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LHC milestones and performance

* 10 Sep. 2008: First proton beam

« 20 Nov. 2009: Restart after accident

« 23 Nov. 2009: First proton collisions at 900 GeV
* 30 Nov. 2009: World record energy 2.36 TeV

* 30 March 2010: New world record energy. 7 TeV
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« 8 Nov. 2010: First collisions of lead ions at 2.76 TeV per nucleon pair (NN)
« March 2011: Restart with protons at 7 TeV

* March - Dec. 2011: protons at 7 TeV, lead ions at 2.76 TeV per NN

* March 2012 - Feb. 2013: protons at 8 TeV, lead ions at 2.76 TeV per NN

« March 2013 - autumn 2014: Shutdown for magnet interconnection
reinforcement

e Autumn or late 2014: Restart at 13 - 14 TeV

« 2015 or 2016: Shutdown for luminosity upgrade
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What is matter made of?

Only the first generation of quarks and leptons makes up
ordinary matter. The other generations existed only
shortly after the Big Bang. Today they are only present in
cosmic rays or are briefly recreated in accelerators.
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3 generations of matter particles (leptons, quarks, which
are “fermions”: particles with half-integer spin)
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Gauge bosons
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The fundamental forces

FORCE RELATIVE REACH MEDIATOR
STRENGTH

Strong 10 m gluons
Weak 106 108 m W, Z
Electromagnetic 102 infinite photon
Gravitational 1038 infinite graviton

C.-E. Wulz 14 ESA, Sep. 2012



DISCOVEYORIEN VAN ZaiiIeNCEISINIS FS;

’
L4

";'.'"‘[.)gcay of a Z particle into Z.Eféctrons

ESA, Sep. 2012




Original
discovery

S e N 2375 % Ry
' 1947 1964 = 1974 1977 1983 1995
2006 Dec Jan Feb Mar Apr May Jun Jul
: 2009 2010 Y e Cuspoimmay200 2010
E— R § wl fraszomt
: n § i“"?ﬁ.’i::l’-m f;h«.
mTCC |
—
"Rediscovery"
in CMS (dates M ) [GeV]
approximate) J. Pivarski
C.-E. Wulz 16 ESA, Sep. 2012



| . _
A new particle state made of quarks bsu: =,*’
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s geht darum, die Welt zu verstehen”

Portriit des Tages. Wie Brite Peter Higgs vom Alonsfigur wurde.
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GenerAétlon of mass by the Higgs mechanism

. WlthOLt the Higgs rggeha@mqﬁll\‘ja“rijcles éfj ﬁégtan

-model would-be massless. /Lq/
e Mass i3 generated thréugh in rac ith a (hypothetical)

| Higgs field. Particles ms s—amlé\wequjown”

in thleleld &

niverse is filted by this s Higgs field. Because it is

uniform and ubjquitous, pne dees not fegl it.
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Higgs particle, which has probably been discovered at the
LHC. The mass of that pakticleswas.a ot k but
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How does one look for the Higgs particle?

Since the Higgs particle has an extremely short lifetime, it
decays in the detector, to known particles such as photons (y),
L, W, taus (t), b quarks, etc. These decay channels have so
far been studied:

H = yy
H— L. — 4e or 4u or 2e+2u

H— WW — 2e2v or 2u2v
H — bb
H— 1t

Other particles may leave the same traces as a Higgs boson in
the detector and therefore mimic a “signal” — background.
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Mass of the new particle ( = 125 GeV )

CMS (s=7TeV,L=51f"{s=8TeV,L=531b
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Significance of the results

ATLAS 201112 {5=7-8TeV
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Probability for the background to fluctuate upwards to give
the same number of events as seen in the data.
5.9 sigma (o) corresponds to probability of 1 : 600 millions.
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@ATLAS

EXPERIMENT
http://atlas.ch

Run: 205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST
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How can we tell if what was found at the LHC is really the
Higgs par‘tlﬁ e of the Standard Model? '

. .
.
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-~

- Decays to all predicted,
* channels must be found at
. the,predicted rates

- Its spin must be zero

- ¥ ESA, Sep. 2012




Impostor or not?

Spin of the Allowed decay channel for a boson with given spin value
decaying
boson

photons ZZ or WW b quarks
Spin 0 yes yes yes

Spin1 yes yes

no
Spin 2 yes no yes

Observed? yes Unknown yet Unknown yet

CMS Vs=7TeV,L=511f"ys=8TeV,L=5310"
my, = 125.5 GeV

- If the new particle is the Higgs
boson, the “signal strength”
should be one.

- No decays to taus have been
found yet.
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Unsolved-(and maybe one sol,\ied) puzzles

Why does the Universe have substance7 <> Higgs field

* What is thewﬁmverse made of?/;s We only know 4% (atoms),
the rest is dark matter\and dark ene%y
N

—
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—
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* How must the Sta’ dard Model be ex@ded? ->
supersymmetry, strmg%heory?

 Can all forces be umﬁed > s 't there a “world formula”?
7/
 Are there ext,lja d4mensmns? -> grav1ty (not included in the

Standard Model)
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Facilities to answer open questions about the Universe

Particle accelerators Underground laboratories and

e.g. LHC, RHIC, KEK-B experiments
o T e.g. Gran Sasso, Kamiokande, IceCube

Experiments at nuclear reactors
or with radioactive sources

e.g. KamLAND, Double-CHOOZ,
Katrin

s Terrestrial telescopes
Nl e.g. FERMI, Hubble, Planck e.g. ALMA, VLT

34 ESA, Sep. 2012




S%Y Supersymmetry

Standard particles SUSY particles
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Quarks 0 Leptons ° Force particles Squarks Sleptons .| SUSY force particles

We know that the Standard Model must be extended at high energies.
Supersymmetry is a candidate theory for this extension, which predicts
five physical Higgs particles.

For each fermion of the Standard Model there is a supersymm,etp’c
boson partner and vice versa. earch topic:
-> stability of Higgs mass o
-> unification of forces \ow highest Pt
-> candidate for dark matter
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S%Y Examples of supersymmetry signatures

x1 4 Vg

Neutralino
S/ (dark matter, WIMP)

- Complicated decay chains

- Different SUSY models with many parameters

- No SUSY signals seen so far, but mass value of the Higgs-like
particle hints that SUSY may be a realistic model.
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Extra dimensions

Funambulist: 1 dimension

Ant: 2 dimensions (2"4 dimension rolled up)

Gravity seems to be 1038 times weaker than the strong interaction ->
difficult to unify with other forces! A possible solution of this hierarchy
problem are extra dimensions.
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N2 Models with extra dimensions

There are several models, which have the following in common:
e There is a 3+1-dimensional (sub)space (brane, membrane)

* The brane is embedded in an 3+1+d dimensional space (bulk)
e The d extra dimensions have the same size R

e All particles and fields living in the bulk are replicated in Kaluza-Klein-towers.
O. Klein 1926: Extra dimensions are rolled up, i.e. a particle, which moves in these dimensions,
comes back to the starting point. Standing waves emerge.

Differences between the «J'r t& ﬁ?““ | } E:@ ‘

models: . ‘ \
* Size and geometry of - ))/‘ Gravity

the bulk \L/ | Z et ‘
* Kinds of particles that are %%/J %%ﬁ |

, extra dimension JE—
allowed to move around in the bulk %

—

our 3+1 dimensional
universe
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/
Definition: ol
Object, whose gravitation is so strong that even light cannot

escape from it. s v 3 Y
The Schwarzschilchadius Rg\\‘qQ' 1es the size of a black hole:

rong” at

ﬁlo }\\f\;‘r\:ﬁicroscopic black holes (@

If gravity becomes st

10-8 m). The colliding quafks ancL.I glyons must come closer than a
distance of 2 R.. The\f_,_blac/i( holes should very quickly (-~102¢ s)
evaporate througlyﬁa&’king radiation (T, ~1/Mgy), producing all
possible kinds o(ﬁhndard Model particles. Signature at the LHC:
many jets, leptons and photons with high energies.

Mg, > 3.8 - 5.3 TeV ... results up to now.
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The LHC has already found new particles. One of these is
fundamentally new. It could be the long-sought Higgs

boson. If it is not, this will be another even more surprising
discovery! T %

 The LHC was not only bu1lt td dlscover the Higgs particle.

* |Its main purpose is actua{“ly to point the way to the
physics of the future. ’

« Spectacular discoveries such as supersymmetry or extra
dimensions may be just round the corner.
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