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* The search for the "Theory of Everything”
* Allabout symmetry

* The Standard Model of Particle Physics

* The LHC and the experiments

* The Future

Andrew W. Rose
29/04/2015



Chrysippus, Epicurus

The search for the
“"Theory of Everything”
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A thoroughly modern pursuit

"According to convention there is a sweet
and a bitter, a hotand a cold, and
according to convention thereis colour. In
truth there are atoms and a void.”

//

“That atoms and the vacuum were the
beginning of the universe; and that
everything else exists only in opinion.”

Democritus (c.460-370BC)

“You say there is a void; therefore the void
is not nothing; therefore there is not the
void.”

Parmenides (c.515-460BC)

//

“Moreover, it is plain that everything
continuous is divisible into divisibles that
are infinitely divisible: for if it were
divisible into indivisibles, we should have
an indivisible in contact with an
indivisible, since the extremities of things
that are continuous with one another are
one and are in contact”

Aristotle, Physics VI, 350BC
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All about
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Amalie "Emmy” Noether
The Mighty Mathematician You've Never Heard Of

Scientists are n [amously anenymous
log, but few can match in tha depths of
her perverse and unmerited cbscuvity
the 20th-century mathematical genius
Amalle Needher.

Albert Binstedn catled ber the maost
“significant” and "creative” female
mathematician of all time, and others of
hér contemporarics were inclined to
deop the imeclification by sex. Shein
vented a theoreo that uited with mag-
isterinl concigion twe candepteal pillars
of pluysics: synumatry in nature i thwe
universal laws of canservalxin. Some
cansider Noother's theorem, as it is now
called, as important as Einstein's theory
of relativity; it undergirds much of to
day’s varguardd resaarch in physics, in
clugling the hunt for the almighty Higgs
boson. Yed Noether herself cemaing ut-
terly unkmawn, not ealy to the geaeral
pablic, but 1o mary membears of the sci-
entific commuity as well.

When Dave Goklberg, n physicist ot
Drexeld University who has written
abaut her work, recently took a little
"Noether poll” of several dozen cal-
leagues, stunlents ami oaline followers,
he wns taken aback by the results, “Sur.
prisingly few could say exactly who she
was o why she was intportant,” e snicl,
A fow others Knew her sine bat coukl
n'trecall what she'd dome, amd the ma-
Jority had never heard of ler*

Noother (praounced NER-lor) was
Lorn in Eelangen, Germany, L30 years
ago this month, Soits afinctime to
counter Lhe chronic neglect and celo-
Lzate the Jife and wock of 2 brilliant
theorist whose unshakable number love
nnd irvaticoatly vabust sense of humor
helpext ber overconse severe handicaps
— livar, being female tin Germany at o
Lime when most German ymversities

[04]388:5r accept female students or hive fe-

mala neafacernre aned thoe heine n e

I
GROUNDBREAKING Emimy Nogtheys Ahenysem united two pillars of
e and the universal laws of conservation.

physics: symmaetry in natur

3

La)

synumelry it nature, sonse predictabili-
Ly ne lonvagenaity of parts, you'llfind
luriking in the Dackgroand a corre
sponding conservation — of moemen-
tum, ckectrze chacge, energy av the like.
1f a1 bicycle wheel is radially symmetric,
i€ yoarcan spin it an is axis and i sl
Iooks the same in all directions, well,
then, that symmetric transiation inust
yield a corresponding conservation. By
applying the principles an calculations
embodied in Neether's theorem, you'll
see it"s angular momentum, the Newlo.
nian impulse that keeps bieyclists up-
rigat and on the mave,

Some of the velationships to pop out
of the theorem are startling, the mos:
profouyd one lmking tiowe axl energy,
Noether's thearem shows that p sym-
mewry of time — ke the fact that wheti-
ey you (neaw a ball in the aly tomovnow
oF nioke the same toss next week will
have no effect on the hall’s trajeclory —
i directly related 1o the conservaton of
energy, cur okl homily that enérgy can
e neither created noe destroyeed but
merely changes form

The comnections that Nocther foegecd
are “eritical” to modern physics, said
Lisa Ramclad), it professor of theoretical
particle physics and cosmnlogy ot Har-
vard. “Energy, momentum and ather
quantitics we take for gramtexd gain
meaning ind even greater value when
we niderstand haw those quantitics fol-
low fram symmetry in time and space.”

Ur. Randaoll, the author of the newly
published *Knocking on Heaven's

poor,” recalled the moment in collepge
when she happered to learm tat the an-
thyor of Moetlwer™s thearam was a sive. Tt
was striking and even exating and in-
spirat:onol” Dr. Randall said, admitling,
"1 was surprised by my reaction.”
For her part, Noesher left little ¢
s &

all Y a
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Noether's Theorem

Every differentiable symmetry
of the action of a physical system
has a corresponding conservation law

Andrew W. Rose
29/04/2015
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Noether's Theorem

Every differentiable symmetry
of the action of a physical system
has a corresponding conservation law

Momentum

Spatial Translation

Energy

Time Translation ﬁ

Rotational Symmetry

Angular Momentum

Andrew W. Rose
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Noether's Theorem

Every differentiable symmetry
of the action of a physical system
has a corresponding conservation law

Momentum

Spatial Translation

Energy

Time Translation ﬁ

Rotational Symmetry

Angular Momentum

Complex Phase Charge

Andrew W. Rose
29/04/2015
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Phase (gauge) invariance

Our theory should not depend on the precise
phase of the wave-function

“Where is the start of a circle?”
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Phase (gauge) invariance

Our theory should not depend on the precise
phase of the wave-function

“Where is the start of a circle?”

Trivially satisfied if our equation is of the form:

L ot -1

Andrew W. Rose
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Phase (gauge) invariance

Our theory should not depend on the precise
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Phase (gauge) invariance

Our theory should not depend on the precise
phase of the wave-function

“Where is the start of a circle?”

Trivially satisfied if our equation is of the form:

Loyt — lpdre—icb ...¢e+i<l> =t Y

Dirac/Spin-¥2/Fermion Lagrangian
L = ipty®yH#a, — Ptyomy
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Local phase (gauge) invariance

Ask a different question:

Can we make the phase vary in space/time

and still have a valid theory?

Andrew W. Rose
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Local phase (gauge) invariance

Ask a different question:

Can we make the phase vary in space/time

and still have a valid theory?

Mass term is obviously fine

Kinetic term contains a derivative which will obviously be broken by such a change

L = il/jyﬂaul/) R 1/3m1/1

Borrow a tool from relativity and introduce the covariant derivative to take into
account the shifting baseline

d, » D, =0, —iqA,
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Local phase (gauge) invariance

Ask a different question:

Can we make the phase vary in space/time

and still have a valid theory?

Mass term is obviously fine

Kinetic term contains a derivative which will obviously be broken by such a change

L = il/jyﬂaul/) R 1/3m1/1

Borrow a tool from relativity and introduce the covariant derivative to take into
account the shifting baseline

d, » D, =0,—iqA,
P - Pe'®, A, > A, _%au‘/’

Andrew W. Rose
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Local phase (gauge) invariance

L= il/;V”Dul/) — l/jml/J
— il/j)/'uaﬂl/) 1 lljmkb + qt/;A;ﬂ/)
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Local phase (gauge) invariance

L= il/;VHDul/) — l/jml/J
— il/j)/'uaﬂl/) 1 lljmkb + qt/;A;ﬂ/)

Andrew W. Rose
29/04/2015



Local phase (gauge) invariance

L = iyy*D,p — Ypmyp
— il/jy'uaul/) - Ppmy + QII;AMIIJ




Where are we now?

Faraday, 1832

Maxwell, 1873

Schwinger,
Feynman, 1949

Heisenberg, 1925

Einstein, 1905

Einstein, 1916

Newton, 1687 Andrew W. Rose
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QED

The most accurate theory ever devised:

* Electron's spin g-factor: g/2 = 1.001 159 652 180 85 (76)
(better than one partin a trillion)

* Coupling constant: o™ = 137.035 999 070 (98)

(better than a partin a billion)

Andrew W. Rose
29/04/2015
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Where are we now?

Faraday, 1832

Maxwell, 1873
Schwinger,

Gell-Mann, 196
Feynman, 1949

Gordonj 1926

Heisenberg, 1925

Fermi, 1934 Glashow, 1961

Einstein, 1905

Einstein, 1916

Newton, 1687 Andrew W. Rose
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The electroweak problem

electron . g e electron «

antineutrino

antineutrino »

M= GF(Uprun)(»ueru‘-') N
M= GF(uprun) (M > .7) (U.Tyy)
W =9y

nheutron neutron »

a. Fermi's 4-point Interaction, 1934 b.Weak Interaction mediated by boson, 1938

Weak force originally posited to be a point-like interaction

Quickly changed to be mediated by a heavy boson

Andrew W. Rose
29/04/2015 33



The electroweak problem

electron . g e electron «

antineutrino

antineutrino »

M = Gg(U Tu )T Tu,) _ !
M= GF(“pr“n)F (U.Ty,)

w -9q)

nheutron neutron »

a. Fermi's 4-point Interaction, 1934 b.Weak Interaction mediated by boson, 1938
Weak force originally posited to be a point-like interaction

Quickly changed to be mediated by a heavy boson

But the maths doesn’t work — the theory is not renormalizable
— with the benefit of hindsight it becomes clear why

Andrew W. Rose
29/04/2015 34



Massive Bosons

EW
L—EmA“A“

Andrew W. Rose
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Massive Bosons

EW
L—EmA“A“

But we required:AM — AH _% MCP

AkA, - (A —Lorg ) (A, - Lo, ) # 4k,

Andrew W. Rose
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Massive Bosons

EW
L—EmA“Aﬂ

But we required:AM — AH _% MCP
ArA, — (A —Lorg ) (4, - 29,0 ) = Ara,

m* =20

Andrew W. Rose
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Massive Bosons

EW
L—EmA“A“

But we required:AM — AH _% MCP
ArA, — (A —Lorg ) (4, - 29,0 ) = Ara,

m? =0

PhotonseemsOK:Observemy < 10_22me

Andrew W. Rose
29/04/2015
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Massive Bosons

EW
L—EmA“Aﬂ

But we required:Au — AH _% H(P
ArA, — (A —Lorg ) (4, - 29,0 ) = Ara,

m* =20

Andrew W. Rose
29/04/2015
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Why do we care about
phase (gauge) invariance?

* The establishment of unitarity of a renormalizable set of Feynman rules
requires Ward identities, a consequence of gauge invariance

* Therulesinthe renormalizable gauge are equivalent to those in the
unitary gauge only when the theory is gauge invariant

Veltman, ‘'t Hooft, 1972

Andrew W. Rose
29/04/2015
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Why do we care about
phase (gauge) invariance?

* The establishment of unitarity of a renormalizable set of Feynman rules

requires Ward identities, a consequence of gauge invariance

* Therulesinthe renormalizable gauge are equivalent to those in the
unitary gauge only when the theory is gauge invariant

Veltman, ‘'t Hooft, 1972

If the theory is not gauge invariant it is worth
DIDDLY SQUAT

Andrew W. Rose
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he Higgs (-Schwinger-Anderson-Kibble-
Guralnik-Hagen-Englert-Brout) Mechanism

We can devise a Lagrangian which is

but which is

Andrew W. Rose
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Such a field has one massive boson and a
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he Higgs (-Schwinger-Anderson-Kibble-
Guralnik-Hagen-Englert-Brout) Mechanism

We can devise a Lagrangian which is

but which is

Such a field has one massive boson and a
number of massless “Goldstone” bosons

If we require this new field to be phase (gauge) invariant,
these massless bosons get “absorbed” by our massless gauge bosons,
turning them into massive gauge bosons

Andrew W. Rose
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Where are we now?

Faraday, 1832

Maxwell, 1873
Schwinger,
Feynman, 1949

Gell-Mann, 196

Weinberg,
Salam, 1967

Standard
model

Gordonj 1926

Heisenberg, 1925

Fermi, 1934 Glashow, 1961

Einstein, 1905

Higgs, Kibble, Brout,
Einstein, 1916 Englert, 1964

Newton, 168
! 7 Andrew W. Rose
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The Standard Model of
Particle Physics



The Standard Model: 1967

Weinberg-Salam

29/04/2015

The

model

mass -
charge -

spin =

=2.3 MeV/c?

2/3 u

112
up

=4 .8 MeV/c?

-1/3 d

down
0.511 MeV/c?
e
electron

<2.2 eV/c?
D
1/2 €

electron
neutrino

=1.275 GeV/c?

2/3 C

1/2

charm

~95 MeV/c?

-1/3 S

1/2

strange

105.7 MeV/c?

muon

<0.17 MeV/c?

muon
neutrino
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photon
91.2 GeV/c?
R/
1
Z boson

80.4 GeVic?
1

W boson

=126 GeV/c?




The Standard Model: 1974

mass - =2.3 MeV/c? =1.275 GeV/c?

Burton Richter, N e
SLAC u C

spin > 1/2 1/2

SamTing, up charm
Brookhaven
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The Standard Model: 1976

Martin Perl,

SLAC
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The Standard Model: 1976
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The Standard Model: 1977

mass - =2.3 MeV/c?

charge » 2/3 u

spin - 1/2

Leon
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The Standard Model: 1978
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The Standard Model: 1979

PETRA, DESY
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The Standard Model: 1983

UA1, UA2,

CERN
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The Standard Model: 1989

LEP, CERN
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The Standard Model: 1989
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The Standard Model: 1995

Do, CDF,
Fermilab

mass —

spin =

=2.3 MeV/c?

charge » 2/3 u

112
up

=4 .8 MeV/c?

/3 d

down
0.511 MeV/c?
e
electron

<2.2 eV/c?
D
1/2 €

electron
neutrino

=1.275 GeV/c?

2/3 C

1/2

char

~95 MeV/c?
-1/3

1/2

strange

105.7 MeV/c?

muon

<0.17 MeV/c?

muon
neutrino

=173.07 GeV/c?
2/3 t
1/2

top

8 GeV/c?

b

bottom

1.777 GeV/c?

T

tau

-1

<15.5 MeV/c?

. Dt

tau
neutrino

photon
91.2 GeV/c?
' L
]
Z boson

80.4 GeV/c?
W
1

W boson

=126 GeV/c?

Andrew W. Rose
29/04/2015




The Standard Model: 2012

CMS, ATLAS,

CERN
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The LHC: Large Hadron Collider
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The LHC: Large Hadron Collider
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The general purpose detectors
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The believe-it-or-not superlatives are so extreme and Tom Swiftian. W

they make you smile.

The LHC is not merely the world’s largest particle accelerator but the largest
machine ever built. At the center of just one of the four main experimental
stations installed around its circumference, and not even the biggest of the four,
is @ magnet that generates a magnetic field 100,000 times as strong as Earth’s.
And because the super-conducting, super-colliding guts of the collider must be

cooled by 120 tons of liquid helium, inside the machine it’s one degree colder
than outer space, thus making the LHC the coldest place in the universe.
Kurt Andersen, Vanity Fair
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The CMS detector
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The CMS detector
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How to detect particles
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How to detect particles

Minimal disruption Maximal disruption
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How to detect particles

Minimal disruption

29/04/2015

Maximal disruption
Tracking

Measure precise position as
particles pass through

Join the dots to produce tracks

Use B-field to provide curvature
with which to measure momentum
of charged particles

Andrew W. Rose
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How to detect particles

Minimal disruption
* Tracking

* Measure precise position as
particles pass through

* Join the dots to produce tracks

* Use B-field to provide curvature
with which to measure momentum
of charged particles

Andrew W. Rose
29/04/2015

Maximal disruption

* Calorimetry
* Put a lot of material in the way

* Atomic and nuclear interactions
force decay down to light particles
including photons

* Measure the energy in the photons

* Proportional to the energy of the
original particle

77



CMS Electromagnetic
“Calorimeter i

Lead-Tungstate Crystals (PbWO )§
86% metal by weight [
Each crystal weighs 2kg &

Andrew W. Rose
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How to detect particles

Minimal disruption
* Tracking

* Measure precise position as
particles pass through

* Join the dots to produce tracks

* Use B-field to provide curvature
with which to measure momentum
of charged particles
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Maximal disruption

* Calorimetry
* Put a lot of material in the way

* Atomic and nuclear interactions
force decay down to light particles
including photons

* Measure the energy in the photons

* Proportional to the energy of the
original particle
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The CMS detector
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Just to keep things interesting...

L = O(1034) crw_;jf"'ZS'1
~25 interactions/bx

Andrew W. Rose
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Just to keep things interesting...

Sl 4

’
£
s
-
¥

L = O(1034) cn;jf"'25'1 x 4,0 million bx
~25 interactions/bx per second

Andrew W. Rose
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Why would
you do that?
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Why would
you do that?

Higgs Boson production is:

* Two order of magnitude lower
than the top-quark

* Three orders of magnitude lower
than W-boson

29/04/2015
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Why would
you do that?

Higgs Boson production is: 1 mb|

* Two order of magnitude lower
than the top-quark

Three orders of magnitude lower 1ub
than W-boson

1 nb
Thatis a needle in s
a haystack the same mass as the ,
Empire State Building 1 pb Sy

0.001 0.01 0.1 1.0 10 100

29/04/2015 ' Vs TeV



Just to keep things interesting...

T i
£
S

R

L = O(1034) cmi2s? x 4,0 million bx
~25 interactions/bx per second

1 billion proton-proton interactions per second

Andrew W. Rose
29/04/2015
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~8ok PbWO, Ecal Crystals

The CMS detector

~15k channel Brass/Plastic sampling HCAL

~568k RPC/DT/CSC Muon channels

~65M Silicon Pixels

~10M Silicon Strips

Andrew W. Rose ~3500 physicists/engineers
w
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~8ok PbWO, Ecal Crystals

The CMS detector /7* ™=

Data rates before zero-suppression ~15k channel Brass/Plastic sampling HCAL
=10 TBit per second

~568k RPC/DT/CSC Muon channels
= 23 TBit per second

~65M Silicon Pixels

~10M Silicon Strips

Andrew W. Rose
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The Internet: Visualizing big numbers
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CMS: Visualizing the big numbers
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How do you store O(Pb/s) data?

Andrew W. Rose
29/04/2015
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How do you store O(Pb/s) data?

Answer: You don’t!You have to throw most of it away!
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How do you store O(Pb/s) data?

Answer: You don’t!You have to throw most of it away!

Store raw data on detector for 3.2us

40 MHz ERRELLE r_ Detector Front-Ends

processing ————-—-——

]

Event I Control
Pﬂl Builder Network 100 GB/s and

Tape storage

Monitor



Muon Candidates:
Join the dots

M
- CMS Experiment at the LHC, CERN 5

Data recorded: 2011-Jun-28 08:00:29.322034 GMT (03:00:29 CDT)

Run / Event: 167898 / 1487107623
— 4

{c) CERN 20038. All rights

29/04/2015

http: //igquana. cern.ch/ispy
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Electron/Photon Candidates:

Spikes

CMS CMS Experiment at the LHC, CERN
/ Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000

drew W. Rose \
29/04/2015 l '
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Jet Candidates: parion eve

Energy depositions
in calorimeters




How do you store O(Pb/s) data?

Answer: You don’t!You have to throw most of it away!

Store raw data on detector for 3.2us

40 MHz ERRELLE r_ Detector Front-Ends

processing ————-—-——

]

G 1 Control
ontro
10° Pﬂl Builder Network 100 GB/s and

Tape storage

Throw
away

Monitor



The Master-Processor, Virtex-7 (MP7)

- o 7T [38) 16
S

i)

£ 5 istiing y !
f—&. )
My
‘B

Andrew Rose, Greg lles

London

72Tx+72Rx optical links @ 13Gbps = 0.9 + 0.9Tb/s signal processor

Andrew W. Rose
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How do you store O(Pb/s) data?

Answer: You don’t!You have to throw most of it away!

Store raw data on detector for 3.2us
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How do you store O(Pb/s) data?
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How do you store O(Pb/s) data?

Answer: You don’t!You have to throw most of it away!

Store raw data on detector for 3.2us

40 Mz Hafdwa“_r o s
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How do you store O(Pb/s) data?

Answer: You don’t!You have to throw most of it away!

Worldwide
computing grid
_ "Physicists

\ analysing data™

S'.
.

Store raw data on detector for 3.2us

!’Am

I.I -
T 1 I--
Control

ler Network 0 GB/s and
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IIIIIIIik,ZIIIIIIIJ!!!IIII

OIS

g  PCfe 3001z
I I N O.5GB/S ]



First observation of a 125GeV particle
decaying to two photons

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14.621490 GMT
Run/Event: 194108 / 564224000 y

3

Andrew W. Rose
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First observation of a 125GeV particle
decaying to two Z-bosons

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.271830 GMT
Run/Event: 195099 / 137440354

Vs Andrew W. Rose
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—e— S/B Weighted Data
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CMS Preliminary
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95% CL limit on o/o™

—

Higgs boson mass GeV/c?



Collaboration publications (2008-2015)

 ATLAS: 3,321
« CMS: 3,070
* ALICE: 1,022
* LHCb: 992

" TOTEM: 52 ... and counting...
 LHCf: 29

- TOTAL: 8,486

Andrew W. Rose
29/04/2015



Metropolis, Fritz Lang, 1927
Set in the 2020’s

The future



The HL-LHC

LHC Run-2
L = O(1034) cm™2s™?
O(20) interactions/bx
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The HL-LHC

LHC Run-2
L = O(1034) cm™2s™?
O(20) interactions/bx

oyt Sy g ey ey
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LHC Run-3
L = O(2035) cm™2s?
O(200) interactions/bx
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~8ok PbWO, Ecal Crystals

The CMS detector /7* ="

Damage after Run-2 ~15k channel Brass/Plastic sampling HCAL
=10 TBit per second

— - -

, \\"5“- 7 ~568k RPC/DT/CSC Muon channels
VA | —\\;\}:Q = 23 TBit per second

fEndcap Ecal &
- Hcal will be

completely
'L fried

~65M Silicon Pixels
= 21 PBit per second

Pixel and stri

ackerswilbe
compfetely rie

Andrew W. Rose ~3500 physicists/engineers
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-ckulbgranularity Ecal -

The CMS detector /- eeedntmsse

Upgrades relevant to triggering ~15k channel Brass/Plastic sampling HCAL
=10 TBit per second

~568k RPC/DT/CSC Muon channels
= 23 TBit per second

- Complete

- replacement
of endcap

Ecal & Hcal

~65M Silicon Pixels
= 21 PBit per second

ck|n

~1oM i |Cc|ongtr|ps

ersecond
trlgger
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Big Data:
Tracking trigger

15,000 modules @ SGb/S = 75Tb/5 = 296 EB/yr 3 942E+02
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iWean global internet traffic
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Big Data:
Full granularity Ecal

3.942E+03

61,200 crystals @ 1.6Gb/s = 97.92Tb/s =386 EB/yr 39426402
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Big Data: High-granularity
endcap calorimeters
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30,000 modules @ 10Gb/s =300Tb/s = 1.2 ZB/yr 3.942E402
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Big Data:
Tech buzz-word of the moment

3.942E+03
3.942E+02
3.942E+01

3.942E+00
2010 g

3.942E01

3942E402
m— 8 seconds of data for

= the CMS Level-1 3942603
People at conferences talking about their trigger in Run-1
so-called "big data" and when you actually 2.942E-04
speak to them they're talking about 12

terrabytes. 0.2 seconds of data N
for the CMS Level-1

trigger in Run-3 3942606

394207

3.942E03
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Again: Why would you do that?

Andrew W. Rose
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Again: Why would you do that?

We are after an elegant, unified description of how the constituents of the
universe interact (a “Theory-of-Everything” if you like...)

Andrew W. Rose
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Again: Why would you do that?

Faraday, 1832
Gell-Mann, 196

Maxwell, 1873

Schwinger,
Feynman, 1949

Gordonj 1926

Heisenberg, 1925

Standard
model

ermi, 1934 Glashow, 1961

Einstein, 1905

Higgs, Kibble, Brout,
Englert, 1964

Einstein, 1916

Newton, 168
! 7 Andrew W. Rose
123
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Again: Why would you do that?
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Again: Why would you do that?

Standard Model
1
~0,4900, 4// q
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Back to the Greeks...

“Wisest is he who thinks he knows what he knows and never thinks he
knows what he does not know”

(Often misquoted as “Wisest is he who knows what he does not know”)

Socrates (470-399BC)

Andrew W. Rose
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Again: Why would you do that?

1. Whatisthe agent that hides the electroweak symmetry? Specifically, is
there a Higgs boson? Might there be several?

2. Isthe Higgs boson elementary or composite? How does the Higgs boson
interact with itself?

3. Does the Higgs boson give mass to fermions, or only to the weak
bosons? What sets the masses and mixings of the quarks and leptons?

4. What stabilizes the Higgs boson mass below 1 TeV?

5. Do the different behaviours of left-handed and right-handed fermions
with respect to charged-current weak interactions reflect a fundamental
asymmetry in the laws of nature?

6. What will be the next symmetry recognized in nature? Is nature
supersymmetric? Is the electroweak theory part of some larger edifice?

7. Are there additional generations of quarks and leptons?

Andrew W. Rose
29/04/2015
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Again: Why would you do that?

8. Why is gravity such a weak force? Why are the Planck scale and
electroweak scale so different from each other? What prevents quantities
at the electroweak scale, such as the Higgs boson mass, from getting
quantum corrections on the order of the Planck scale? Is the solution
supersymmetry, extra dimensions, or just anthropic fine-tuning?

9. Did particles that carry "magnetic charge" exist in some past, higher-
energy epoch? If so, do any remain today?

10. Is the proton fundamentally stable or does it decay with a finite lifetime?

11. Is supersymmetry realized at TeV scale? If so, what is the mechanism of
supersymmetry breaking? Does supersymmetry stabilize the
electroweak scale, preventing high quantum corrections? Does the
lightest supersymmetric particle (LSP or Lightest Supersymmetric
Particle) comprise dark matter?

12. What is the mass of neutrinos? Are they Dirac or Majorana particles? Is
mass hierarchy normal or inverted? Is the CP violating phase non-zero?

Andrew W. Rose
29/04/2015
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Again: Why would you do that?

13. Why has there never been measured a free quark or gluon, but only
objects that are built out of them, like mesons and baryons? How does
this phenomenon emerge from QCD?

14. Why is the strong nuclear interaction invariant to parity and charge
conjugation?

15. Why is the experimentally measured value of the muon's anomalous
magnetic dipole moment ("muon g-2") significantly different from the
theoretically predicted value of that physical constant?

16. What resolves the vacuum energy problem? Why does the zero-point
energy of the vacuum not cause a large cosmological constant? What
cancels it out?

17. Is electroweak symmetry breaking an emergent phenomenon connected
with strong dynamics? Is electroweak symmetry breaking related to
gravity through extra space-time dimensions?

Andrew W. Rose
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Again: Why would you do that?

18. What lessons does electroweak symmetry breaking hold for unified
theories of the strong, weak, and electromagnetic interactions?

19. Does nature have more than four space-time dimensions? If so, what is
their size? Are dimensions a fundamental property of the universe or an
emergent result of other physical laws? Can we experimentally observe
evidence of higher spatial dimensions?

20. Can quantum mechanics and general relativity be realized as a fully
consistent theory? Does a consistent theory involve a force mediated by
a hypothetical graviton, or a product of a discrete structure of space-time
itself?

21. Is space-time fundamentally continuous or discrete? Is the space-time
continuum a smoothing-over of quantum effects or is quantum
mechanics emergent from continuum mechanics?

Andrew W. Rose
29/04/2015 132



Conclusion

There are still a lot of unanswered questions
before we have a theory of everything!
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Conclusion

There are still a lot of unanswered questions
before we have a theory of everything!

So... 1 should probably get back to work
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Conclusion

There are still a lot of unanswered questions
before we have a theory of everything!

So... 1 should probably get back to work

Thanks for listening!
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Abstract

The Standard Model of particle physics was finalized in the mid-1970s and is
phenomenally successful at describing the world we see. The subsequent discoveries
of the top quark, the tau neutrino, and most recently, the Higgs boson means that all
the particles within the model have now been observed, crowning the earlier
successes of the model. Despite this success, the Standard Model is lacking in several
respects; some of which might be resolved trivially pending more data, and others
which are far more profound.

The experiments at the LHC are at the energy-frontier in the ongoing quest to
understand the universe we inhabit, but the task of finding and measuring the
smallest and rarest objects in the universe poses its own unique challenges.

In this talk, | will give an overview of the standard model, some of the detectors and
technology being used at the LHC, and finish with a discussion on what the future
might hold for each.
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