The Large Hadron Collider

& how the game has changed since it switched on in 2008

Dr. Peter Skands

School of Physics and Astronomy - Monash University

& ARC Centre of Excellence for Particle Physics at the Terascale



Why do Science?
Scientia potentia est - knowledge is power
"We can improve our lives with it

"We can build new things with it

" -

."

_“We can solve problems with it

- ..t
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 The Real Reasons: -

Curiosity and Fascination
The Universe is vast, beautiful, and full of mysteries

+ | believe that science is a force for civilisation, without which ...

“no knowledge of the face of the earth; no account of time, no arts, no letters, no society, and [...] the
life of man solitary, poor, nasty, brutish, and short.”

On mankind’s state without civilisation; Hobbes Leviathan (1651)

Superstition aur?@ thémaoo. .
S. Wonder; Superstition (1974)



Righ Energy Physics

How do we see, in the quantum world!?

To see something small, we need short-wavelength probes
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What do we need, to resolve a given To resolve “a point” (truly

wavelength with a single quantum (particle)? fundamental particle?), we would
“Planck-Einstein” relation h: Planck’s constant need Iﬂfll‘llt&ly short
E=hv=hc/Ax c: speed of light wavelengths

v: frequency
(The analogy of E = mc? for photons) A wavelength |I‘I the I"eal WOI"ld: k|Ck as hal’d

Short Wavelengths -3 High Energies as we can =9 accelerators
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CERN European Organization for Nuclear Research

22 European Member States and around 60 other countries

~ 13 000 scientists work at CERN

Distribution of All CERN Users by Nationality on 24 January 2018
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Founded in 1954 as one of Europe’s first joint ventures
Yearly budget ~ 1 billion CHF ~ 1.4 billion AUD
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EXPERIMENT

c'imm-id 13,42 23 CEST

GATLAS

The LHC is housed in a tunnel
~ [00m underground and 27km long.

Two proton beams are brought into
collision at four points on the ring
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First collisions at 7 TeV. in the ATLAS detector at LHC - March 2010
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Colliding Protons

The proton source is a bottl ghean - o

gas at one end of the accelel

“AC”

Particle

ahode

“DUOPLASMATRON”

“={(p-) LINEAR ACCELERATOR 2
™
Electrons from a hot |

o

Skands

: _ Proton Energy — 50 “I\/IeV” !m
cathode ionise and = ST

split up the Ho>
molecules. H* ions
(protons) are ejected
by 90,000 Volts

“Electron VoIt

(This bottle is on displ: 1 €V = Kinetic energy gained by unit-
The real bottle is ~ 1.5m tall. Re  €harged particle accelerated by 1 Volt
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Up the Daisy Chain

“Recycling” at CERN

Each decade’s top accelerator
— pre-stage for the next step up

PROTON SYNCHROTRON
BOOSTER (4 RINGS)

Length: 160 m
In : 50 MeV
Out: 1.4 GeV
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(1959) (1976)
Length: 628 m Length: 7 km
In : 50 MeV - 1.4 GeV In : 25 GeV

Out: 25 GeV Out: 450 GeV
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The Last Waypoint

Max energy of Super Proton Synchrotron: 450 GeV

Corresponding to having been accelerated through a total of 450 billion Volts of potential drop
Operated in the 1980ies; discovered the W and Z bosons (Nobel Prize 1984)
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More than 3,000 physics publications (= new measurement results) from the LHC so far

ATLAS

FAl LA O A
Run: 348197 Why so messy?

Event: 921894

2018-04-17 13:08:51 CEST .
- e e S ) ‘




What are we really colliding!?

Elementary Particles!?

Quantum fluctuations
inside fluctuations
inside fluctuations ...

Take a look at the quantum level

d

proton

What we see when we look inside the proton

An ever-repeating self-similar pattern of quantum fluctuations
At increasingly smaller distance scales

To our best knowledge, this is what
fundamental (‘elementary’) particles
“really look like”
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Quantum Field Theory on a Supercomputer
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Such Stuff as Beams are Made Of

Lifetime of typical fluctuation ~ rp/c (=time it takes light to cross a proton)
~ 10%°s; Corresponds to a frequency of ~ 500 billion THz

To the LHC, that’s slow! (reaches “shutter speeds” thousands of times faster)
Planck-Einstein: E=hv =» v Hc = 13 TeV/h = 3 million billion THz

=» Protons look “frozen” at moment of collision

But they have a lot more than just three quarks inside

Hard to calculate ™ use statistics to parametrise the structure
Every so often | will pick a gluon, every so often a quark (antiquark)
Measured at previous colliders, as function of energy fraction

Then compute the probability for all possible quark and gluon
reactions and compare with experiments ...

(Part of the work my research team does is writing computer codes that do just that)




Theory vs Data — A Recent Example

Around 2015, a few teams of theorists proposed a new set of
measurements to test a fundamental property of the strong nuclear force:

Is the fraction of “strange” particles produced in the LHC experiments
a constant, or does it depend on how violent the collisions are?

How are 2 colliding protons turned into hundreds of outgoing particles?

Fact: quarks (and gluons) are “confined” inside hadrons (such as protons)

What happens if we give one of them a really hard kick?

- @D D > @ D @

New Particle New Particle New Particle New Particle New Particle @ New Particle New Particle

proton

Fragmentation: Field energy converted to mass of new quark-antiquark pairs

Strange quarks are heavier (need more energy) — produced less often

Peter Skands Monash University



What a strange world we live in, said Alice [to the queen of hearts]

*ff ¢C_ ° 99 o o
We wanted to |<no.w if “violent C9II|S|on atlll‘ e _ ymezon vou o
events produced higher-strength fields. 10|

The smoking gun would be a higher fraction ph y SICS

of strange particles being produced

(higher-strength fields would imply more
energy per “‘space-time volume” — easier to

produce higher-mass quark-antiquark pairs) = Stranger and stranger says ALICE

Jackpot!

Now working on models in which nearby
fragmenting fields interact with each other, a
bit like two wire-carrying currents interact.

: : . ELECTRON GASES I
Others Sa)' the Wh0|e thlng turns INnto a ||qU|d Spin and charge partways

which gets heated up. QUANTUM SIMULATION

Hamiltonian learning

My PhD student is not getting much sleep AR DLOGHAL TR O oy

Optical Weyl points and Fermi arcs

Cover of Nature Physics June 2017
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Talking about headlines

THURSDAY, JULY 5, 2012

Origin

“This goes beyond
the origin of life.
This is the origin
of the universe.

RI‘IIIME

SMITH
M0 TLOMELOY SEAOTER

bzrae to

o vy il i Sciemtisty packed the
™

3
1 b o,
plipsicists say & b e
#5t wah he e Higes

Nucear Reseach (CEIN].

Plipuics begnsiny in Mek

¥ Fires doom
1 Indonesian
orang-utan

WORLD

$1.70.

Scheme
to shield
fare

evaders

iy MARSS BECK
A SCHIME that sizse 4o shirkd

couvrags agaise peakies Sy
Incwr for tevllieg withow &
ot

News Sclence

Key discoveries

by Tom Whipple

pa

e

abjecss
‘Tt i 8. sc0 vered hey don

NEWTONIAN GRAVITY b

Higgs boson
discovery

shines

light

on secrets of
the Universe

TomW hippkeScknc:

Oge ofthegrea 3 i hears
science passed Inp thesisad the particle, and thers
milestcns yerter veral thousand

limiing the mvand 1o no mee than
bre i ate & dilemma.
+ Higgs & on wh

the
wln :ulunlh discoversd k.

V

Every mma Is he Univers soncos g '
-nyn:--.mn-;:‘h-q/- lL

Thursday Jub 5 2012 | THE TIMES

THE TIMES | Thursdrs Jub 5 2012 oo

‘thers remmin the fousdackn of biology

CONSTANT LIGHT SPEED b

‘Whax f fn 2 cad of rime bulag commat, and th

!:.'.'...'?.‘.......‘.

DNAY

I 1063 Franchs Crick bure inm 8 Cambridge pub, He
Thad"found che secree of 1ife”, Haviag jizs muppedtha
emggeraing

sCrucars of DA, b was cnly stighety.

Contirued ¥am page

}- =
vt 350003 eap of paper.
in hewas asked how he

aid_him thi
e Times :mpmnmem..
fo audienoe watching co ev
tinent, he s1id 2 chang toctherparts
to give them m; hangers-on
to celebrities at press confer:
Thcm e hangers-on the hervier the
pumdc he ol Proéessor Hizgs

n
Tacody aening Stephen Henid, a
Britithdoctonal 2udent attached

July 5th 2012

| mvem—
Science News

THE HIGGS BOSON b
W found, theGad Parsicle” will
complene the smadand model,
arricis phyude " coneral cheary
4 DOLLY THE SHEEP
She wus usdcubrdly the workdy most fancas

‘hosp. Which muss bsmve besn Mard on cha shesp
e ¥as clomed from, ceberwiss identical m

o Tears for the British hero of particle phvsics

le-mt-nnr and rivals— Pr.

L apparenthy, to endorse the Higa:
Gerak Curalaik, of Brown Univ i e
reltor

13 lm nglMBnli Ancy P
list on P ct

oyt ey

ancthe

understa

bason 'z name. There was no umufu
that it should be n
5

“We've taken
curfundimental
ing of the s nn«xc

ar

apoint.

the

Cutside, Mr Bi ctile
was half.empty ,up—.dup: -l

Remember when
fun was affordable!?

L,

- e

N has found it in-
aticle”,then &

As
teamy, flew from London

# even as the lecture theatres of

CERN erupted inta apphiuce, beseath

< fest the European parti-

WA prepaning 1 new set

(.» helptmﬂermmc what
b is actualky

senilr 0 those jest
secvnd aftes (he biy bareg
The prefminary res

L

o out morealx uh:;wlu.lemd
see horw well it it i

»NWW' per n‘nl sure that u».r dnu the moee ngy sterious
s corrext. But many ue'h(n al ies, suchasthe I\Ilulenldllk m:n«

e Tocamdelr, 3 ol Leon S 1.6 TDI Leon FR | c
one of the two ~ 3 ; Ecomotive 105PS TDI 140PS 2.0TDI 170PS
ncumenth at CE e il S5 ‘ > SR

Huﬁ! Saidthat he had high hapes that - v " a. o @xploration; zald 2 spokeaman £199 £239 £259
ter research onthe paticlewould . R per month per month per month
eund thing that we & tonce Mors fundamsntally, Amost e forver with his friend Clira or a 62 monta personal lease. onth personal e

ct like other cedi- all rozo3 ch ko quantum mwchanks. istory in the mak- with 3 20% adhance payment vance payment*
e <aid, a fun all-nizhter

contribution and robath by itk seamed

The Higs bossn epess the

scar sateli

pean Osganisation far » Commued PASE ledge . 743 our modem pent_crunching data 16" alicy wreels ¥

world rebes on it fltm lh bJ(‘I( 0,003,000 pro- « 17 alioy whoels
| e T et o =T . i :
Petty training breach was the straw that broke the Tlgcrs back Hhie T T s it i | | [ | e o

el took - Blsenns headights with %5 Tau
it an aem that had 1255/km 02 emissions e

2posd cf ML with mothing to dew
them down. Then, ckntizts theorize,

ko €0z emissio:

g utes befeee Pro
circular tunnel zmazhing ko each lh um 1o

i Tkl

By CAROUIE WILSON Destay mbing e Lo bossrue St Eoews  qulied MGl achDarden s nd o snerpeg  Marin mrredow oMt the Higgs Nd Carmsinto o stence et ot velokisscuge othe sposd of

0 sbiake w chowre deors — and vewe stdl h Py When particies paszed throuah I, & ght Whors e ok, nee partces
Ol W w+  Dunied Connom and Daweny 2 bad mussce lary-eyed whem they arwornd he L . ) actoct rather 1Ko troack— kw g atecraatod an hopsiuly detectod. bunders, 10d theee years’
ot > Sarioetls st oo ey T culy cftseoced M the e Wooecemoddub ol had beeo ncchad by medi Moo sy s el ol Wil wich i e S0madown and gring therm maz. Among thiz subaomi: debriz CERN .!m collecticn by the Large Hadron
Rt~ e gl e o ey e Thet be halinct bewr et Martin et areas of im exigation < Juzt = locks for o oncacl pantides thaz. pressad in terms of gigs
1w Codied B3¢ the bt tine ""50"3i phatons, whichws 250 3 ot Zesn bafor e, atansnergy samma gamma channels

Seating M 71 birhéay w8 e van anpeenind Alin i, of the Univer
Aoy fond and CERN'z Atl Comezponding 1o where It axpect othe

ok anc nc pcipon h w o whichwe might ju hay o Higgztoba. e
petaonis B 050 pestordzy. heHIas. Therest comes from Armoz? And how many auch partides have medto pop up

chdnus iwv::-;:‘-l.m"- ¥ S0 avery Bing uzadto traval at tha @ naTical chura Zaeiny brasaking. | Wol, 1he Standird Moddl dosen thave thay found? . on one of Professor FNIOYNEERING
Tt v ke y chab cfica 2 dees not quite 3pad of light, then tha Higgs Doyouwantto hear about that? ansuplanation o (ingzuch Afaw dazen Ifycu filed 0 SHhmpk: Iacandela’s PwerPoint shides, Bsfoee

-~ of the Standard Mo 54<L  Mapponsd.ancinom only ight ravelz It gty tons Swimming poolwkh sand, <ach o an he had time ta utter i, the crowd had VISIT SEAT.CO.UK TC FIND YOUR LOCAL DEALER AND ARRANGE THAT TEST. - SEAT CO.UK

2, aiterptedto havoe i hetel nd s gven ag0 32 gl b 2 timy prog Theor; ol Andkha roprazenting a collkicn, the NUMERTof  seen it and let out 3 g2ep and then a
yitaras i Tyt ouas et s e e T pdiads ‘” g et 3 mecha wving cther maz: p nothing 23 3bout dark matter, colkzbors hal produced canddatester  wveof s per 10 an 6 ¢
Sremingy it otvamMatiniohfion phonedut b - MO U M T S M ot e iiasat unjmmnlpnmds panxlemur 2the the Hggsbozonwoukd not covsr the. Profes «till had to bead 0
Seeach of missirg e )0um B phyers shpt 0 Con- ok, Huwngooly wguned e 04 e and upret hisdoum. v Gevastaied. Colnchdental wamce: | TRAMSURANCE s r,b“».\ by S“M“mmm.w’“w e W y by i Enportantto Botion st Mt Ensiat I i baousy A meerithe
990 SPOT e — — Gua! tanglble, you phey me? Or pounds? ooumental data proceszang tack to LIt came at
which Rolf Houwr, director-gonse 3l of CEFI, =pa ratsthemout. two_ green
Vet Fors Bon has hese Chged = W ES 19,20 thi Itghvas i waz 3%k thes quest ng-zcuzhl data
okt Ty L o . o mn:pnpotmmzﬂ WG kesicn of the HIoms we that znce CERN has akeady creked the mmhcmmw 2w nmu n hacther 3 of araphe. She
prebomes ey sor e et o3 Mo, Onty P naw 4 358 offant o It > m:h Ik drowned out by the
masam || L sco hn“qu,‘n. streng wy - o weorkl raz<arch It haz probably justified its. partile .wo)lunw‘ ,,;.( »

" 2 a Nobel prize, the rules fierwards, two of Professor Higas's

36th International Conference
on High Energy Physics

F. Gianotti (now
director of CERN

4L =11 July 2012

Melbourne Conv

®
Melbourne

Peter Skands

Monash University




What is “Mass’’?

Consider a field’ distributed evenly across the Universe, of
uniform strength (and no preferred direction / polarisation)

Suppose that different particles experience this ‘field’ as being
more or less transparent

To a photon (light), the field is completely “translucent”

But an electron (or a proton), will interact with it

Suppose that this field condenses around the particles which
couple to it, causing an increased energy density around those
¢ _ particles. Looks like mass (E=mc?). -

' Vi We call this field the “H” (or Brout-Englert-Higgs) Field

- This hypothesis made one spectacular prediction:
_ ¥ < itshouldbe possible to excite 'waves in the Higgs field itself

— - 3 -~ = 5 — ' .
‘\ - ; ‘ -
A - = - v’ V < ‘ .
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The RHiggs Particle

o T ;
Prediction: there should be a resonant energy at which a

quasi-stable excitation could be produced: the 'Higgs Boson’
or ‘Higgs Particle’.

But the theory did not predict which energy; the search was on!

“Quasi-Stable”=» should quickly dissolve (decay) into other particles,
but should be detectable via its decay products

e

" The discovery of a particle consistent with these properties was  w .
- e announced at CERN on July 4,2012 (at E = muc? = 125 GeV) B

| ¢ _ 2018: we now have a factor 10 more data, + more on the way :
' 5 o ° ° | ,
e =¥ can examine the quantum properties of this new H particle - e

So far, no major deviations from ‘Simplest Higgs’ predictions
= ¥ This is now the major puzzle ...

=»> LHC not much in the headlines since then, apart from that time in 2016 ...
R . - - - -/ S | g
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® 0 0 Large Hadron Collider: Weasel causes shutdown - BBC Ne

The Weasel

[ — [\ h Australia edition Ian Sample Science editor
|

[IJ = mYMonaSh mSpN eWS Frlday Apr 29 201 65"' A G dlan Animal behaviour .

wan 1 La e (1] 6] i T INQITIT WIIVE; MAPT... ; . TI way JuTTl Mvvia... . uVIWIE LULnD — nuunKS...

Peter Skands

BEE 0 o Menu - Totally stuffed: Cern's electrocuted
NEWS weasel to go on display

Home Video World Asia UK  Business Tech Science Magazine Entertainment . . . )
2 Stone marten, which met its fate at the Large Hadron Collider, to

World Africa  Australia  Europe  Latin America  Middle East ~ US & Canada become part of Rotterdam museum’s exhibition on ill-fated
- human-animal interactions

Large Hadron Collider: Weasel causes
shutdown

O 29 April 2016 = Europe

The singed fur and charred feet are testament to the weasel’s last stand: an
encounter with the world’s most powerful machine that was never going to
end well.

Now an exhibit at the Rotterdam Natural History Museum, the stone marten
met its fate when it hopped over a substation fence at the Large Hadron
Collider (LHC) near Geneva and was instantly electrocuted by an 18,000 volt
transformer.

The incident in November last year knocked out the power to the vast
particle accelerator which recreates in microcosm the primordial fire that
prevailed at the birth of the universe. The partly-cooked corpse was duly
secured for inclusion in the museum’s Dead Animal Tales exhibition.

Note: when the LHC is ‘fully loaded’, the total stored energy
in the circulating beams is equivalent to the HMAS Canberra
moving at 13 knots. (~100 kg TNT equivalent.)

Monash University
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the Last Piece of the puzzle?

In the ~ 100 years since Mendeleev’s periodic table, physics

reduced to just a few ultra-fundamental constituents,

and the forces that act between them
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WHAT WE KNOW ...




Physics Lesson: Rotation Curves

Rotation Curves

1) Rigid Body

¢

Neptune: 5 km/s

3) Spiral Galaxies

V ~ constant

' MEE
Triangulum Galaxy

Peter Skands Monash University
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The case for Dark Matter

Something is making galaxies spin like crazy R P

(1932: Jan Oort) independent indications

1933: Fritz Zwicky:
1960s-1970s: Vera Rubin

Structure formation

Computer simulations of how
galaxies form require large
amounts of dark matter to act
as “seeds” of galaxy formation

Microlensing (bullet cluster)

Looking at the aftermath of
collisions of clusters of galaxies.
Gravitational bending of
background light shows sources
of gravity ‘passed straight

, " . A S through’, not concentrated in

NEE e X (x 1000 .IY) ~ OS?EO;IQT(Y)B km the middle where most of the

Triangulum Galaxy ) ’ . . "+ ~ 3 billion times Earth-Sun distance ViSible matter iS
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WHAT WE KNOW ...

A Energy budget of the Universe
toms Dark

4.6%

Energy

71.4%
Dark

Matter
24%

Credit: NASA / WMAP
Science Team

Peter Skands Monash University 23



WHAT WE KNOW ...

The laws of nature embodied by the
Standard Model are indeed slightly
different between matter and
antimatter

(Called CP violation; discovered in 1964,
Nobel Prize 1980)

Matter and Antimatter almost annihilated each

other in the early universe ... but not quite
But the difference is far too small Matter “won” over antimatter ~ 1 : 10° unexplained

(by a factor ~ 100 billion) to explain
the observed dominance of matter
over antimatter in the universe

Could we be living in a
“matter pocket”, with other
“anti-matter pockets” around!?

No. All matter

Z/ :
. = requires n
(border regions & mergers would produce requires new ey e TEMITE
e (active at least in early universe)
observable gamma rays from annihilations)

Antimmatter?

Peter Skands

Monash University



WHAT WE KNOW ...

Energy budget of the Universe

Dark
Energy
71.4%

Credit: NASA / WMAP
Science Team

Sir William of Occam™ may like the Higgs

But theoretical physicists do not

Educated guess ~ factor 106 wrong
=¥ Call that educated ?!

*Occam’s Razor: amonF competing explanations to fit
the same facts, the simplest tends to be the correct one

Peter Skands Monash University 25



The problem with the Higgs

Here is a Higgs boson propagating Another quantum history for
from point A to point B: the same thing:
“other particle”
@- > . @ > >— @
A B A B

In quantum field theory, the fact that particles can “fluctuate” and exist briefly as
other particles has to be included, and produces important “quantum corrections”

“Hierarchy problem”:
Sir William of Occam™ may like the Higgs

the 2nd diagram “resets” effective Higgs mass
But theoretical physicists do hot to whatever the mass of the “other particle” is.

Educated guess ~ factor 106 wrong =» If there is new particle physics at the
=» Call that educated ?! “Planck scale”, we would guess my ~ mpianck ~

1018 — [01° GeV
*Occam’s Razor: amonF competing explanations to fit LHC d ~ 120 GeV
the same facts, the simplest tends to be the correct one measurea mH e




The problem with the Higgs

Here is a Higgs boson propagating Another quantum history for
from point A to point B: the same thing:

“other particle”
@- > . @ > <:> >— @
A B A B

In quantum field theory, the fact that particles can “fluctuate” and exist briefly as
other particles has to be included, and produces important “quantum corrections”

Sir William of Occam™ may like the Higgs “Hierarchy problem”:
But theoretical physicists do not the 2nd diagram “resets’ effective Higgs mass
Educated guess ~ factor 10'6 wrong to whatever the mass of the “other particle” is.
=¥ Call that educated ?! =¥ If there is new particle physics at the
“Planck scale”, we would guess my ~ mpianck ~
Better guesses all based on new 1018 —101° GeV

principles, like supersymmetry LHC measured mu ~ 120 GeV




WHAT WE KNOW ...

Energy budget of the Universe
Atoms

Dark
4.6% Energy
Dark 71.4%
Matter
24%

Matter and Antimatter almost annihilated each
other in the early universe ... but not quite
Matter “won” over antimatter ~ 1 : 109 unexplained

Credit: NASA / WMAP

Science Team TODAY
= 60[ 28.10.2018
Sir William of Occam* may like the Higgs o ., 03'06'2018 2017
-3 Still Early J/
But theoretical physicists do not RS Days for LHC
Educated guess ~ factor 106 wrong § 305_
=» Call that educated ?! 3
é’ 20— 2018 A
Better guesses all based on new S 105_
principles, like supersymmetry : . 2015
Boww 2025:“Hi-Lumi LHC” (x10) et

Peter Skands Monash University



= S K r - b Ve \ y ol - — f\"
cvent recoraea Q\/ the LD

Showing the decay ot a B® meson into an electron—

Measured Values April 2017

Firm prediction of the R, (1.0 < ¢ < 6.0 Gev2/c)

Standard Model:

Should see electrons and
muons equally often in this Ro (1.1 < 02 < 6.0 GeV2/c?) H——s—
decay : R =1

LHCb
Sees
muons
less
often!

R (0.045 < g2 < 1.1 GeV2/ct) w——e—

Predicted Value

S | e e e | | | — |

(called Lepton Universality) 05 06 07 08 09 10 11 12
experiment/theory




Related measurements also show discrepancies

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015) Ay, = 1.0 contours
LHCb, PRL115,111803(2015) o

- Belle, PRD94,072007(2016) ===3 SM predictions

Belle, PRL118,211801(2017)
LHCb, arXiv:1708.08856 Measurements of B

average quark to C quark
transitions

Rk (1.0 < g% < 6.0 GeV?/c%)

0.3 Ry (0.045 < q2 <kl GeV2/C4)

Note: this Is research going
on right here at Sydney U.
Taking part in the Belle |l
experiment hosted by the
KEK laboratory in Japan.

First collisions in early 2018,
aiming at 50 times more data
than its predecessor

Measured Values
Measure

ments of
B quark to
S quark
transitions

. g

Predicted Value

Follow-up Ry (1.1 < g2 < 6.0 GeV?/c?)

measurements now

eagerly awaited

| |
0.8 0.9
experiment/theory




STAY TUNED

THANK YOU FOR YOUR ATTENTION!
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and Triggers

We get ~ 40 million collisions / sec.
We can save ~ 100 / sec to disk.

WHICH ONES?

Automated “trigger” systems decide
which collisions may be interesting

Not all reactions are created equally

The most likely collision type is gg — gg

The top quark is the heaviest elementary particle

Discovered in 1995 by Fermilab’s Tevatron accelerator.

The LHC can make ~ | top quark / second.

The reaction gg = Higgs will happen ~ | / minute

We don’t want to loose too many of them ...

Peter Skands Monash University



+ Complications: Bremsstrahlung radiation,
confinement (quarks/gluons—hadrons), probabilities, ...

E.g., Quarks and gluons give
rise to “jets” = collimated
sprays of nuclear matter

following fractal patterns.
JATLAS

N This is the speciality of my
EXPFRlMENT research team at Monash Uni

Daze: 201C-08-15 04 5316 CEST ‘-———' ” |
b 'y

The basic law of quantum mechanics: anything that can happen will happen



1912: Predicted by Einstein

Gravitational Lensing o

galaxy
galaxy cluster

B <

lensed galaxy images
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actual star observed star
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(from X-Rays)

) Cofnposne image ( false CO/OUI‘S)O'
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(from lensing)

Galaxies
(from visible light) =

A
. ¢
‘B .'

Clowe et al., Astrophys.]). 648 (2006) L109

“A direct empirical proof of the existence of dark matter” ‘
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: « ; The Millennium Simulation: largest N-Body Simulation ever carried out, =
% containing over 10 billion partlcles [Virgo Consortium] e

. , v R - . - Ll R . e o ) i y . '
No dark energy Warm dark matter 8

CONCLUSION: PPN

(Cold) Dark Matter forms structure first, acting as the = #+_
seeds for structure formation in normal matter. g

Without it, the universe would be very different.
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