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The Universe from a chemist’s point of view
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The Universe from a physicist’s point of view

All matter consists of 3 families of fermions, divided into
quarks and leptons.

Six quarks:

o fractional electric charge:
—1ford,s, band +% foru, ¢, t.
e color charge (blue, green, red).
As only colorless objects can be
observed, quarks stick together!

Six leptons:

e three are charged: e=, =, 77.
e three neutrinos: very light, pass
through everything and oscillate.
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Stable matter (the world around us) mostly has fermions
from the first family, the lighest one.
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What holds matter together?

The Universe exists because fundamental particles
interact. The four fundamental interactions include
attractive/repulsive forces, decays and annihilations.

Each of them has its own force carrier (boson).

The forces in Nature

INTENSITY OF FORCES | BINDING PARTICLE
TYPE (DECREASING ORDER )| _(FIELD QUANTUM ) OCCURS IN

STRONG NUGLEAR FORCE -~ GLUONS (NOMASS)|  ATOMIC NUCLEUS

ELECTRO MAGNETIC FORCE - 107 PHOTONS (NOMASS)|  ATOMIC SHELL
ELECTROTECHNIQUE

WEAK NUGLEAR FORCE ~ 10" BOSONS 2°,Ws ,W- | RADIOACTIVE BETA
(HEAVY) | DESINTEGRATION

GRAVITATION - 10" GRAVITONS (7) | HEAVENLY BODIES

THE EXCHANGE OF PARTICLES IS RESPONSIBLE FOR THE FORCE

CERN AC _Z04_ V25/8/1992
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Unsolved Mysteries

Particle Processes
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Dark Matter? Origin of Mass?

Universe Accelerating? Why No Antimatter?
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The Standard Model (2)
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The Standard Model is based on quantum field theory
Discovery of a and, as such, must obey some rules (symmetries).

Higgs boson at

the L. Had . .
ars™elel  Unfortunately, any mass-like term breaks these rules: in
Arnaud Ferrari its minimal version, the Standard Model can only have

Recipe fora massless fermions and bosons!
Universe

In 1964, Higgs and Brout & Engler proposed to add a
new scalar (spin 0) field into the Standard Model, which
would give mass to fermions, as well as to the W and Z
bosons, leaving the photon and gluon massless.

This Higgs mechanism predicts the existence of a new
boson, with an unknown mass... It just took 48 years to
discover it!
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What is mass?

Mass is NOT an intrisic property of the fermions! It results
from its coupling to a Higgs field that fills up vacuum.
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How to detect the Higgs boson?

The Higgs boson, like most of the heavy fundamental
particles, decays as soon as it is produced. So, one
needs to look for the decay products:
@ WW or ZZ, where each W/Z decays into quarks,
electrons, muons and neutrinos,
@ a pair of b-quarks, very difficult to detect (large
background at hadron colliders),
@ a pair of 7-leptons,
@ a pair of photons.

To complicate things, we didn’t know the Higgs boson
mass, so we didn’t know “where” to look for it!

Having identified the decay products of the Higgs boson,
one normally has enough information to compute the
mass of the mother particle.
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Searches for the
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the LHC

The Large Hadron Collider in one slide

@ Circumference = 27 km

@ Proton revolutions per
second = 11245.5

@ Beam energy =3.5TeVin
2011, 4 TeV in 2012

@ Delivered luminosity = 5.6/fb
in 2011 and 10.5/fb (so far)
in 2012, up to August 9th

The LHC is colder than the outer space... but also the
hottest spot in the galaxy (the proton-proton collisions
generate temperatures more than 100,000 times hotter
than in the heart of the Sun).

The LHC is also the emptiest space in the Solar System
as the beams must travel in an ultra-high vacuum.
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The LHC experiments

Two general purpose experiments (ATLAS and CMS),
one dedicated to studies of b-quarks (LHCb) and one
dedicated to studies of quark-gluon plasma (ALICE).

/ / \ \
Torold Magnels  Solenoid Magnel  SCT Tracker Pl Deleclor TRI Tracker
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Data-analysis: signal and background

— Compare the LHC data with the predictions of the
Standard Model with or without the Higgs boson.

*kﬂ}‘ Data
k et Prediction with Higgs

— (or new physics)

rate of events

some parameter

@ black points close to the green curve: evidence for
the Higgs boson (or new physics),

@ black points on or below the dashed black curve (i.e.
background): no evidence for a Higgs boson, which
might be ruled out at the corresponding mass.



Data-analysis: exclusion plot

Explanatory figure (not actual data)
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G/G,,, Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model
Discovery of a — “Observed" (example data)
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Cross section = likelihood of a collision event of a
particular type to occur.
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Data-analysis: exclusion plot

Explanatory figure (not actual data)

e B s s s s s s B e s s s e

G/, Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model

= “Observed” (example data)

——  Higgs excluded at 95% CL below this line
Expected without Higgs (background)

D Expected region at 68% Confidence Level

[ Expected region at 95% Confidence Level

r Excess The data is higher than the expected background

Deficit The data is lower than the expected background

—
o
T
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95% CL Limit on o/og,

T

Excluded Excluded

-1 Sy ol
10 200 300 400 500 600
mass of Higgs [GeV]

Vertical axis — Excluded Higgs boson cross section,
divided by the one predicted by the Standard Model.
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Data-analysis: exclusion plot

Explanatory figure (not actual data)

— T T
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6/G.. Higgs production cross section we exclude, divided by
M the expected Higgs cross section in the Standard Model

—  “Observed’ (example data)
= Higgs excluded at 95% CL below this line
Expected without Higgs (background)
[ Expected region at 68% Confidence Level
- [:l Expected region at 95% Confidence Level
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Solid black line — Exclusion with a 95% certainty that a
Higgs boson with the given mass does not exist.
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Data-analysis: exclusion plot

Explanatory figure (not actual data)
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6/G.. Higgs production cross section we exclude, divided by
M the expected Higgs cross section in the Standard Model

—  “Observed’ (example data)
= Higgs excluded at 95% CL below this line
Expected without Higgs (background)
[ Expected region at 68% Confidence Level
- [:l Expected region at 95% Confidence Level

b% Excess The data is higher than the expected background
B 10 Deficit The data is lower than the expected background
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Dotted black line — Expected limit in the absence of a
Higgs boson (derived from simulation).



Data-analysis: exclusion plot

Explanatory figure (not actual data)
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G/G,,, Higgs production cross section we exclude, divided by
SM the expected Higgs cross section in the Standard Model
Discovery of a — “Observed" (example data)
Higgs boson at ——  Higgs excluded at 95% CL below this line
the Large Hadron -==- Expected without Higgs (background)
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Green and yellow bands — 68% and 95% certainty on
the value of the expected limit.
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Data-analysis: exclusion plot

Explanatory figure (not actual data)
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G/, Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model

= “Observed” (example data)
——  Higgs excluded at 95% CL below this line

Expected without Higgs (background)
D Expected region at 68% Confidence Level
[ Expected region at 95% Confidence Level
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Deficit The data is lower than the expected background
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Deficit — Less data than the expected background. The
observed limit is below the expected limit.
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Data-analysis: exclusion plot

Explanatory figure (not actual data)
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G/, Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model

= “Observed” (example data)
——  Higgs excluded at 95% CL below this line

Expected without Higgs (background)
D Expected region at 68% Confidence Level
[ Expected region at 95% Confidence Level

r Excess The data is higher than the expected background

Deficit The data is lower than the expected background
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Excess — More data than the expected background. The
observed limit is above the expected limit.



UPPSALA
UNIVERSITET

Discovery of a
Higgs boson at
the Large Hadron
Collider

Arnaud Ferrari

Searches for the
Higgs boson at
the LHC

Data-analysis: exclusion plot

Explanatory figure (not actual data)
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White vertical bands = non-excluded Higgs boson
masses... but it does not mean discovery!



UPPSALA
UNIVERSITET

Discovery of a
Higgs boson at
the Large Hadron
Collider

Arnaud Ferrari

Searches for the
Higgs boson at
the LHC

Recipe for a Higgs boson discovery

What is needed in order to discover a Higgs boson?
@ the solid black line must be above 1.0 (no exclusion),

@ the solid black line must be above the dotted black
line (excess of data with respect to the background).

For a given mass, if the solid black line is at the upper
edge of the yellow band, there is 95% certainty that the
observed data exceed the background expectations. So,
there is still a 5% chance that background processes or
systematic errors in the detector are not well understood.

For a discovery, we want the chance that the observed
data come from background fluctuations or systematic
errors to be less than one in a million: 0.0001%!
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These two plots show real ATLAS events:
@ two photons (left, mass = 126.6 GeV)
@ 2 electrons + 2 muons (right, mass = 124.3 GeV).
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Excess of events in the reconstructed mass spectra of
the vy and ZZ — 4/ final states:
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An excess of events is also observed in the WW — evpuv
channel, but the direct reconstruction of the Higgs boson
mass is not possible due to the escaping neutrinos.




ATLAS results (3)
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Clear evidence for the production of a new neutral boson
with a measured mass of 126.0 GeV corresponding to a
background fluctuation probability of 1.7 x 10=2 (5.9 o),

compatible with a production and decay of the Standard

Model Higgs boson.
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CMS results (1)

Excess of events in the reconstructed mass spectra of
the vy and ZZ — 4/ final states:
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Low mass resolution channels (WW, ZZ with neutrinos,
771, bb in association with W or Z) were also analyzed but
they are much less sensitive...



CMS results (2)

UPPSALA

UNIVERSITET
H 10 CMS Preliminary —=— Observed H = lo
) (S=7Tev.L=51f"  |B9 Expected (68%)[] 320
Discovery of a [s} Vs=8TeV,L=531b" ==+ Expected (95%)]| e
Higgs boson at s 4
the Large Hadron = _;40
Collider £ \ =
1
- £
Arnaud Ferrari (@] F =50
X [ 3
< oA E
w0 N
o r N
= Combined ob: "
ok i E;‘;" h‘}’:"'SM"HS CMS Preliminary )
Searches for the 107 —Hobbere G
Higgs boson at £ | | | Ld 10'12E 2w, ‘S‘T?TE‘YV‘LT‘SF‘(?‘ 370
the LHC 100 200 300 400 500 116 118 120 122 124 126 128 130
Higgs boson mass (GeV) Higgs boson mass (GeV)

Excess of events above the expected background, with a
local significance of 4.9 ¢ for a Higgs boson mass around
125 GeV. The evidence is strongest in the two final states
with the best mass resolution, giving a local significance
of 5.0 o.
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Conclusion

The Standard Model of elementary particles has been
confirmed by experimental data with great precision.

Up to a few weeks ago, the only missing piece of that
puzzle was the Higgs boson, which is at the core of the
mechanism providing mass to all particles.

A new neutral boson has been observed by both ATLAS
and CMS at the LHC, with a mass of 125-126 GeV. The
remaining mass range is meanwhile excluded with a high
confidence level.

One should also investigate whether this is THE Standard
Model Higgs boson, or A Higgs boson, e.g. by studying
all decay channels (more data is needed).

Some theories beyond the Standard Model predict five
Higgs bosons, three neutral and two charged.
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