The elementary building blocks
of nature
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f Large Hadron Collider
The Higgs boson
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CERN in Genéve, Zwitserland
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Particle Physics

Studies nature at distance scales < 101° m

Harry van der Graaf

nucleus

Niels Tuning




Discover the rules ?




The atomic world

1) Electrons do not fall onto the nucleus L?J

1- )
electron

(+e!
2) Protons and Neutrons stick together CJ B

3) Pattern in # electrons per orbit




New phenomena, new forces ?

Refine models New forces

N [ /\

2 forces 2 forces 4 forces @
Newton/Maxwell  Einstein/ Bohr Standard Model A




Where are we on March 1st 2013 ?

particles
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http:// pdg.lbl.gov



The Standard Model

up/down top

1) Electromagnetism (photon)
2) Weak force (W*, W-, Z)

3) Strong force (8 gluons)

electron

The Standard Model
SUQ2), ®U1), ®SU(3),.




particles







- Paar ‘Keine’ dingetjes:

96% of the energy in the universe is unknown
— dark matter (24%) what is that ?

- dark energy (72%) what is that ?

Where did all the anti-matter go ?

How do particles acquire mass ? Higgs boson

Why is gravity so weak ?




The Standard Model

SU2), ®U(1), ® SU(3),

Massive Massive




The Standard Model
SUR2), ®U1), ® SU(3),
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The Higgs mechanism
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(In)famous Higgs boson

Being famous is not the same as being important




The mass of the Higgs boson

Properties of the Higgs boson are known ... as a function of it's unknown mass

350 400 450 500
Higgs boson mass (GeV)




Large Hadron Collider




The Large hadron collider




Acceleration is ‘easy’




Phenomenology of proton-proton collisions

“Proton is a bag full of (anti-)quarks and gluons”
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Only a fraction of the collision energy available for ‘hard’ interaction



How do you discover a Z particle ?

Deviations from the prediction without a Z boson

2-muons as seen in the ATLAS detector
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What is the fingerprint of the Z particle:
- the di-muon mass




di-muon mass
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‘other’:  no preference/structure

Z-boson: Breit-Wigner ® resolution

di-muon mass

Z-boson

‘other’
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di-muon mass (GeV)




Di-muon resonances seen at the LHC

di-muon mass
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We now have 500x more data

ATLAS Preliminary
Data 2010,\s= 7 TeV
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LHC Is not a quie
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AN e\
Trigger:

From 40 MHz (LHC) to a few hundred Hz )

\

Selecting interesting physics from dh e-nor-mous background




GATLAS
A EXPERIMENT

Run Number: 166466, Event Number: 78756195,
Date: 2010-10-08 08:05:57 CEST

WATLAS
EXPERIMENT

Run Number: 183081, Event Number: 10108572
Date: 2011-06-05 17:08:03 CEST

%ATLAS

EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

@ATLAS
EXPERIMENT
http://atlas.ch p,(1) =27 GeV n(u)= 0.7
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Date: 2012-06-10
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The ATLAS detector

(as a computer model)




The ATLAS detector

(in real life)




The Atlas pixel detector

80 MegaPixel camera 40.000.000 pictures per second




Part of the ATLAS detector has been designed and built at Nikhef
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Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p;(H) =27 GeV n(u)= 0.7
p,(u*) =45 GeV n(u*) = 2.2

M =87 GeV
M

m Y
Z - Py candidate §




Complex structure ATLAS detector ?
Wide range of particle types / characteristics

T particle

SemiConductor Tracker

Momentum charged patrticles: Tracking - _— barrel: 3 layers
detectors in a 2T solenoid field - 30/78
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Quarks (jets) [/) ESS =-
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P Neutrino Charged particles
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The mass of the Higgs boson

350 400 450 500
Higgs boson mass (GeV)




Kloppen Higgs’ eigenschappen ?

m,=125 GeV Standaard Model
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Higgs boson verval naar 2 fotonen




The ATLAS data

® Data
——— Sig+Bkg Fit (m =126.5 GeV)
3 (4th order polynomial)
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The ATLAS data

ATLAS ® Data
—— Sig+Bkg Fit (m =126.5 GeV)
3 (4th order polynomial)
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Combine the evidence
h>vy, h>2ZZ and h>WW'




Higgs boson verval naar 4 muonen




| 7.l muon
FARASGN S Ao = 3 aw )




Look here (m,, = 125 GeV)

'

Vs =7 TeV J Ldt=0.05fb"  Apr 24, 2011

Events / 5 GeV

ATLAS Preliminary
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Another Higgs candidate: 2 electrons and 2 muons

un 182790 8Eent
2 2011:08-30) 07 : 54 : 29




A discovery in slow-motion

Time-line higgs discovery
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m, = 126.0 £ 0.4 (stat) + 0.4 (syst) GeV
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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

Thiss paper s dedicated to the memoary of our ATLAS colleagues who did not live to soe the
full impact and of thel o the

Abatract

A search for the Standard Model Higgs boson In proton-groton colisions with the ATLAS detector
at the LHC & presented. The datasets used comespond 10 of
481" colactod at 7~ 7TeVin 2011 and 581 at V7 =~ 8TV In 2012. Indvicual searhes In the

channels H— Z2% 3, H— yy and H— WW¥ . oy in the 8TaV data are combined with previously
publishad results of sawrches for H— 77, W™, &b and +"+~ In the 7TeV data and reculs from
Impeoved analyses of ha H— 774 4 and H— yy channais In the 7 TeV data. Claar evidancs for the
procuction of a neutral boson with @ Mmaasured mass of 126.0 + 0.4 (st) + 0.4 (xy) GeV 6 prasentad.
This which has a sig ot 59 goa
fuctuation probability of 1.7x 107%, s compatibie with the production and decay of the Standard Modal
Higgs bason.




‘Are you sure Ivo ?’
‘Yes Diederik, we’re pretty sure’

‘Independent cross-check ?° ‘ Yep!l’




Comparison results from ATLAS and CMS experiments

ATLAS experiment

CMS fs=7TeV,L=51f" s=8TeV,L=53" =

L B L LA B B L B

Y = i s P ATLAS 2011 + 2012 Data
10 [Ldt~4.6-48f"Vs=7TeV [Ldt~5859fb"s=8TeV
---Expected Combined --- Expected H — ZZ* — Il --- Expected H— bb
— Observed Combined — Observed H— ZZ* - llll — Observed H — bb
---Expected H— vy --- Expected H > WW* - Ivlv - - - Expected H— 1t
— Observed H — vy — Observed H— WW* — vlv. —— Observed H — 1t

===: Expected for SMH
—H—)TY
— H 5 77

m— H — WW X
—H 1T § 66
I o8 756" 125130 145 40 145 80
116 118 120 122 124 126 128 130

m,, (GeV) my, [GeV]

® expected

@ observed




Presentation CMS en ATLAS experiment: Higgs boson discovery




5 juli 2012: ok now what ?

OK.
Now what?




Imagine that one of
the mars landers#
finds life ... 7
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... then 1000

questions
come up




Kloppen Higgs’ eigenschappen ?

m,=125 GeV Standaard Model
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Some ‘tiny’ issues in a world with a Higgs field:

- Higgs does not give any hint to particle masses or dark matter

- Contribution to Oy, ($2,)  factor 1054 off

Why is the universe larger than a football ?
: . - Y e




What are the remaining mysteries ?




- Paar ‘Keine’ dingetjes:

96% of the energy in the universe is unknown
— dark matter (24%) what is that ?

- dark energy (72%) what is that ?

Where did all the anti-matter go ?
How do particles acquire mass ? Higgs boson V |

Why is gravity so weak ?




anti-particles




Dark Matter

Theoretical idea: supersymmetry:

Anti-particles
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supersymmetry: every particle
has a heavier ‘brother’




- Paar ‘Keine’ dingetjes:

96% of the energy in the universe is unknown
— dark matter (24%) what is that ?

- dark energy (72%) what is that ?

Where did all the anti-matter go ?

How do particles acquire mass ? Higgs boson

Why is gravity so weak ?




Is de zwaartekracht echt wel zoveel zwakker
dan de andere 3 natuurkrachten ?

® Within a nucleus, all forces (except gravity) are equally strong
... and quantum theories

'. U gravity ~10% times smaller
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De 3+1 forces of nature
guantum theories

Standaard Model

sterke kernkracht onzeker > 1 TeV

-zwakke kernkracht

gravitatie .
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Electrozwakke schaal Planck schaal

100 GeV ~10¥ m 1019GeV ~ 103> m




-
.
“ay,

o

-.....

Gravity

[ ) o C
- . a = -
Standaard Model
onzeker > 1 TeV
[—
f— |:
el ,‘: ’
. C : O U S : < O = C

dN,/dm,,, [GeV"]
3

- ATLAS Preliminary
Data 2010,\s= 7 TeV

1 L . y
10 10° 10°

1



Nature moves in mysterious ways Why the large spread in masses

LHC works beautifully! What is dark matter made of ?

Standard Model. Doing just fine! Why does gravity behave so different ?

The Higgs boser gxj ' e janti-matter go ?




