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Outline

Recap SM, Higgs boson production @ LHC


ATLAS and CMS experiments


Discovery of the Higgs boson
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The Higgs boson....

Renormalizable relativistic QFT with local 
gauge invariance U(1)YxSU(2)LxSU(3)C


Success of QED, high-energy behaviour 
of 4-fermion weak interactions, drives 
electroweak unification to propose 
massive gauge bosons (confirmed e.g. at 
CERN in 1980’s and indirectly in the 70’s)


Higgs/BEH/GABEGHHK’tH-mechanism 
breaks gauge symmetry in the vacuum 
state - W-S           incorporated it in 
EW (G) model 
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...an integral part of the SM
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Higgs production @ LHC

Compiled by  
LHCXSWG

VBF

t
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From mH to branching fractions
Assumes no invisible  
(BSM) width

, c, µ�

, c̄, µ+
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From mH to branching fractions
Assumes no invisible  
(BSM) width

Nature hit the “sweet spot”
, c, µ�

, c̄, µ+
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ATLAS, CMS 
collaborations
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CMS, ATLAS experiments
CMS: Compact, high 
sol. field, all-Si 
tracker, crystal ECAL 
 
 
 

ATLAS: Air-core 
toriod, accordian LAr 
ECAL
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CMS ATLAS
14 ktons 7 ktons
B=3.8 T B=2 T
15x29 m 22x45 m



ATLAS-experiment
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Electrons (stable) 
Muons (effectively stable, why?!) 
Tau-leptons (from decay products) 
Jets (from quarks and gluons) 
Missing transverse momentum (why?!) 
(neutrinos, new physics e.g. SUSY) 
 

7000 tonn (~100 tomme Boeing 747er)

22m p

p x

y

z

90 M 3-D pixels
400 “pictures”/s
Toss 20 Mpics/s
Save some 1000 TB/yr
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CMS
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𝝉-lepton
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𝝉-lepton
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And 6 more pages!!



Quark and gluon “jets”
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"Hadronization”

Why doesn’t the top quark hadronize?!
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LHC challenge: Find 105 Higgs bosons in  
1015 proton-proton-collisions.
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LHC challenge: Find 105 Higgs bosons in  
1015 proton-proton-collisions.
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http://activitypit.ning.com/forum/topics/the-scavenger-hunt-thread?commentId=1981927%253AComment%253A2169981
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LHC challenge: Find 105 Higgs bosons in  
1015 proton-proton-collisions.
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http://activitypit.ning.com/forum/topics/the-scavenger-hunt-thread?commentId=1981927%253AComment%253A2169981
http://activitypit.ning.com/forum/topics/the-scavenger-hunt-thread?commentId=1981927%253AComment%253A2169981
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Which is which?!

14

Results 4 July (*), 2012

H ! Z0Z0 ! e+e�µ+µ�

H ! W+W� ! e+⌫eµ
�⌫̄µ

H ! ��
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Which is which?!

14

Results 4 July (*), 2012

H ! Z0Z0 ! e+e�µ+µ�

H ! W+W� ! e+⌫eµ
�⌫̄µ

H ! ��

*
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Candidate H ! ��
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Candidate
H ! ZZ⇤ ! (e+e�)(µ+µ�)
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Candidate H ! W+W�(⇤) ! e+�eµ
��µ
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“Invariant mass”
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E = mc2 ! E2 = m2c4 + p2c2

We see the Higgs boson as directly as we see each other!
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Correlations in 

Will the electron and muon tend to come out 
aligned or anti-aligned in the detector?!
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H ! Z0Z0 ! e+e�µ+µ�

H ! W+W� ! e+⌫eµ
�⌫̄µ

H ! ��
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H is electrically neutral, photon has only 
electromagentic interactions. How can H decay 
to 𝛄𝛄??

20

H ! �� ??



Oslo Winter School 2018 A. Read, U. Oslo

H is electrically neutral, photon has only 
electromagentic interactions. How can H decay 
to 𝛄𝛄??

20

H ! �� ??
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LHC data samples
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LHC data samples
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Discovery

Measurements

2011

2012 Similar for CMS
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Pile-up challenge
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~45% over design

Why is this trend a problem?!

https://twiki.cern.ch/twiki/pub/AtlasPublic/JetEtmissApproved2013EtMiss/fig_03.png
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Standard “candles” ✓
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July, 2012
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A new boson, “Higgs-like”
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Combination of all channels and data  
available at the time


2 experiments with 5σ at ~same mass


The most sensitive channels making 
the impact



Since July 2012: 
From “a Higgs-like boson”  

to 
“a Higgs boson”
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While van Dyk asserted that he would advocate a 
different quantification of the evidence for a Higgs 
boson, he acknowledged that the ATLAS and CMS 
analyses must be among the most rigorous 
statistical treatments of a complex scientific data 
set "on the planet”.


Profile-likelihood ratio machinery (RooStats/RooFit/
MINUIT) put us in position to rapidly (!!) advance 
from limits and discovery to measurements!
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Rest of 2012: The signals grew...
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Rest of 2012: The signals grew...
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Mass of the Higgs boson

(Run 1 data only)
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Expt. Chan. mH stat syst
ATLAS 126,8 0,2 0,7
CMS 125,4 0,5 0,6

ATLAS 4l 124,3 0.6/0.5 0.5/0.3
CMS 4l 125,8 0,5 0,2

ATLAS Comb 125,5 0,2 0.5/0.6
CMS Comb 125,7 0,3 0,3

(Optimistic back of the envelope 125.6±0.3)
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Conclusions

Far beyond any reasonable doubt we have 
started to measure and test in detail the 
properties of a Higgs boson, which in every 
way is so far consistent with the minimal SM 
(JP=0+, SM couplings in production and decay, 
no unexpected invisible decays)
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