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 The Hunt for the Higgs  
Where  do  the  masses  of   
elementary particles come from? 	



 

The key  question:    
Where is the Higgs? 

Scalar field with at least      
one scalar particle  

We do not know the 	


mass of the Higgs Boson  

      
	


 

It could be anywhere	


from 114 to 700 GeV   

      
	


 

Massless particles move at the speed       
of light  -> no atom formation!!  
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�At ‘low’ energy the Weak force is very different from the  
  Electromagnetic force: Electroweak Symmetry Breaking 
�The W an Z bosons are very massive (~ 100 proton  
  masses)  while the photon is massless. 
�The proposed mechanism in 1964 by P. Higgs, R. Brout  
  and F. Englert, and Kibble, Hagen and Guralnik gives mass 
  to W and Z bosons and predicts the existence of a new    
  elementary particle, the‘Higgs’ particle. This mechanism is     
  further  extended  to give mass to the Fermions via Yukawa  
  couplings.    The Higgs (H) particle has been searched 

for since decades at accelerators, LEP 
(CERN), Tevatron (Fermilab, Chicago) and 
the large hadron collider @ CERN  
 

The Origin of Particle Masses 

Also: WW scattering at High Energies: 



ESB Heroics 
The year is 1964 

+ others could be mentioned that have inspired the above  

Electroweak Symmetry Breaking 



  

 The Higgs Particle 
Technique: Produce and detect Higgs Particles at Particle Colliders     

The Higgs particle is the last missing particle in the Standard Model 
It could also give us the first window “Beyond the Standard Model” 
 

proton proton 



This Search Requires……. 
1. Accelerators : powerful machines 
that accelerate particles to extremely 
high energies and bring them into 
collision with other particles 

2. Detectors : gigantic instruments 
that record the resulting particles as 
they “stream” out from the point of 
collision. 

3. Computing : to collect, store, 
distribute and analyse the vast 
amount of data produced by these 
detectors 

4. Collaborative Science on 
Worldwide scale : thousands of 
scientists, engineers, technicians and 
support staff to design, build and 
operate these complex “machines”. 



The Large Hadron Collider = a proton proton collider 

 Primary physics targets 
• Origin of mass 
• Nature of Dark Matter 
• Understanding space time 
• Matter versus antimatter 
• Primordial plasma (PbPb) 

1 TeV = 1 Tera electron volt 
           =  1012     electron volt 

                        The LHC is a Discovery Machine 
The LHC will determine the Future course of High Energy Physics 

       7 TeV + 7 TeV 
(3.5/4 TeV + 3.5/4 TeV) 
 
 



       27 km ring 
100 meter underground 

 Luminosity  
= # events/cross section/time  

LHC operation is now stopped  
for 2 years, and the machine 
is being prepared for running 
at 13-14 TeV from 2015 onwards 
 

8 TeV 

7 TeV 



The LHC is an Extraordinary Machine 

The LHC is … 

Colder than the empty   
Space in the Universe: 1.9K 
ie above absolute zero 

The emptiest place in our solar  
system. The vacuum is better 
than on the moon 

Hotter than in the sun: temperature  
in the collisions is a billion times 
the one in the centre of the sun  



Experiments at the LHC 



The Higgs Hunters @ the LHC 

The ATLAS experiment 

The CMS experiment 

These experiments use different 
technologies for their detector 
components 

LHC: pp collisions  
at 7/8 TeV 



Schematic of a LHC Detector 

Drexel'11tsv 

Physics requirements drive the design!  
Analogy with a cylindrical onion: 
Technologically advanced detectors comprising many layers, each 
designed to perform a specific task.  
Together these layers allow us to identify and precisely measure the 
energies and directions of all the particles produced in collisions. 

Such an experiment 
has ~ 100 Million  
read-out channels!! 



Data Taking Challenges 
•  Collider: 20M bunch crossings per second 
•  ~ 20-30 events per bunch crossing: pile-up  
•  Trigger on 400 events/sec (+ another 400-600 Hz of 

parked data in CMS): keep the interesting, incl. unknown 
physics  

•  Total data volume in eg ATLAS: 5 billion detector events, 
120 PB of data (simulation and data). Several billion Monte 
Carlo events (produce ~ 109 events/2 months) 

•  ATLAS+CMS > 500 papers so far 
    > ~600 papers for all experiments 
Searches for Higgs and New Physics but           xxxxxxalso 

also studies of QCD, EWK interactions,                xxxxxxxx 
top quark, heavy flavor physics,             xxxxxxxxxxxxx 
heavy ions… 

 



Standard Model Measurements 
Electroweak Measurements 

Top Quark Cross Sections 

Good understanding of the detector + accurate theory predictions 
→ Precise measurements of the SM processes in a large range 
→ Good knowledge of the backgrounds to the Higgs analyses 

Single top 

Top pairs 



Higgs Hunters 



Higgs Production Channels vs Mass 

Note: the LHC is a Higgs Factory:   1 Million Higgses already produced 
                                                  15 Higgses/minute with present lumi. 
 



Higgs Decay Channel vs. Mass 



Higgs Hunting at the LHC 

By now all the analyses are updated to the full statistics for CMS and  
 ATLAS (except tau tau)  



Higgs Boson Searches (simulation) 
Low MH < 140 GeV/c2 Medium 130<MH<500 GeV/c2 High MH > ~500 GeV/c2 

simulation 



Searches for the Higgs Particle 

But two Z bosons can also be 
produced in LHC collisions, 
without involving a Higgs! 
We cannot say for sure on 
event by event (we can reconstruct 
the total mass with the 4 leptons) 

Example: Higgs(?) decays into  ZZ and Z bosons decays into µµ and ee   
 

A Higgs particle will decay immediately, eg in two heavy quarks  
or two  heavy (W,Z) bosons  

So we look for 2 muons  
and 2 electrons in the detector 

e+ 

e- 



 
 

A Collision with two Photons 

A Higgs or  
a ‘background’  
process without  
a Higgs? 
 



•  Local significance p0 
to test background  
hypothesis 

 
 
•  CLs  = CLs+b/CLb           

 (log-likelihood ratio) 
 to test signal 
hypothesis 

 
•  estimate 

signal strength 
(relative to 
expectation) 

•  See lecture of A. Read 

 
 
 
 

Aside :Profile likelihood Ratio, p0 and CLs 

3 sigma= “Evidence” 
 
1 chance in 1000 to 
be wrong! 
 
 
5 sigma=“Discovery” 
 
1 chance in 3 million 
To be wrong!!!  

December 2011 
A Higgs in the making? 



July 4th  2012  
•  Official announcement of the discovery of a Higgs-like 

particle with mass of 125-126 GeV by CMS and ATLAS.  
•  Historic seminar at CERN with simultaneous transmission 

and live link at the large particle physics conference of 
2012 in Melbourne, Australia   

CERN 

Melbourne 

Followed live around   
the world… 



Higgs à 2 photons!! Higgs à 2Z à4 leptons!! Higgs à 2W à2l2ν!! 

Summer 2012: Results 



Summer 2012: Results 
Both experiments see an excess ~125 GeV in the γγ, ZZ and WW channel 
    àAdding up al the channels gives the following combination  
Shown is the compatibility with a ‘background only hypothesis” 

CMS and ATLAS observe a new boson with a significance 
of about 5 sigma     (1 chance in 3 million to be wrong!!!)  
     The particle is consistent with a Higgs-like boson  
 

5 fb-1/2011 and 5 fb-1/2012 



Elsevier(

PHYSICS(LETTERS(B(

Higgs Publications...  
Special booklet PLB edition with 
the ATLAS and CMS papers 
More than 1400 citations… 

Also… 



Higgs Publications Authors...  

Example  
ATLAS 
 
>3000  
authors 
 
(9 pages 
out of 33) 

> 800 PhD students (CMS) 

… 
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The Press… (5th July 2012) 
The discovery of the Higgs made the headlines worldwide 



The Theorists…  
A. Pomarol ICHEP2012 
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The Community (The day after…) 



The Theories  



The Theories ??  

This indeed  
happened 

However, less and less likely…  



•  Does this new particle have all the properties that we expect a 
Higgs Boson to have? 
–  So far it seems to couple as expected  to photons, heavy Z 

and W bosons, but at the time of the discovery it was not 
seen that they also couple to quarks or leptons 

•  What are the quantum numbers of this new particle? 
–  EG Spin and Parity: for the SM Higgs we expect it to have 

spin = 0 and parity = +.  
•  Is there more than one Higgs-like particle? Some theories 

beyond the Standard Model predict these… 
•  Does it have ‘exotic’ properties?     

Is it really the Higgs Boson? 
We, experimentalists, called it a “Higgs-like” particle 

Still a lot of questions to be answered in summer 2012!! 
Let’s look at the new updates with full 2012 data (~ 25 fb-1)   



Update with the Full 2012 Data Sample 

Increased data 
sample with  
a factor of ~3 
 
The particle is  
clearly still with  
us, now with a  
significance  
of >10σ !! 
 

We now enter the phase of measuring the properties of the new particle   

H→γγ 

H→ZZ 

H→ZZ 

All channels 



The Birth of a Particle 

“History” of the data  
accumulation during  
the last two years 

ATLAS CMS 



Does this Particle Decay into Fermions? 
�The BEH Mechanism was proposed in 1964 to give mass to the W and Z boson 
�Does it also give mass to the fermions? Does the particle couple to fermions? 
  ⇒ Direct test: check for the decays  H→ tau tau and H → b quark pairs 

      Higgs →ττ leptons 
Hadronic and leptonic decays  

          Higgs → b-quark pairs 
Only possible in VH and VBF processes  

CMS 

                [GeV]ττm
0 100 200 300

 [1
/G

eV
]

ττ
S/

B
 W

ei
gh

te
d 

dN
/d

m

0

200

400

600

800

1000

Observed
SM Higgs (125 GeV)

ττ→Z
tt
electroweak
QCD

                [GeV]ττm
100 150

0

20

40
Data - Background
Bkg. Uncertainty
SM Higgs (125 GeV)

-1 = 7 - 8 TeV ,   L = 24.3 fbsCMS Preliminary,  

hτ-hτ,h
τ-µ,

h
τ,e-µe-

Background subtracted distribution 



Does this Particle Decay into Fermions? 

Higgs →ττ leptons  

Significance 2.85σ at 125 GeV Significance 2.1σ at 125 GeV 

A mild excess is building up also for these channels with ~ 3.4σ 

Higgs → b-quark pairs  

CMS 



Tevatron Higgs Results - Final 
Tevatron results: proton anti-proton collisions at 1.96 TeV  



Channel Combination & Higgs Properties    



The Mass of the Particle 
Determine the mass from ZZ and 2-photon channels which show a peak! 

ATLAS CMS 

ATLAS and CMS observe the same particle!!  J  



Signal Strength 
�Signal strength µ is the observed over Standard Model expected cross section 
�For µ=1 the production rate is compatible with Standard Model expectation  

ATLAS a bit above and CMS a bit below µ=1… 

CMS 

) µSignal strength (
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The Spin of the New Particle 

�Study angular correlations in the decays 
 of the particle; build likelihoods and  
     test spin- and parity hypotheses 
�Use the ZZ, 2-photon and WW final states 

=> Particle consistent with a 0+ state!! 

ATLAS 

CMS 



Couplings to the New Particle 
�Use information of all production and decay channels 
�κf and κV are scale factors w.r.t. the Standard    
  Model values for fermions and vector bosons    

⇒  Couplings compatible Standard Model values, but large uncertainties 
       …Future data will decide… 

CMS 

ATLAS 
All channels 



…Shown in a different way 

For the fermions, the values of the fitted yukawa couplings are shown, 
while for vector bosons the square-root of the coupling for the hVV vertex 
divided  by twice the vacuum expectation value of the Higgs boson field.   
 



•  Results based on the full data set of 2011-2012 have 
been released this spring. 

•  The discovery of the new particle has been confirmed 
with more added collisions 

•  Signals in the fermion-channels start building up 
•  We tested the spin: it is compatible with a 0+ state 

and not with (simple) 0- or spin 2 (1) states 
•  The mass is getting measured better with time, in the 

range125-126 GeV. A naïve average gives 125.6 GeV  
•  The couplings to Bosons and Fermions  are 

consistent with the SM predictions (but these are not 
very precise yet; Surprises possible…)   

The News Since July 2012 



March 2013 News 

Following the data released by ATLAS and by CMS last March, we  
now call it a Higgs boson (instead of a Higgs-like boson)    



News From EPS Stockholm 
New result on additional channel and first differential  
distributions for Hàγγ. But the picture did not change 
=> Next stop 13-14 TeV collisions in 2015-2016   

Associated channels 

HàZγ 

VBF Hàbb 

Hàbb 

Hàµµ 

ttH 

Hàγγ 



Invisible Higgs Decay Channel  
Light Dark Matter may couple to a Higgs 
If mχ <MH/2 then Higgs can decay “invisibly” 
Study case: Z+H à 2 leptons + missing ET  

No evidence for  
invisible decays  
found so far  

More production  
channels are 
being analyses 

arXiv:1205.3169 

Future LHC 

cm2 

Spin independent σ  



Dark Matter @ LHC? 
Search for WIMP candidates in events with Missing Transverse Momentum 
EG: SUSY searches, monojet and mono-photon Searches, W’ searches…  

+ CAST experiment, searching for axion DM 

arXiv:1305.1605 



The Other Dark Matter Connection 
Searches for mono-jets and mono-photons can be used to search for  
Dark Matter (DM) 
 

Use effective theory 
to relate 
measurements to 
Dark Matter studies 
 See P. Gondolo’s lectures 



51 The Dark Matter Connection 

Competitive limits with direct searches (under the effective theory assumptions) 

Results for direct searches and collider searches for Dark Matter 
-> Spin dependent and spin independent cross sections of Dark Matter  
    with ordinary matter  (monojets searches)   



52 The Dark Matter Connection 

Competitive if DM-u quark coupling different from DM-d quark coupling 

Results for direct searches and collider searches for Dark Matter 
-> Spin dependent and spin independent cross sections of Dark Matter  
    with ordinary matter  (W/Z + MET searches)   



Beyond the Higgs Boson  

Picture from Marusa Bradac 

Supersymmetry: a new symmetry in Nature?  

SUSY particle production at the LHC 

Candidate particles for Dark Matter 
⇒ Produce Dark Matter in the lab 



SUSY Searches: No signal yet to date… 

CMS-SUS-11-015 

�So far NO clear signal of  
 supersymmetric particles  
 has been found 
 
�We can exclude regions 
 where the new particles 
 could exist. 
 
�Searches will continue for  
 the next years 
 

m0 and m1/2 are SUSY 
parameters at the GUT scale 

Masses of SUSY particles are larger than 1000 GeV!!! 
So these particles are heavier than 1000 times the proton 
     Explore other than the simplest/constrained SUSY models 

excluded 

allowed  



A Higgs… 

Stockholm Nobel Symposium 
May 2013 

Naturalness: Requires Top squarks < ~1 TeV, gluino < ~1.5 TeV… 
   So far no evidence found…  



SUSY Searches: LSP limits… 

Various limits on sparticles: 
No ‘light’ Lightest SUSY Particle (LSP) 
so far 

But could hide in contrived scenarios 



Searches for SUSY 

*similar results obtained by CMS 



Searches for Exotica 

TeV 



What is Next? 

Need for precision measurements with ~100x the present statistics 
LHC upgrade !  Experiment upgrades!!  (Other machines?) 



The Future of the LHC 



The Future: Proposals Discussed 

pp colliders 

e+e- colliders 

+ proposals for  
photon colliders,  
muon collider,.. 

Discussed in 3 areas (US, Europe, Asia)   Wait for LHC-14 TeV results? 



Consequences for our Universe? 
Precise measurements 
of the top quark and  
first measurements of the  
Higgs mass: 
 
Our Universe meta-stable ? 
Will the Universe disappear 
in a Big Slurp? (NBCNEWS.com) 



Summer 2012 the CMS and ATLAS experiment found a new 
particle, with a mass of 125-126 GeV, which behaved like the long 
sought Higgs boson, postulated in 1964. 

March 2013: The full statistics of 2011+2012 (about a factor 3 
more data) confirms the existence of the new particle.   

The spin and couplings to W and Z bosons are consistent 
with the expectation for a Higgs boson. Hence we call it from 
now onwards “a Higgs particle”. This is a brand new particle, 
as we never seen before.    

This Higgs boson is likely to carry the ‘genetic code’ for the 
physics Beyond the Standard Model. Present studies do not yet 
reveal any BSM signatures but have only a ~20% precision. 

The Higgs and hopefully future Dark Matter particle discovery are 
major milestones on our road to understand the Universe better. 

                          This is only the beginning!!!   



More Higgs Boson Results 



Effective Field Operators 



Quantum Numbers: Spin Separation 
�We use the angular analysis to define a likelihood for a spin hypothesis 
�We test spin 0, 1, 2 and parity + or -. A Higgs particle is expected to have 0+   

We test many more hypotheses: CLS levels: 
 

New particle most compatible with a O+ state 
… as it should be for a Higgs particle…  
 



Quantum Numbers: Spin Separation 



The Mass of the Particle 
Determine the mass from ZZ and 2-photon channels which show a peak! 

ATLAS CMS 

ATLAS and CMS observe the same particle!!  J  


