom is ~0.1 nanometers  

An atom compared to an apple is 
like: 

The size of atoms, quarks and electrons  
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A quark has a volume less than one 
billionth  of a proton 

The proton compared to an atom is like 
a raisin in the middle of a football field 

The detectors at the Large Hadron Collider can 
probe a volume one trillionth the size of a proton  
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Inner space: The four fundamental forces  
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radioactivity 
+  lets quarks 
change identity 
example: dàu 
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BUILDING A UNIVERSE 

Multiply by billions and billions and billions 
(there are 1078 atoms in the universe) 
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BUILDING A UNIVERSE 
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The periodic table of the elementary particles  
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We are made of up 
(u) and down (d) quarks  
and electrons (e) and  
there are also neutrinos  
produced in  
radioactive decay  
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The periodic table of the elementary particles  
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+ particles  
associated with force 
  
Photon : electromagnetic  
Gluon : strong  
Z and W bosons: weak 

This, we thought, 
was enough to make  
a universe 
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The periodic table of the elementary particles  
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1935-1974 
2nd generation of  
particles discovered 
 
the first group  
is replicated  
by a second  
group at  
greater Mass 
 
Produced in  
Cosmic Ray showers 
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The periodic table of the elementary particles  
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1977-2000 
3rd generation of 
particles discovered 

a third copy at 
still higher mass  
was discovered 
 
Produced in  
particle accelerators 
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The periodic table of the elementary particles  
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•  The prevailing theory (the 
Standard Model) is a 
remarkable intellectual 
construction 

•  Particle experiments  
confirm the theory with 
exquisite precision 

•  Several mysteries remain! 
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Particles have very different masses. Why? 

!   Why are there 3 generation of 
particles? 
!   Ordinary matter is composed 

of only the first generation 
!   Why do they have very 

different masses? 
!   Top quark is as heavy as a 

gold nucleus ~170 GeV 
!   neutrinos have very tiny mass 

!   < 2 eV  

!   We do not know the answers to 
these questions 
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Why is Mass a Problem? 

!   The Standard Model of Particle Physics is a quantum field theory 
Particles described by quantum fields defined at all points in spacetime 
!   Fermion fields describe matter particles – quarks & leptons 
!   Electroweak boson fields that mediate the electromagnetic and weak 

interactions 
!   Gluon fields that mediate the strong interaction 
 

!   The Standard Model is furthermore a gauge theory  
There are degrees of freedom in the mathematical formalism that do not 
correspond to changes in the physical state – called Gauge Invariance 
!   Gauge Invariance implies that the force carriers are massless 
 

!   The Higgs field was introduced to provide a Gauge Invariant way to allow 
the W and Z bosons to be massive 
!   Mass of quarks/leptons is proportional to their interaction with the Higgs field 
!   The Higgs boson is a quantum excitation of the Higgs field 
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Four 1964 research papers published by Robert Brout 
& François Englert (Belgians), two by Peter Higgs, and 
one by a team consisting of Americans Gerald Guralnik 
and Carl (Dick) Hagen and British physicist Tom Kibble.  !"#$%&"'$()%*+"
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What is the Higgs? 

!   A particle (The Higgs boson)  
!   All of its properties except for its mass are predicted 
!   It is a real particle which can be studied 

!   A field (The Higgs field) 
!   When other particles (W and Z  

bosons, quarks and leptons too)  
interact with the Higgs field they  
become massive  

!   The more a particle interacts with  
the Higgs field the heavier it is 
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The Standard Model and the Higgs Mechamism 
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Standard Model is 
composed of point-like 
particles & force carriers. 
 
1970’s: The Higgs 
mechanism is used to 
predict the existence of 
the W and Z bosons with 
masses of 80 & 91 times 
that of a proton 
 
1983-84: The W and Z 
bosons were discovred 
at CERN 
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Discoveries (and Nobel Prizes) made with 
the help of accelerators at LBL, SLAC, 
Brookhaven, Fermilab, CERN 

more Nobel Prizes 
!   1980 – (1964, BNL)  

Cronin & Fitch,   
Discovery of CP violation 

!   1988 – (1962, BNL ) 
Lederman, Steinberger, 
Schwartz 
Discovery of muon neutrino 

!   2008 – (2001, SLAC, KEK)
Nambu, Kobayashi, Maskawa 
– three quark generations & 
spontaneous symmetry breaking 

more discoveries 
!   1977 (Fermilab) – ϒ particle 

(composed of b-quarks) 
!   2000 (Fermilab) – tau neutrino 
!   2012 (CERN) – Higgs Boson 
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Decades of Higgs Hunting !"##$%!&'('#%)*+,%-.+%/+0,$%

LEP-II did not find Higgs (MH> 114 GeV). Machine turned off in 2000 to 
make room for the Large Hadron Collider that was built in the same tunnel. 
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A missed opportunity 

15 miles of tunnel dug near 
Waxahachie, Texas 

!   Superconducting Super 
Collider (SSC) 
!   To be built in Texas with 3x’s 

the collision energy of the 
Large Hadron Collider  
!   40,000 GeV = 40 TeV 

!   To be 54 miles in 
circumference 

!   Cancelled in 1993 
!   Would have discovered the 

Higgs Boson as well as any 
yet to be made discovery at 
the Large Hadron Collider 
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After 28 years of discovery and innovation the Tevatron 
at Fermilab, Batavia, IL, the world’s highest-energy 
proton-antiproton collider, shut down on Sept. 30, 2011. 

!   Since 1983, the most powerful atom 
smasher in the US has created 
particle collisions recorded by the 
CDF and D0 experiments.  

!   Informed some of the most important 
fundamental discoveries of our time, 
such as  
!   Discovery of the top quark  
!   Most precise W mass measurement 
!   Discovery of 5 baryons & Bc meson 
!   Bs matter/anti-matter oscillations 

!   Also provided particle beams to fixed 
target experiments & test beam areas 

!   Countless achievements in detector, 
accelerator and computing 
technology  
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What did we know about the Higgs Boson prior 
to the discovery announcement July 4, 2012 !"#$%$&'((')*$+)((,-$.()/$
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Self consistency required that the  
Higgs Boson not be too heavy 



Tevatron Experiments excluded the Higgs from 
the mass regions <115 GeV & 148-180 GeV 
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Prior to July 4, 2012 - Combining results from 
Tevatron & CERN experiments leave a small  
mass window for the discovery of the Higgs Boson 
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LARGE HADRON COLLIDER (LHC) 

The Discovery of the Higgs Boson 



Professor Peter Higgs in the Large 
Hadron Collider Tunnel in 2012 !"#$%%&"'()*+,-"')-.$+/-."$0"1234"

5-/-)"#$%%&"$0"/6-"7#8"/900-,"$0":;1:"
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Galaxies 
born 

Accelerators make particles last seen when the 
Universe was very young 

The LHC recreates the conditions of the 
early universe a picosecond after its birth 
This was the time that the Higgs gave 
mass to the quarks, electrons & other fundamental particles 
so it’s a great place to make and study the Higgs  
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Quarks to the Cosmos 

Primordial 
Soup  of the 
Universe 
made 
at the LHC 

Proton beam Proton beam 

Time 



Large Hadron Collider: Facts & Figures (I) 

!   Largest machine in the world  
!   27 km circumference, 9300 magnets 

!   Largest cryogenic system in the world 
!   first cooled by 10k tonnes of liquid nitrogen to 80 K then 

cooled by 120 tonnes of liquid helium to 1.9K 
!   At full power, trillions of protons circulate the LHC 

accelerator ring 11,245 times a second, travelling at 
99.9999991% the speed of light. (14 TeV collision energy) 

!   The emptiest space in the Solar System 
!   To avoid colliding with gas molecules inside the accelerator, 

the beams of particles travel in an ultra-high vacuum as 
empty as interplanetary space. 10-13 atm, 10 times less than 
the pressure on the Moon! 
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Large Hadron Collider: Facts & Figures (II) 

!   Hottest spots in the galaxy, but colder than outer space 
!   When two beams of lead ions collide, they will generate 

temperatures >100,000x hotter than the heart of the Sun, 
concentrated within a minuscule space.  

!   By contrast, the 'cryogenic distribution system', which circulates 
superfluid helium around the accelerator ring, keeps the LHC at a 
temperature of -271.3°C (1.9 K) – even colder than outer space! 

!   The biggest and most sophisticated detectors ever built 
!   Sample the results of up to 600 million proton collisions per 

second, physicists and engineers have built gargantuan devices 
that measure particles with micron precision. 

!   Record only 400 interesting collisions per second 
!   Sophisticated electronic trigger systems precisely measure the 

passage time of a particle to accuracies of a few billionths of a 
second and positions to a few millionths of a meter 
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Large Hadron Collider: Facts & Figures (III) 

!   World’s most powerful  
computer system  
!   Data recorded the experiments at  

the LHC will fill ~100,000 DVDs  
every year (15 petabytes / year)  

!   A distributed computing network  
called “the Grid”, composed of tens of thousands of computers 
around the world enable the thousands of scientists scattered 
around the globe to collaborate on the data analysis 
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Large Hadron Collider Requires Detectors 
of Unprecedented Scale 

!"#$%&'()*&+$,&-&.-/*+$/0$
123*&.&4&2-&4$5.67&$

•  CMS is 12,000 tons 
(2 x s ATLAS)!

•  ATLAS has 8 times 
the volume of CMS!

6.920  m

5.635  m

4.645 m

3.850  m

2.950 m

2.864  m

1.840 m
1.320  m

Y

X

Towards
Center of LHC

Transverse View 

!

CMS-TS-00079

!   Compact Muon 
Solenoid (CMS) 
Detector is 
12,000 tons 

!   ATLAS Detector 
is 8 times the 
volume of CMS 

February 19, 2013 The Discovery of the Higgs Boson 33 



DIGITAL CAMERAS THE SIZE OF CATHEDRALS 

ATLAS 

CMS 
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ATLAS Experiment 

February 19, 2013 35 The Discovery of the Higgs Boson 

People 
3000 scientists (including about 
1000 graduate students) from 
174 universities and labs in 38 
countries 

Detector Size and Weight 
Diameter: 25 m  
Length: 46 m  
Overall weight: 7000 
tonnes 3000 km of cables  
ATLAS is ½  the size of 
Notre Dame Cathedral 



Construction of the ATLAS Detector 
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Collision Event in ATLAS Detector 
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The CMS Experiment 

2011-05-13, by Eleanor Rusack

CERN › CMS Experiment › For Everybody › CMS People › CMS Institutes Map

CMS Collaboration

The Compact Muon Solenoid (CMS) detector is situated 100 m underground at
the French village of Cessy and is one of the biggest in the world, measuring 21 m
in length, 15 m in diamter and weighing a total of 14 000 tonnes (or about 465
Boeing 737s).

The CMS experiment is one of the largest international scientific collaborations in
history, involving more than 3000 scientists, engineers, and students from 172
institutes in 40 countries.

Pieces of CMS were designed and constructed in various institutes around the
world before being brought to CERN for the final assembly. Now, the data
collected by CMS are being delivered to institutes around the world to be
analysed.

Filter by:  

Compact Muon Solendoid (CMS)

All projects  All countries  

© Copyright CERN, for the benefit of the CMS Collaboration 2008-2012. Terms of Use

Map data ©2013 MapLink, Tele Atlas Imagery ©2013 NASA, TerraMetrics

CMS Collaboration | CMS Experiment http://cms.web.cern.ch/content/cms-collaboration

1 of 2 2/18/13 10:41 PM
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The CMS detector is situated 100 m 
underground at the French village of 
Cessy and is one of the biggest in 
the world, measuring 21 m in length,
15 m in diameter and weighing a 
total of 14,000 tonnes. It is a 5 
storey-high digital camera recording 
hundreds of images per second of 
debris from LHC particle collisions 

The CMS experiment is one of the 
largest international scientific 
collaborations in history,  
involving more than 3000  
scientists, engineers, & students  
from 172 institutes in 40 countries. 
 
 



So how do you search for a Higgs Boson? 

!   Usually no Higgs Boson is made when protons collide at the LHC 
!   VERY rarely a Higgs Boson is produced and then decays in 10-22 seconds

  
!   ATLAS and CMS detectors were designed to be very good at 

measuring photons, muons and electrons 

!   Search for the Higgs Boson in 
!   Proton + Proton (gluon fusion) à Higgs à photon photon 
!   Proton + Proton (gluon fusion) à Higgs à Z Z à e+e- µ+ µ- , 4e, 4µ	

 

!   In the data presented on July 4, 2012 it is predicted that 174,000 
Higgs bosons were made (now there is 3x more data) 
!   397 Higgs decayed to 2 photons 
!   20 Higgs decayed to 2 Z bosons which then decayed to 4 leptons   
!   60% of the Higgs bosons decay to b quarks   
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In the Standard Model the Higgs Boson 
decay rates depend on the Higgs Mass  

February	  19,	  2013	   Discovery	  of	  the	  Higgs	  Boson	  

Mass of the Higgs in Gev 1 GeV = 1 proton mass 

Probability of  
disintegration 

40 



Two photon Mass Distribution – July 4, 2012 
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The largest absolute signal yield as defined above is

taken as the systematic uncertainty on the background

model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,

depending on the category for the 7 TeV and 8 TeV data

samples, respectively. In the final fit to the data (see

Section 5.7) a signal-like term is included in the likeli-

hood function for each category. This term incorporates

the estimated potential bias, thus providing a conserva-

tive estimate of the uncertainty due to the background

modeling.

5.6. Systematic uncertainties

Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-

tively. The dominant experimental uncertainty on the

signal yield (±8%, ±11%) comes from the photon re-

construction and identification efficiency, which is es-

timated with data using electrons from Z decays and

photons from Z → �+�−γ events. Pile-up modelling

also affects the expected yields and contributes to the

uncertainty (±4%). Further uncertainties on the sig-

nal yield are related to the trigger (±1%), photon isola-

tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).

Uncertainties due to the modelling of the underlying

event are ±6% for VBF and ±30% for other produc-

tion processes in the 2-jet category. Uncertainties on the

predicted cross sections and branching ratio are sum-

marised in Section 8.

The uncertainty on the expected fractions of signal

events in each category is described in the following.

The uncertainty on the knowledge of the material in

front of the calorimeter is used to derive the amount of

possible event migration between the converted and un-

converted categories (±4%). The uncertainty from pile-

up on the population of the converted and unconverted

categories is ±2%. The uncertainty from the jet energy

scale (JES) amounts to up to ±19% for the 2-jet cate-

gory, and up to ±4% for the other categories. Uncertain-

ties from the JVF modelling are ±12% (for the 8 TeV

data) for the 2-jet category, estimated from Z+2-jets

events by comparing data and MC. Different PDFs and

scale variations in the HqT calculations are used to de-

rive possible event migration among categories (±9%)

due to the modelling of the Higgs boson kinematics.

The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-

certainty on the energy resolution of the calorimeter,

which is determined from Z→ e
+
e
−

events. Smaller

contributions come from the imperfect knowledge of the

material in front of the calorimeter, which affects the ex-

trapolation of the calibration from electrons to photons

(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-

didates after all selections for the combined 7 TeV and 8 TeV data

sample. The inclusive sample is shown in a) and a weighted version

of the same sample in c); the weights are explained in the text. The

result of a fit to the data of the sum of a signal component fixed to

mH = 126.5 GeV and a background component described by a fourth-

order Bernstein polynomial is superimposed. The residuals of the data

and weighted data with respect to the respective fitted background

component are displayed in b) and d).

5.7. Results

The distributions of the invariant mass, mγγ, of the

diphoton events, summed over all categories, are shown

in Fig. 4(a) and (b). The result of a fit including a signal

component fixed to mH = 126.5 GeV and a background

component described by a fourth-order Bernstein poly-

nomial is superimposed.

The statistical analysis of the data employs an un-

binned likelihood function constructed from those of

the ten categories of the 7 TeV and 8 TeV data samples.

To demonstrate the sensitivity of this likelihood analy-

sis, Fig. 4(c) and (d) also show the mass spectrum ob-

tained after weighting events with category-dependent

factors reflecting the signal-to-background ratios. The

weight wi for events in category i ∈ [1, 10] for the 7 TeV

and 8 TeV data samples is defined to be ln (1 + S i/Bi),

10

ATLAS CMS 
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H è2 photons 
candidate 

This occurs once every trillion collisions 
Allowing for efficiency of the camera expect about  
200 examples of this process to have been recorded 
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Four Lepton Mass Distribution – July 4, 2012 

Table 3: The number of selected events, compared to the expected background yields and expected number of signal events (mH = 125 GeV) for
each final state in the H→ ZZ analysis. The estimates of the Z + X background are based on data. These results are given for the mass range from
110 to 160 GeV. The total background and the observed numbers of events are also shown for the three bins (“signal region”) of Fig. 4 where an
excess is seen (121.5 < m4� < 130.5 GeV).

Channel 4e 4µ 2e2µ 4�
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

−0.8 0.9+0.7
−0.6 2.3+1.8

−1.4 4.4+2.2
−1.7

All backgrounds (110 < m4� < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4� < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9
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Figure 4: Distribution of the four-lepton invariant mass for the
ZZ→ 4� analysis. The points represent the data, the filled histograms
represent the background, and the open histogram shows the signal
expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4� distribution after
selection of events with KD > 0.5, as described in the text.

ing power between signal and background. The mo-
mentum of the ZZ system may further differentiate sig-
nal from background, but would introduce dependence
on the production mechanism, and on the modelling
of the QCD effects, and is therefore not considered
here. A kinematic discriminant is constructed based
on the probability ratio of the signal and background
hypotheses, KD = Psig/(Psig + Pbkg), as described in
Ref. [126]. The likelihood ratio is defined for each value
of m4�. For the signal, the phase-space and Z propaga-
tor terms [127] are included in a fully analytic param-
eterization [124], while the background probability is
tabulated using a simulation of the qq → ZZ/Zγ pro-
cess. The statistical analysis only includes events with
m4� > 100 GeV.

Figure 5 (upper) shows the distribution of KD ver-
sus m4� for events selected in the 4� subchannels. The
colour-coded regions show the expected background.
Figure 5 (lower) shows the same two-dimensional dis-
tribution of events, but this time superimposed on the
expected event density from a SM Higgs boson (mH =
125 GeV). A clustering of events is observed around
125 GeV with a large value of KD, where the back-
ground expectation is low and the signal expectation
is high, corresponding to the excess seen in the one-
dimensional mass distribution. The m4� distribution of
events satisfying KD > 0.5 is shown in the inset in
Fig. 4.

There are three final states and two data sets (7 and
8 TeV), and thus the statistical treatment requires six si-
multaneous two-dimensional maximum-likelihood fits
for each value of mH, in the variables m4� and KD. Sys-
tematic uncertainties are evaluated from data for the
trigger efficiency and for the combined lepton recon-
struction, identification, and isolation efficiencies, as de-
scribed in [128]. Systematic uncertainties in the en-
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è Expect 20 occurrences 
In entire data set 
Allowing camera efficiencies 
expect about 8 occurrences 
to be detected 

This occurs 
~ once every 
70 trillion collisions 

HèZZè4µ     
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Observation of a new boson at a mass of 125 GeV with the CMS experiment at
the LHC

The CMS Collaborationa

aCERN

Abstract

Results are presented from searches for the standard model Higgs boson in proton-proton collisions at
√

s =
7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples corresponding to integrated
luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1 at 8 TeV. The search is performed in five decay modes: γγ, ZZ,
W+W−, τ+τ−, and bb. An excess of events is observed above the expected background, with a local significance of 5.0
standard deviations, at a mass near 125 GeV, signalling the production of a new particle. The expected significance for
a standard model Higgs boson of that mass is 5.8 standard deviations. The excess is most significant in the two decay
modes with the best mass resolution, γγ and ZZ; a fit to these signals gives a mass of 125.3±0.4 (stat.)±0.5 (syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

Keywords: CMS, physics, Higgs

1. Introduction

The standard model (SM) of elementary particles
provides a remarkably accurate description of results
from many accelerator and non-accelerator based exper-
iments. The SM comprises quarks and leptons as the
building blocks of matter, and describes their interac-
tions through the exchange of force carriers: the photon
for electromagnetic interactions, the W and Z bosons
for weak interactions, and the gluons for strong inter-
actions. The electromagnetic and weak interactions are
unified in the electroweak theory. Although the predic-
tions of the SM have been extensively confirmed, the
question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that
spontaneous symmetry breaking in gauge theories could
be achieved through the introduction of a scalar field.
Applying this mechanism to the electroweak theory [7–
9] through a complex scalar doublet field leads to the
generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The
scalar field also gives mass to the fundamental fermions
through the Yukawa interaction. The mass mH of the

Email address:
cms-publication-committee-chair@cern.ch (The CMS
Collaboration)

SM Higgs boson is not predicted by theory. However,
general considerations [10–13] suggest that mH should
be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% con-
fidence level (CL) [14]. Over the past twenty years,
direct searches for the Higgs boson have been carried
out at the LEP collider, leading to a lower bound of
mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton-antiproton collider, excluding the mass range
162–166 GeV at 95% CL [16] and detecting an excess of
events, recently reported in [17–19], in the range 120–
135 GeV.

The discovery or exclusion of the SM Higgs boson is
one of the primary scientific goals of the Large Hadron
Collider (LHC) [20]. Previous direct searches at the
LHC were based on data from proton-proton collisions
corresponding to an integrated luminosity of 5 fb−1 col-
lected at a centre-of-mass energy

√
s = 7 TeV. The

CMS experiment excluded at 95% CL a range of masses
from 127 to 600 GeV [21]. The ATLAS experiment ex-
cluded at 95% CL the ranges 111.4–116.6, 119.4–122.1
and 129.2–541 GeV [22]. Within the remaining allowed
mass region, an excess of events near 125 GeV was re-
ported by both experiments. In 2012 the proton-proton
centre-of-mass energy was increased to 8 TeV and by
the end of June an additional integrated luminosity of
more than 5 fb−1 had been recorded by each of these
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Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

The ATLAS Collaboration

This paper is dedicated to the memory of our ATLAS colleagues who did not live to see the
full impact and significance of their contributions to the experiment.

Abstract

A search for the Standard Model Higgs boson in proton-proton collisions with the ATLAS detector
at the LHC is presented. The datasets used correspond to integrated luminosities of approximately
4.8 fb−1 collected at

√
s = 7 TeV in 2011 and 5.8 fb−1 at

√
s = 8 TeV in 2012. Individual searches in the

channels H→ZZ
(∗)→ 4�, H→ γγ and H→WW

(∗)→ eνµν in the 8 TeV data are combined with previously
published results of searches for H→ZZ

(∗), WW
(∗), bb̄ and τ+τ− in the 7 TeV data and results from

improved analyses of the H→ZZ
(∗)→ 4� and H→ γγ channels in the 7 TeV data. Clear evidence for the

production of a neutral boson with a measured mass of 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV is presented.
This observation, which has a significance of 5.9 standard deviations, corresponding to a background
fluctuation probability of 1.7×10−9, is compatible with the production and decay of the Standard Model
Higgs boson.
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“First observations of a new particle in the 
search for the  Standard Model Higgs 
boson at the LHC” – published Oct 2012 
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The observed particle behaves like a 
Standard Model Higgs Boson 

Higgs Decays as expected Higgs Masses extracted from 
different decays are consistent 

Higgs Candidate Looks Right 
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Higgs Candidate Looks Right 

•  Higgs masses 
extracted from 
different decays are 
all consistent 
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Measured rate/Predicted rate 

CMS 



NASA Figure 

Demonstrably measurable –  
 reasonably understood 

        Known by implication – 
only have speculation 

Mass	  Composi*on	  of	  the	  Universe	  

95% of the mass  
of the Universe is  
dark matter and  
dark energy  
which is NOT  
explained by the  
Higgs mechanism 



Summary and Outlook 

!   The technical achievement of the Large Hadron Collider and the 
ATLAS and CMS detectors built upon decades of accelerator-based 
particle physics – often led by scientists and facilities in the US. 
!   The US has made substantial (>$1 Billion) investment in the Large 

Hadron Collider and the ATLAS and CMS experiments. 
 

!   The ATLAS and CMS results provide conclusive evidence for the 
discovery of a new particle with mass of about 125 GeV that has 
many of the right properties to be the Standard Model Higgs Boson. 

 

!   Although these results are compatible with the hypothesis that the 
new particle is the Standard Model Higgs boson, more data are 
needed to assess its nature in detail. 
!   Data taking at LHC will resume at end of 2014 with 14 TeV running 
!   2018 shutdown is planned to upgrade for high data rates 

 

!   Discovery of the Higgs Boson is a “big deal” and will likely result in a 
Nobel Prize for Peter Higgs and perhaps others 
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Prospects for Precision 
Higgs Boson studies at the 
International Linear Collider 
Collider 
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HEPAP Facilities Subpanel     13 Feb 2013 Jim Brau4

M. Peskin, arXiv:1207.2516 [hep-ph]

Few percent is needed

Decoupling limit - deviations from 
SM could be quite small

LHC, 300 fb-1, 1 experiment 
ILC1 at 250 GeV, 250 fb-1

ILC at 500 GeV, 500 fb-1

ILCTeV at 1000 GeV, 1000 fb-1 

For each decay channel, a succeeding generation measurement includes 
also all the previous measurements. 
The symbol "inv" indicates limits on the coupling to invisible decay modes 
of the Higgs; the final 95% CL limit on the branching ratio is 0.3%. 

!   Expected to cost $10-20 Billion 
!   Japan interested in hosting 

with international partners 

Technical Design Report 
(machine) and Detailed 
Baseline Design (Detector) 
completed in 2013 
 
Electron-positron colliders 
probe a precision probe in 
clean, low background 
environment to reveals detail 
of underlying physics 
discovered at the LHC 


