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The world of elementary particles before the LHC (4 July 2012)

The elementary particles and their interactions are described by a very successful
theory: the Standard Model. Before the LHC, all particles (but one) foreseen by

the SM had been observed, and the SM predictions had been verified with extremely
high precision by experiments at CERN and other labs all over the world (over 50 years)
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The role of accelerators

‘30s-'50s: particle physics based mainly cosmic ray observations - discovery of e*, y, ..

Accelerator-based particle physics starts in the '50s: here only very few examples

centre-of-mass energy (GeV)
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The world of elementary particles before the LHC (4 July 2012)

The elementary particles and their interactions are described by a very successful

theor

y: the Standard Model. Before the LHC, all particles (but one) foreseen by

the SM had been observed, and the SM predictions had been verified with extremely
high precision by experiments at CERN and other labs all over the world (over 50 years)
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The outstanding questions before the LHC

What is the origin of the particle masses ?
- Related to the Higgs boson ATLAS, CMS
What is the nature of the Universe dark matter ? ATLAS, CMS

Note: New Physics beyond the Standard Model is needed  'Hep

in most cases. Experimental data and theoretical arguments
indicate that this New Physics could manifest itself at
the ~ TeV energy scale being explored by the LHC

permeating the Universe ~10 us after the Big Bang ?

LHC built to address these and other fundamental quew

Why is gravity so weak ? Are there additional
(microscopic) space dimensions ?

Etc. etc.

F. Gianotti, CAS, Trondheim, 28/8/2013




CERN : European Organization for Nuclear Research

The world’ s largest particle physics laboratory

More than 50 years of:

- fundamental research and discoveries (and Nobel prizes ...)
- technological innovation and technology transfer to society
(e.g. the World Wide Web: 20t anniversary on 30 April)
» training and education (young scientists, school students and teachers)
» bringing the world together (10000 scientists from > 60 countries)

Samuel Ting,
Nobel pr'lze 1976

| CERN staff member T. Berners-Lee,
§ inventor of the WEB, with Kofi Annan
and CERN DG Luciano Maiani

Carlo Rubi, |
Nobel prize, 1984




CERN was founded 1954: 12 Eur'pean Statesy

Today: 20 Member States
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Membe»r' States: Austria, Belgium, Bulgaria, the Czech Republic, Denmark, Finland,

~ France, Germany, Greece, Hungary, Italy, the Netherlands, Norway, Poland, Portugal, y
- Slovakia, Spain, Sweden, Switzerland and the United Kingdom )
~ Observers: India, Japan, the Russian Federation, United States of America, by
& ! Turkey, the European Commission and UNESCO G
L‘?;.& Associate, in the pre-stage to membership: Israel at
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~ 2300 staff
> 10000 users
Budget (2012) ~1000 MCHF (> about 1 cappuccino/citizen): each Member State

contributes in proportion to its income: Norway: ~ 2.5% (~ 25 MCHF)
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More than 10000 users from > 60 countries

Distribution of All CERN Users by Nation of Institute on 9 January 2012

MEMBER STATES

Austria
Belgium
Bulgaria

Czech Republic
Denmark
Finland

France
Germany
Greece

Hungary

Slovakia

Spain

Sweden
Switzerland
United Kingdom

OBSERVERS
India

Japan

Russia

CANDIDATE FOR
ACCESSION
Romania 75

ASSOCIATE MEMBER
IN THE PRE-STAGE
TO MEMBERSHIP

Israel 62

OTHERS

Argentina
Armenia
Australia
Azerbaijan
Belarus
Brazil
Canada
Chile

18
12
24
1
22
93
167
4

China

China (Taipei)
Colombia
Croatia

Cuba

Cyprus

Egypt
Estonia
Georgia
Iceland

Iran

Ireland

Korea

Lebanon

Lithuania

Malta

Mexico
Montenegro
Morocco

New Zealand 11

Pakistan
Peru

Qatar

Saudi Arabia
Serbia
Slovenia
South Africa
Thailand
T.EY.R.OM.
Tunisia

Ukraine
Uzbekistan

907

F. Gianotti, CAS, Trondheim, 28/8/2013




CERN's primary mission is SCIENCE

Study the elementary particles (e.g. the building blocks of matter:
electrons and quarks) and the forces that control their behaviour

at the most fundamental level

Nucleus Neutron

10-1° m 1014 m 10 -10% m

Particle physics at modern accelerators allows us to study the
fundamental laws of nature on scales down to 10-8 m

- insight also into the structure and evolution of the Universe
- from the very small to the very big ...

F. Gianotti, CAS, Trondheim, 28/8/2013




Evolution of the Universe

> Today

13.7 Billion Years
1028 cm




To study the elementary particles and their interactions:

production
and decay of
a new particle

We accelerate two beams of particles
(e.g. protons) close to the speed of light
and make them collide

The colliding protons break into their
fundamental constituents (e.g. quarks)
These constituents interact at high energy:
- study the way fundamental matter behave
- (new) heavy particles can be produced in the
collision (E=mc?). The higher the accelerator
energy, the heavier the produced particles
can be. These particles then decay into lighter
(known) particles: electrons, photons, efc
- reproduce the temperature (~10% K) of the

Universe a few instants (10-! s) after the Big Bang

By placing high-tech powerful detectors around
the collision point we can detect the collision
products and reconstruct what happened in the
collision (which phenomena, which particles and
forces were involved, etc.)

11



Therefore, we need three things:

Accelerators: underground tunnels (usually rings) containing electric fields
to accelerate particles to very high energy (incrementally at each turn),

and magnets to bend the beams inside the ring and bring them into collision
Powerful giant microscopes to explore the smallest constituents of matter !

~ j > ——

Detectors: massive instruments which register the collision products and
allow to identify the produced particles and measure their energy and trajectory.

Computing: to store, distribute and analyse the vast amount of data produced
by the detectors and thus reconstruct the “event” occurred in the collision.




The Large Hadron Collider (L

HC) at CERN

the most powerful accelerator
.. and also ....

the most high-tech and complex detectors
the most advanced computing infrastructure

the most innovative concepts and technologies
(cryogenics, new materials, electronics, data transfer

the widest international collaborations

ever achieved in accelerator-based particle phys
One of the most ambitious projects in science in

and storage, efc. etc...)

ICS.
general.

Operation started 20 November 2009
(> 20 years from concept to start of operation)

- End of first data-taking period: February 2013
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F. Gianotti, CAS, Trondheim, 28/8/2013
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394

The LHC is a 27 km ring, 100 m below ground, across France/Switzerland
Over the last three years, two high-energy proton beams have been
circulating in opposite directions and colliding at 4 points, where 4 big
experiments had been installed.

Unprecedented collision energy: 8 TeV (4 times larger than the Tevatron collider, Fermilab)

+ 4 . 3
B e

»

LHC 27 km ring
(previously used for
LEP e*e collider)

P
-

F. Gianoﬁi, r'ond eim, 28/8/20
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(Bergen, Oslo,
Tonsberg)




Unprecedented energy: 4 TeV per beam particle — collision energy = 8 TeV
(1 TeV= 107 Joule)
2015 - collision energy to ~ 14 TeV
Note: huge amount of energy concentrated in the collision point
(14 TeV corresponds to 104 times the femperature in this room)
However: small energy on macroscopic scale (1 nJoule is just enough to swat a mosquito)
s %;\_;% “j%/ il & =~

P ) RS
Most challenging component of the LHC: g
1232 high-tech superconducting magnets B ek
0 providing a field of 8.3 T (needed to bend k=) N
7 TeV beams inside a 27 km ring) . W&
O 7600 km of NbTi superconducting cable |} #
d work at 1.9K (-271 degrees C)
- cooler than outer space

>

0 2x10% protons circulate in each direction
O energy stored in the beams (design operation):
~350 MJ (like a British aircraft carrier at 12 knots)
0 Beam cross section at collision points: 16 um
(~ 4 times smaller than that of a typical a human hair)
R N i | B
Electrical power to run the LHC (from French EDF): ~200 MW

[ N R F -




ATLAS

LHC detectors are

much more complex,
performing and
challenging than those
at previous/present
accelerators

— a big jump in concepts
and technologies

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

—

Human beings

W

/
Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

- Size (length 45m, diameter 25m): to measure and absorb high-energy particles
» 108 sensors (“individual signals™): to track ~1000 particles per event
and reconstruct their trajectories with ~10 um precision (1 um=10-% m)

F. Gianotti, CAS, Trondheim, 28/8/2013
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A collision in the CMS detector

’cMs Experiment at the LHC, CERN

: Déta recbrded: 2009-Dec-14 03:51:28.667244 GMT
Run: i, 124120

Particle trajectories are reconstructed
with precision of few microns (1y = 106 m)

10

Event: 6613074
S WY 2

o, 224
Cross"iﬁ'gn,,\: 2

Giant ultra-fast digital camera
40 million beam-beam collisions per second
- fast response (~50 ns) (1 ns = 109 s)

F. Gianotti, CAS, Trondheim, 28/8/2013




Norway:

1 2 groups (Bergen, Oslo)

O ~ 40 scientists (17 students)

U Contributed to tracking detector, software and computing,

physics (Higgs discovery, SUSY), upgrade

Australia
Austria
Azerbaijan
Belarus .
Brazil

Canada

Chile

China
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Czech Republic
Denmark
France
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Age distribution of the ATLAS population

All 2690 (<35y 47.2%)
Male 81.8% (<35y 44.0%)
Female 18.2% (<35y 61.3%)—-
(Status 1.1.2010)

3 3

More than 1000 PhD students

® Male
' ' ' ® Female

O X O
o n o ,@
bf° § &F

F. Gianotti, CAS, Trondheim, 28/8/2013




30Km

Computing | -

Each LHC experiment produces ~ 10 PB
of data per year 1 PB=10¢ GB
This corresponds to ~ 20 million DVD (a 20 km stack ...)

Data analysis requires computing power
equivalent to ~100 000 today’ s
fastest PC processors.

The experiment international Collaborations :
are spread all over the world — computing AR
resources must be distributed.

Cooperation of many computer centres
all over the world is needed

F. Gianotti, CAS, Trondheim, 28/8/2013




The Grid provides seamless access to computing power
and data storage capacity distributed over the globe

Worldwide LHC Computing Grid (WLCG): ~ 150 computing centres, ~ 35 countries
Apr-7,:2010:11:01:45 am X v F y B \\‘ B a4

N e TN W
Very successful operation of the LHC Grid in first
years of LHC operation allowed users (students !)
from all over the world to analyze the data quickly
- fast release of physics results




30 March 2010: first proton-proton collisions at an

unprecedented energy - exploration of a new energy
frontier starts -

r Bt
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| Since then:

! O The accelerator, detectors, and computing performed beyond expectations

| O Huge amount of collisions recorded and analyzed (ATLAS and CMS: ~5 billion each)

O The Standard Model and the previously known particles have been "rediscovered”
and measured in the new energy regime

O Many scenarios of physics beyond the Standard Model have been investigated

and r'uled out

NTLY 2012: dlscover'y by ATLAS and CMS of a new Higgs-like par"rlcle

- with mass ~ 125 GeV (~ 130 proTon masses)




What is the origin of the particle masses ?

R
344000 electrons 1 fop quark

Mass of top quark (heaviest elementary particle observed) ~ mass of Gold atom ‘
Electron mass is ~350000 times smaller: why ?2?? e

Proposed solution (Brout, Englert, Guralnik, Hagen, Higgs, Kibble):
“Higgs mechanism”: origin of masses ~ 10-!' s after the
Big Bang, when "Higgs field" became active > particles
acquired masses proportional to the strength of their
interactions with the Higgs field

Consequences: existence of a Higgs boson
This particle has been searched for > 30 years at

accelerators all over the world

- finally found at the LHC! __.-_.;,r_-:_,’;_‘_;?:‘_i._..l
L:_,--" };7"—/ \—:\-\i-- 1

7NN NN

Note: a world without “Higgs”™ would be a very strange one ! A & A )
Atoms may not exist, and the Universe would be very different S g
F. Gianotti, CAS, Trondheim, 28/8/2013 " —! H_ :




What did we observe ?

xperiment at the LHC, CERN
recorded: 2012-May-13 20:08:14.621490 GMT

Once produced the Higgs boson is expected
to disintegrate ("decay”) into known particles,
for instance into two photons - looked at
the yy spectrum in our data

> fo000f—= T T T T T
8 B Selected diphoton sample 7]
N oo e  Data2011+2012 ]
~ L Sig+Bkg Fit (mH=126.8 GeV) _
"g C hegy  mmmemese Bkg (4th order polynomial) N
2 sooo— ATLAS Preliminary —
H e H-1y ]
4000:— —:
L V\s=7TeV, -[I_dt 481" |
2000— - "
a8 Tev, Lat-207 8] . Peak ("resonance”) at m,, around
o swfE = = 125 GeV indicates the production
= ;‘325 E of a (new) heavy particle

2 200E- =
iC 100 - 3
c:j Of' L+—+—+—*—*—‘—f—*j—t€
5 :;83%_ E
> E L =
m 100 150 160
m,, [GeV]




B EXPERIMENT

Higgs boson can also decay into

4 leptons (electrons, muons) :

- looked at 4e, 4y, 2e2y
spectrum in our data

4| data
CMS Preliminary Vs=71eV,L=5.1fb";{s=8TeV,L=19.6 fb™

35 I T I T I I T I I T I I I I T T
2 S e
O] n - ]
o 30 | Z+X 7
2 255 T [(zy'zz ]
L%’ : . " |m,=126 GeV- A peak is observed also in this case
20 ] - at my around 125 GeV
151 =
101 i

80 100

120 140 160 180
my [GeV]

26




B EXPERIMENT

Higgs boson can also decay into

4 leptons (electrons, muons) :

- looked at 4e, 4y, 2e2y
spectrum in our data

4| data
CMS Preliminary Vs=71eV,L=5.1fb";{s=8TeV,L=19.6 fb™

35 T I T I T I I T T I T T I T I T
S B
O . __ ’
o 30 | Z+X 7
2 255 T [(zy'zz ]
e . " |m,=126 GeV] A peak is observed also in this case
L 20F - E at m, around 125 GeV

- l )
16— } .

Q Finding the Higgs boson was not easy: one H-> 4e produced every 103 pp collisions
- required superb performance of the LHC, ideas, and a huge amount of
meticulous experimental work
0 As of today, each experiment has a sample of about 600 Higgs events

100 120 140 160 180
my [GeV]
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Is this a Higgs boson ?

A Higgs boson is a very special particle ..

Particles and forces

v )
)2 e
Q charm _ top gluon : :\2
= d S b ’Y <
) C_
down sfrange bottom | photon _‘Cgi
«

)
S e LT W o
o,  electron muon tau Wboson &)
QO <
) <)

e-neutrino, p-neutrino. r-neutrinos Z boson

I [I T]
Cznzrarions o

-1

‘-—nl

.7 = }}\.
X7 ) :
4 , g e 2 -
7 amy Q&
J& . _ Proto
Gravity Weak Electromagnetic Strong

(Electroweak)

e ( === f) ) Carrigd
© Brian Foster rf‘\'! r J‘\Jr i

F. Gianotti, CAS, Trondheim, 28/8/2013
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Two “fingerprints” distinguish the Higgs boson from all other particles

1) To accomplish its job (providing mass) it interacts with other particles with

strength proportional to their masses, as predicted by the "Higgs mechanism”

H f
o

T f
-~ m,

Couplings of the new particle to
several known particles (W, Z,
top-quark, b-quark, T-lepton) vs
particle mass (over a factor of 100 !)

F. Gianotti, CAS, Trondheim, 28/8/2013

CMSPrellmlnary {s=7TeV,L<51f" {s= 8TeV Ls196fb

| |==68% CL ]
| |—95% CL t s
| wZA"
i 4 ]
b |
i 1 1 lJlllI 1 1 L 1 lllll |
1 2 345 10 20 100 200

mass (GeV)
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2) It has spin zero ("scalar”)
None of the other SM elementary particles has spin zero: f--'—'-b' ’

-- Matter particles (electrons, quarks, ...): spin 3
-- Force carriers (photons, W, Z, ..): spin1

What is the spin of the newly

diSCOVCr'ed ple'TiCle ‘) E é ‘; J::()I: (‘SIM) hypotr‘le‘silsl I-ATL/-\IESI Fl’rtlelimilnary_:

g 0_035:— — J'=2" (100%gg) hypothesis JL dt = 20.7 fb"1_:

3 0.03F opserved Data 2012, Vs = 8 TeV

Spin can be determined from the angular g o He Norinal analyels ]
distribution of the decay products of the §°'°25§ E
particle (here for events where the new e E
particle decays to yy) £0.015¢ E
W 0,01 =

Red : expected distribution for spin 2 000 E
1

Blue : expected distribution for spin O 95

Vertical black line: ATLAS data In(L(0)/L(2

~

)

- (likely) the first elementary scalar observed in Nature

> consequences also for Universe evolution (according to || Note: until now, fermions

cosmology, inflation was triggered by a scalar field)

(c, b, T, 1) discovered in US,
bosons (W, Z, H) in Europe ..!




Three Frequently-Asked-Questions

1) Is this new particle the Standard Model Higgs boson ?

Present LHC measurements say it's A Higgs boson (it has both fingerprints)
However, too early to draw definite conclusions > we will need o measure its
properties in detail in the months/years to come with present/future data to
understand e.g. if it is THE SM Higgs boson or a more exotic object of a more
general theory - LHC upgrade and possibly a new (e*e" ?) accelerator

2) Is the task of the LHC over ?

No, this is just the beginning of the LHC exploration phase: the LHC was
built to address many more questions (dark matter, etc.), not only to find
the Higgs boson

3) Will the Higgs boson change our day-by-day life ?

It did already !

F. Gianotti, CAS, Trondheim, 28/8/2013
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From fundamental science to everyone’s life

Extreme performance required in particle physics — cutting-edge technologies
developed at CERN (and collaborating Institutes) and other HEP laboratories,
and then transferred to society.

Applications: medical imaging (e.g. PET), cancer therapy, materials science, airport
scanners, cargo screening, food sterilization, nuclear waste transmutation, analysis
of historical relics, etc. ..not to mention the WEB ..

&) Hadron Therapy

1 £95 n 4
Accelerating particle beams

~30'000 accelerators worldwide
~17'000 used for medicine

Brain Metabolism in Alzheimer’s
Disease: PET Scan

&) TImaging

e.g. PET scanner

De‘recing particles




hat is the origin of the particle masses -
Related to the Higgs boson ATLAS, CMS

What is the nature of the Universe dark matter ? ATLAS, CMS

Why 3 generations of matter particles ?

Why is there so little antimatter in the Universe ? LHCb
(Nature’ s favouritism allowed us to exist ...)

What are the features of the primordial plasma ALICE
permeating the Universe ~10 us after the Big Bang ?

Are there other forces in addition to the known four ?

Why is gravity so weak ? Are there additional ATLAS, CMS

(microscopic) space dimensions ?

Etc. etc.

F. Gianotti, CAS, Trondheim, 28/8/2013



Two additional questions (from the Higgs boson itself ..)

q Does this new particle fix the SM problems at high energy ?

q W This process becomes unphysical (cross section diverges):
q c~E2 at mWW~TeV

/ if this process does not exist
W

\\//Vv > Important to verify that the new particle accomplishes
q W this task > a “closure test” of the SM
q > Need LHC upgrade to verify

O
T <«

to "stabilize" the divergent Higgs mass

Why is the Higgs so light ? > Need new physics (close-by, ~TeV scale)

In the SM, this correction to m, E.g. the supersymmetric partner of the top (stop)
diverges as ~ A2 (energy scale up to [ 9ives rise fo the same diagram with opposite sign

which the SM is valid) > cancellation ,
Only works if mass difference stop-top small (few
hundreds GeV) = motivation for SUSY at TeV scale




Conclusions

The discovery of the Higgs boson is a giant leap in our understanding of
fundamental physics and the structure and evolution of the universe

This accomplishment is the result of > 20 years of talented work and extreme dedication of
those involved in the LHC project. More in general, it's the result of the ingenuity, vision and
painstaking work of the HEP community (theory, accelerators, computing, exper'lmen’rs)

WEETEINLTTTAr SJiAEA . -l . AR

After 50 years of theory and experimental work, the Standard Model is now complete §
However: it is not the ultimate theory of particle physics, as many unanswered
questions remain:

0 Why is the Higgs boson so light (*naturalness” problem) ?
O What is the the nature of dark matter and dark energy (95% of the universel) ?

O What is the origin of the matter-antimatter asymmetry in the universe ?

O Why is gravity so weak and "fundamental scales” so different (“hierarchy problem") ?
Q.

'l ] ST - - 2 e = e |

More power'ful accelerators will be needed in the future to address these and
other questions, requiring new ideas, ingenuity, new developments in order to

provide higher energy a’r affordable costs.
: TE-

As in the past, The benefuTs to socue‘ry are expec‘red to be HUGE.
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Birth and evolution of a signal

= I Iy B B B B S B B B -

FMS.P, : . — - & 4°0E ATLAS Preliminary —¢— Data E
[ { Data Dec 05, 2012 - © 400 ys=gTeV,|Ldt= 00f’ [ WW =
: [ Im4=126 GeV ﬁ = g?&g: II:= ?g‘l gbfb1 1 i E 350 HoWW"'= evuy with 0/1 jet = ?EZLWT =
B * s=8TeV:L=1961h" H c = | t -
25 Czy'.zz 7] 2 300F Single To =
S o [ z+X ] T - [ Single Top =
: ] 2505— B Z+jets _f
201~ - - = |:| Wijets =
- . 200E B H[125GeV]
15 3 108 06.04.2012 E
C I | . 100~ =
n iy i = 3
10F s 3 O -
- i - n_ 1 1 | | | —

: I H | : 'E 38 | I | I |
S5k — 3 3 =

% I # I ] I I | l !i " Iy l . % gg%
0 bl u el il M u l . ° 108 E
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80 100 200 300 400 600 800 ff'-'%gill..-l....ll...|....|....§
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m,, [GeV]

m; [GeV]



SPARES
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Searches for physics beyond the Standard Model

Huge number of scenarios and topologies investigated

SUSY searches not

included here

Large ED (ADD} : monojet + E,
Large ED (ADD) : monophoton +E, .
Large ED (ADD) : diphoton & dilepton, m.,
UED : diphoton + E, ...

S'/z, ED : dilepton, m

RS1 : dilepton, m
RS1 : WW resonance, my
Bulk RS : ZZ resonance, m,,

RS g — ti (BR=0.925) : tT — |+jets,m
ADD BH (M, /M,=3) : SS dimuon, N, ..
ADD BH (M aM =3) : leptons + jets,Lp
Ouanlum black hole : dijet, F: m )
qgqy contact interaction ” F(im )

aqqli Cl: ee &pp, m
SS dilepton + jets + E,
Z'(SSM) im ..,
Z' (SSM) :m,,
Z' (leptophobic topcolor) : tt — I+jets, m,

W' (SSM) imy
W' (—tq, g =1): m'q

W', (= tb, LREM) : m,

Scalar LQ pair (§=1) : km vars. in eejj, ev”
Scalar LQ pair (§=1) : kin. vars. in ppjj, wvijj
Scalar LQ pair (p 1) 1 kin. vars. in Tjj, Tvjj
) 4" generation : t't'— WhbWb

4th generation : b'b" — S5 dilepton + jets + E. s
Vector-like quark : TT— H£+X
Vectorlike quark : CC.m,
Excited quarks : y-jet resonance, m__
Excited quarks : dijet resonance, r"ﬁ;
Excited b quark : W-t resonance, m,
Excited leptons : I-y resonance, m
Techni-hadrons (LSTC) : dilepton, m, X
Techni-hadrons (LSTC) : WZ resonance (ivll), m“'/_
Major. neutr. (LRSM, no mixing) : 2-lep + jets
Heavy lepton N (type Ill segsaw) : Z-l resonance, m,,
(DY prod., BR(H —=ll}=1) : SS ee {uw), m

Color octet scalar : dijet resonance, my
Multi-charged particles (DY prod.) : highly ionizing tracks
Magnetic monopoles (DY prod.) : highly ionizing tracks

JmEEs

Extra dimensions

Ci

uutt CI -
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|1Te\|’ A {constructive int.)

J3Tev, A {C=1)

286 TeV Z'mass

TeV
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TeV_ Z'mass

*
AS Exotics Searches

T T T TTTT | IIIIIIIi
L=4.7 16", 7 TeV [1211.1150) I
L=4.8 10", 7 TeV [1209.0753]
L=4.7 b, 7 TeV [1208.2660] 1.23
L=T.21b™. 8 TeV [ATLAS -CONF-2012:150] 850 GaV.
L=1.0 107, 7 TeV [1204.4646]
L=4.7 b7, T TeV [1210.1718]
L=14.3 fb". 8 TeV [ATLAS-CONF-2013:051)
L=20 ", 8 TeV [ATLAS-CONF-2013-017)
L=4.7 b7, T TeV [1209.4446] 1
L=4.7 b7, 7 TeV [1209.6593] 430 Ga¥ W' mass i

—

255Tev. W' mass

L=4.71b", 7 TeV [1210.4484)

1.4'Tw
L=5.01b", 7 TeV [1209.2535]
L=4.7 1b”, 7 TeV [1305.2756]
L=481b", 7 TeV [1210.1718]
L=4.7 1b”, 7 TeV [1210.6604] 1.
£=14.3 b”, 8 TeW [ATLAS-CONF-2013-050) i

Tev W' mass

L=4.6 107, T TeV [1209.4625)
L£=20 fi”, & Tel [ATLAS-CONF-2013-017] | |
L=1.3107, 7 TeV [1111.0080]
L=5.01b7", 7 TeV [1211.1150]
L=14.31b", 8 TeW [ATLAS-CONF-2013-052]

1.84
L=1.01b", 7 TeV [1112.4828]

GBD GaV
L=1.0 b7, 7 TeV [1203.3172) 685 GeV
L=4.7 b7, 7 TeV [1303.0526] 534 GeV 3

L=4.7 1b”, 7 TeV [1210.5468] 656 GaV

£=14.3 fb”, 8 TeW JATLAS-CONF-2013-051) 720 GeV_ b I‘IESS
=143 \‘}:r"i 8 TeW [ATLAS-CONF_2013-015] 790 GeV_ T

L=4.61b”, 7 TeV [ATLAS-CONF-2012-137] 142 Tel
L=24 1b”, 7 TeV [1112.3560]

ass (isospin doublet)
VLQ mass (charge -1/3, cou;:lng Ky = VImg)

246 TeV Q" mass

L=13.0fb7, 8 TeW [ATLAS-CONF-2012-148)

3B4TeVW " mass I

L=4.7 1b”, 7 TeV [1301.1583) 870 GaV

* mass (left-handed coupling)

L=13.0 b7, 8 TeW [ATLAS-CONF-2012-146]

22Te¥_ |" mass (A = mil*))

Jeay

N massf|V|—DEl55 |
H.* mass (|

Jeo, mass (mip fo) - ming) = M
0 Mass f_m{pT) =min) + My, m( T_‘.l =11 m[pT)]

it at 398 GeV for uu)

mass [|q|— 4e)

N mass (m{W_ ) =2TeV)
V| =0.083, |V | = = 0) I
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Exotics Models:

Extra dimensions:
RS KK Graviton
(dibosons, dileptons, diphotons)
RS KK gluons (top antitop)
ADD (monojets, monophotons,
dileptons, diphotons)
KK Z/gamma boosns (dileptons)
Grand Unification symmetries
(dielectons, dimuons, ditaus)
Leptophobic topcolor Z' boson
(dilepton ttbar, l+j, all had)
S8- color octet scalars (dijets)
String resonance (dijets,)
Benchmark Sequential SM Z', W'
W' (lepton+MET, dijets, tb)
W* (lepton+MET, dijets)
Quantum Black Holes (dijet)
Black Holes (l+jets, same sign leptons)
Technihadrons (dileptons, dibosons)
Dark Matter
WIMPs (Monojet, monophotons)
Excited fermions
q*, Excited quarks (dijets, photon+jet)
*, excited leptons (dileptons+photon)
Leptoquarks (1st, 2nd, 3rd generations)
Higgs -> hidden sector
(displaced vertices, lepton jets)
Contact Interaction
llgg CI
4q Cl (dijets)
Doubly charged Higgs (
multi leptons, same sign leptons)
4th generation
t'->Wb, t'->ht, b'-Zb, b'->Wt
(dileptons, same sign leptons, [+J)
VLQ-Vector Like quarks
Magnetic Monopoles (and HIP)
Heavy Majorana neutrino and RH W




ATLAS SUSY Searches* - 95% CL Lower Limits

Status: EPS 2013
Model

miss _1
e Ty Jets ET [Ldtb']

SUSY searches

[Ldt=(4.4-229)fb"

ATLAS Preliminary

Vs=7,8TeV
Reference

MSUGRA/CMSSM
MSUGRA/CMSSM
MSUGRA/CMSSM

ad, G—afi_

88, g—'qrm o
&8 E—q9t1—q W*Xl
gg—'qngff(fe’)\%h
GMSB ({ NLSP)

GMSB (7 NLSP)

GGM (bino NLSP)

GGM (wino NLSP)

GGM (higgsino-bino NLSP)
GGM (higgsino NLSP)
Gravitino LSP

0 2-6jets  Yes 20.3
Ten 3-6jets  Yes 203
0 7-10jets  Yes  20.3
0 26jets Yes 203
0 2-6jets  Yes 20.3
leu 36jets  Yes 203
2e,u(SS) 3jets Yes 20.7
2epu 2-4jets  Yes 4.7
1271 0-2jets  Yes 20.7
2y 0 Yes 4.8
Teu+y a Yes 4.8
Y 1b Yes
2e,u(Z) 03jets Yes
0 mono-jet  Yes

gabhk’ at]
gath

0 3b Yes
0 7-10 jets  Yes
O-1epu 3b Yes
0-1epu 3b Yes

Mass limit
T T .

1TeV

m(g)=m(g)

any m(g)

any m(g)
m(¥1)=0 GeV
m(¥9)=0 GeV
m(¥])<200 GeV, m(F*)=0.5(m(¥] )+m(g))
m(¥1)<650 GeV
tang<15

tang >18
m(¥)>50 GeV
mn}ﬂjbsu GeV
m(1)>220 Gev
m{H)=200 GeV
m(g)>10~* eV

m(¥])<600GeV
m(¥l) <200GeV
m(¥])<400 GeV
miF])<300 GeV

ATLAS-CONF-2013-047
ATLAS-CONF-2013-062
ATLAS-CONF-2013-054
ATLAS-CONF-2013-047
ATLAS-CONF-2013-047
ATLAS-CONF-2013-062
ATLAS-CONF-2013-007
1208.4688
ATLAS-CONF-2013-026
1209.0753
ATLAS-CONF-2012-144
1211.1167
ATLAS-CONF-2012-152
ATLAS-CONF-2012-147

ATLAS-CONF-2013-061
ATLAS-CONF-2013-054
ATLAS-CONF-2013-061
ATLAS-CONF-2013-061

fif(light), fi—bT7
%%, (light), £ — WhP?
# t(medium), £, —tf]
1 (medium), f— bty
ﬁ?l(hea\ry) fo b

ity (heavy), ity

tl 4,k —ck 1

T (natural GMSB)
b, bhohh + 27

0 2b Yes
2eu(SS) 03b Yes
1-2eu 1-2b Yes
2ep 0-2jets  Yes
2epu 2 jets Yes
0 2b Yes
Ten 1b Yes
0 2b Yes

0  mono-jet/c-tag Yes
2e,u(Z) 1b Yes
3eu(Z) 1b Yes

ot e

L' Rt’L va_’al

!*xl,,y —v(67)

X1X Xy —>rv('rv)
Xlxaaqvih]t’(vv}d (R L)
T-wiizw

2ep Yes
2ep Yes

21 Yes
e Yes
3epn Yes

W

m(¥])<100GeV

miF =2 m(i)

m(i)=55 GeV

m(E}) =m(F )-m(W)-50 GeV, m(F )<<m(F})
m{i1)=0 GeV

m(t])<200 GeV, m(Ft)-m(i])=5Gev
m(F])=0 Gev

m{E1)=0 GeV

m(f,)-m(¥?)<85 GeV

m(il)=150 GeV

m(t )=m(i})+180 GeV

ATLAS-CONF-2013-053
ATLAS-CONF-2013-007
1208.4305, 1209.2102
ATLAS-CONF-2013-048
ATLAS-CONF-2013-065
ATLAS-CONF-2013-053
ATLAS-CONF-2013-037
ATLAS-CONF-2013-024
ATLAS-CONF-2013-068
ATLAS-CONF-2013-025
ATLAS-CONF-2013-025

m(F])=0 Gev

m{E1)=0 GeV, m(Z, #)=0.5(m(¥i )}+m(E1))

m(F3)=0 GeV, m(z, H=0.5(m(Fi)+m(f]))
m{i})=m(E). mi})=0, m(Z, 7)=0 S(mi¥ Jm(i}))

m(¥;)=m(¥3), m(¥3)=0, sleptons decoupled

ATLAS-CONF-2013-049
ATLAS-CONF-2013-049
ATLAS-CONF-2013-028
ATLAS-CONF-2013-035
ATLAS-CONF-2013-035

Direct ¥ ¥7 prod., long-lived ¥
Stable, stopped g R-hadron

GMSB, stable 7, ¥1—7(&, fi)+t(e, 1) 1 2."
2y

GOMSB,XE’—WG long-lived £}
T1-qau (RPV)

Disapp. trk 1jet Yes
1-5jets  Yes

0 -
Yes

mEF)-miEd)=160 MeV, 7(¥§)=0.2 ns
m(¥9)=100 GaY, 10 us<r(#)<1000s
10<tang<50

0.4<r(ﬂ)<2 ns

1 mm<cr<1m, g decoupled

ATLAS-CONF-2013-069

ATLAS-CONF-2013-057

ATLAS-CONF-2013-058
1304.6310
1210.7451

LFV pp—ir + X, ¥r—e +pu
LFV pp—i: + X, r—e(u) + 7
Blllnear RPV CMSSM

X]*Xl,)( HWX Xaeev“.e_uv,
A1Xy, X — W], X —1rie, o1,

E—qqq
g—1it, ti—bs

2ep
Tepu+t
1ep 7 jets Yes

o]

Tu 0 Yes
0
0

deu 0

Jepu+t Q
0 6 jets -

2eu(S8) 03b  Yes

W1 =010, 4332=0.05
,,=0.10, Ay(2)35=0.05
m(@)=m(g), cTosp<1 mm
m(¥1)>300 GeV, 112,50
m(E9)>80 GeV, d133>0

12121272
12121272
ATLAS-CONF-2012-140
ATLAS-CONF-2013-036
ATLAS-CONF-2013-036
12104813
ATLAS-CONF-2013-007

Scalar gluon
WIMP interaction (D5, Dirac x)

0 4 jets -
0 mono-jet  Yes

sgluon

incl. limit from 1110.2693
m(y)<80 GeV, limit of<687 GeV for D8

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

F. Gianotti, CAS, Trondheim, 28/8/2013
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1210.4826
ATLAS-CONF-2012-147




N . SUSY searches
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
JLdt=(44-229)b 5=7,8TeV
Model e, T,y Jets ET [Ldtib] Mass limit | Reference
— T T T — T T T —T—TT
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 a.8 ' 1.7 TeV m(g)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM Ten 3-6jets Yes 203 |E 1.2 eV any m(g) ATLAS-CONF-2013-062
w  MSUGRA/CMSSM 0 7-10jets  Yes 203 |& 11T any m(g) ATLAS-CONF-2013-054
2 45 Goobl 0 26jets  Yes 203 |@ 740 G m(PY)=0 GeV ATLAS-CONF-2013-047
o BE. gaqqh 0 2-6 jets Yes 20.3 g 0\ npoy ATI AS.CONE.2012.04°
] gz, g%qqh%qu ,\1 1epn 3-6jets  Yes 20.3 [ .
W gi—qaqqtl(il Yeird 2e,u(SS) 3jets Yes 207 |& N N P h S S 'r
©  GMSB (£ NLSP) 2ep 2-djels  Yes 47 @ O ew y l C ye 000
@ | GMSB(7NLSP) 127 O-2jets  Yes 207 @
S GGM (bino NLSP) 2y 0 Yes 4.8 B 1.07 Te¥ m(¥7)>50 GeV l 1209.0753
= GGM (wino NLSP) leu+y 0 Yes 4.8 B 619 GeV m{¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) ¥ 1b Yes 4.8 g 9200 1.1167
GGM (higgsino NLSP) 2eu(Z) 03jets Yes 58 [@ 690 GeV NF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 FU/2 scale 645 GeV % NF-2012-147
e
% 8 gabmr‘ 0 3b Yes 20.1 [ NF-2013-061
O’E gat[\’ 0 7-10 jets  Yes 20.3 g INF-2013-054
T gt 0-1e.p 3b Yes 201 [ NF-2013-061
@ C e, 0-1ep 3b  Yes 201 |& NF-2013-061
b1 b1 bﬁml 0 2b Yes 20.1 by 100-630 GeV Q NF-2013-053
" = by by, by—tiy 2e,u(SS) 03b Yes 20.7 by 430 GeV NF-2013-007
=9 fii(ight), f—bFT 1-2epu 1-2b Yes 47 |H 167 GeV 5, 1209.2102
o § # ti(light), ; 'bel 2ep 0-2 jets Yes 20.3 3 220 GeV NF-2013-048
,9;8 %, 1, (medium), n—»MT 2ep 2jets  Yes 203 |& 225-525 GeV NF-2013-065
< E_ t ty(medium), rlaon 0 2b Yes 201 E] 150-580 GeV ﬂ INF-2013-053
85 hhheavy), Both Ten 1b Yes 207 |E 200-610 GeV NF-2013-037
= & Hh(heawy), Hi—th; 0 2b Yes 20.5 3 320-660 GeV NF-2013-024
B L, Lok 0 mono-jetctagYes 203 |§ 200 GeV NF-2013-068
# %, (natural GMSB) 2epu(Z) 1b Yes 20.7 3 500 GeV NF-2013-025
b, hoti + 7 SeulZ) 1b Yes 20.7 [ 520 GeV NF-2013-025
L rlL R, I—EF] 2ep 0 Yes 20.3 i 85-315 GeV NF-2013-049
E i i 2epn 0 Yes 203 {f 125-450 GeV NF-2013-049
ms & 27 0 Yes 207 |iy 180-330 GeV NF-2013-028
E )? 3en 0 Yes 207 |FEAD 600 GeV NF-2013-035
Sep 0 Yes 207 | &K, 315 GeV NF-2013-035
B o Direct ¥/ §] prod., long-lived &7~ Disapp. k1 jet Yes 203 |8 270 GeV — NF-2013-069
= g Stable, stopped & R hadron 0 1-5jets  Yes 229 g 857 GeV I m())=100 GeV, 10 us<r(&)<1000 s ATLAS-CONF-2013-057
ST GMSB, stable 7. Fl-7(e, f)gr(e.n) 124 0 - 15.9 |8 475 GeV 10<tangi<50 ATLAS-CONF-2013-058
5 S GMSB, i -G, long-lived 1} 2y 0 Yes 47 | 230 GeV l 0.4<r(¥)<2 ns 1304.6310
~ ?qul“ (RPV) 1u 0 Yes 4.4 q 700 GeV I 1 mm<ecr<1m, g decoupled 1210.7451
LFV pp—¥r + X, r—e +u 2ep 0 - 4.6 ¥ 1.61 TeV 1212.1272
LFV pp—¥: + X, ¥r—e(u) + 1 Tepu+t 0 - 4.6 ¥ 11 T’r 1212.1272
> Bilinear RPV CMSSM 1epn 7 jets Yes 4.7 4.8 1.2 eV M@=M(), crise<1 mm ATLAS-CONF-2012-140
E b Hwn, %’14»591 et Aen 0 Yes 207 | 760 GeV M(F5)>300 GoV, tyz >0 ATLAS-CONF-2013-036
Yok Ey W W srrie, erv, Bep+T 0 Yes 207 | % 350 GeV m(il)>80 GeV, A133>0 ATLAS-CONF-2013-036
£—qqq 0 6 jets - 4.6 [ 666 GeV 1210.4813
g—tit, fi—bs 2eu(SS) 03b Yes 20.7 B 880 GeV I ATLAS-CONF-2013-007
% Scalargluon 0 4 jets - 46 | sgluon 100-287 GeV l incl. limit from 1110.2693 1210.4826
£ WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 M* scale 704 GeV m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
N~ L RY) AR5 [f e 0 Tav 101 [ |

But
O searches far from being complete > surprises may hide in present data
Q Js today ~ 1.7 smaller than design value and integrated luminosity ~12 smaller > 2015++




How does the Higgs mechanism work ? An over-simplified picture ...

At the time of the Big Bang particles were all massless (= were moving at
speed of light) and Higgs field was there as an "non-interacting ether”
(minimum of Higgs potential = 0).

w0 A>0

10-11s after Big Bang:
phase transition

About 10-!'s after the Big Bang > temperature became low enough for phase
transition (= minimum of Higgs potential became negative) > ether becomes
"molasses” > particles interacting with “molasses” acquire a mass and are
slowed down




The Higgs mechanism ... as exemplified by Prof. David Miller

Imagine a room full of people quietly chattering ... this is like space filled only
with the Higgs field ...

43



a well known actor walks in, creating a disturbance as he moves across the room,
and attracting a cluster of admirers with each step ...

traversing the Higgs field

the actor is like a particle

4
4




this increase his resistance to movement, in other words, he acquires mass,

just like a particle moving through the Higgs field ...

45




.. Imagine now that a rumour crosses the room ...

it creates the same kind of clustering,
but this time among the people in the
room. In this analogy, these clusters

are the Higgs particle.

F. Gianotti, CAS, Trondheim, 28/8/2013




What is the nature of the Universe Dark Matter ?

Recent astrophysical
measurements indicate that
the Universe is made of:
m D% of known matter
m 25 % of “dark matter”

(no known particle can explain it)
m 70% of “dark energy”

Today we understand only 5%

of the Universe composition

Supersymmetry (a particle physics theory)
predicts new (heavy) elementary particles,
not yet observed. Among them the neutralino,
our present best candidate for the Universe
dark matter (its predicted features are in
agreement with astrophysics observations

and cosmological predictions).

It is expected to be light enough to

be produced abundntly at the LHC

47



SM Higgs production cross section at LHC ...

\s=7 TeV
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F. Gianotti, CAS, Trondheim, 28/8/2013




The role of accelerators

‘30s-'50s: particle physics based mainly cosmic ray observations - discovery of e*, y, ..

Accelerator-based particle physics starts in the '50s: here only very few examples

centre-of-mass energy (GeV)

1.E+05
e proton synchrotrons
= hadron colliders superconducting
= |epton colliders
a ep colliders
LHCm
1.E+04 -
= Tevatron pp
1.E+03 -
1.E+02 -
=|SR
PETRA= © Tevatron
% o
FNAL, SPS
= CESR
1.E+01 . S"""“:;,‘,?XR
y as =al\¥
7PS, AGS DORIS
e Dubna
® Bevatron
® Cosmotron—=.ADGNE
ACO
1.e+00 T % T T T T

W, Z

top quark

1989-2000: Standard Model put on very
firm grounds by precision measurements
(in particular of Z boson) at e*e- colliders:
LEP at CERN (Vs > 209 GeV) and
Stanford Linear Collider (Vs ~ 90 GeV)

1940 1950 1960 1970 1980 1990 2000 2010 201

year of first physics

'60-'70s: Deep inelastic scattering
of e.g. electron beams on fixed
target (Stanford,
DESY/Hamburg, etc.):

- structure of nand p in

terms of quark constituents
Later ('90s): HERA ep collider




