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Over Lac Léman (Lake Geneva)
View towards the east (Switzerland)




Over the Rhone River
View towards the west (France)




Lake Geneva
(Lac Léman)

LHC Ring
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CERN: European Organization for Nuclear Research




LHC ring:
« 2 separate magnetic “highways”; 9300 magnets, incl. 1232 15-meter dipoles.
. Radlo-frequency EM cavity deV|ces to accelerate beams (8/beam; 40 MHz)

t CMS Experlment
(Cessy, France)




Beam: “bunch tra|n w/1374 bunches of prctons |
(will increase to 2808 bunches) 1 bunch 10" protons

& The beam bunches travel at nearly thespeedf Ilght (c—7 mph at 7 TeV)
» arrive at the collision points every 50 ns (25 ns in future)

. Beams make 11 245 turns/sebnd
¢ « Stored for 10 hrs (round trip to Neptune!) R
";;_; . DeS|gned for 600 M coII|S|ons/sec at each expenment =




CERN main laboratory sit
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This place should look familiar!
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d = 5.3 miles

Image © 2009 DigitalGlobe ‘ [ y
Data SI0, NOAA, U.S. Navy, NGA, GEBCO ©2009 008 e
© 2009 Tele Atlas
© 2009 Europa Technologies

Imagery Dates: Nov 29, 2006 - Dec 17, 2006 34°26'23.35" N 119°51'45.75"W elev 27 m Eye alt 15.22 km




Detector to observe outcome
of the proton-proton collisions.




Access shafts for the CMS Experiment under construction, Cessy, France




Inside the LHC Tunnel




Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Helium-Il Vessel

Spool Piece
Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

. Instrumentation
Prot%ciggg Feed Throughs




LHC Radlo Frequency Cavmes
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Archeology at the CMS site
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UCSB in the CMS Experim
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CMS

UCSB in CMS: research + education

e Faculty (4), engineers (4), technicians (4 —15)

Postdoctoral fellows (9), graduate students (10-12),
undergraduates (3-5)

e Supported by the Department of Energy.
* Mission: Investigate the fundamental nature of matter and

akfa'— ~

..w-" > ~ -:

train the next generation of scientists.
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Total weight

Overall diameter 15 m
Overall length

Pixel

Tracker
ECAL

HCAL

Muons
Solenoid coil

CMS Experiment

76k scintillating
140001 ECAL PbWQ, crystals

28.7 m Interleaved ~7k ch
3.8T Solenoid

Pixels & Tracker
* Pixels (100x150 um?)
~1 m2? ~66M ch
*Si Strips (80-180 um)
~200 m?2 ~9.6M ch
MUON BARREL
250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC)

MUON ENDCAPS

Scintill b 473 Cathode Strip Chambers (CSC)
HCAL Scintillator/brass 432 Resistive Plate Chambers (RPC)

Si Strips ~16 m?
~137k ch

Steel + quartz
Fibers 2~k ch




w CMS Silicon Tracker Installation: Dec 2007
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" COW L=3m

' Shrinking down: cow > atom

BACTERIUM
L=0.002 mm = 2 ym (large variation)

MOLECULE
W =0.002 ym =2 nm

cow ATOMIC NUCLEUS
-15
— = x10




A first look inside of the proton

p
Quarks! P

p = udu l/t/ +% d 3
n = dud -

Rest energy (mass) of proton: 0.9 GeV r - 10—13 cm
Energy of proton in LHC beam: 4000 GeV  proton



Fundamental particles

Quarks Leptons
S 2| €
up charm op electron muon au
d) s b Yy | vy
fown | strange | bottom RN
Gauge bosons nggs boson

Strong force  EM force Weak force vacuum expectatio




The dark matter revolution
Atoms:

Dark
matter:

23%

Dark
energy:
72%

Nicolaus Copernicus
(1473-1543):

heliocentric model Vera Rubin (1928-): WMAP
dark matter in galaxies

We aren'’t at the center of the solar system (or anything else),
and we aren’t made up of the dominant form of matter...



LHC Control Room: HoIIywood Version

*  Angels and Demons, © Sony pictures
sl ' (BTW, they also make computer displays).




LHC Control Room: the real thing




Feynman’s Van: Particle Interactions




Two protons colliding

proton proton

7 %gluon %% u
i3

Just as photons are the quanta of the
electromagnetic field, gluons are the quanta of

the strong field. (Nobel Prize 2004: David Gross,
David Politzer, Frank Wilczek.)




Smashing Swiss watches together

...after all, this is Geneva



Smashing Swiss watches together

...out come two tennis rackets
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From sunflowers to particles
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 Macroscopic world: sunflowers are similar.

e Particle micro-world: particles of the same type are
identical! (Everywhere, and at all times!)

e Particle properties & behavior follow mathematical
laws of physics = everything has to “fit”.

e “Particles aren’t just lumps of clay — they’re actors
in @ mathematical play.”

;y {4} V. NV, i [ \
= f o L & . i, » A |
; ¥ ) ’i//”r‘ " A {

PS4

2 } —~—



Can Matter be Created?

CMS Experiment at the LIIC, TERN| (A4S
11 2010-5ep-24 02:29:53 CIT :
Run 146511 Event SO4867308|
C.OM. Energe 7.00TeViE" =

|s matter permanent?
Can matter be created?

Can matter be transformed from one type into another?




Can Matter be Created?

CMS Experiment at the LIIC, TERN| (A4S
11 2010-5ep-24 02:29:53 CIT :
Run 146511 Event SO4867308|
C.OM. Energe 7.00TeViE" =

|s matter permanent? NO

Can matter be created? YES

Can matter be transformed from one type into another? YES
(Very important in understanding the early universe!)




Can Matter be Created?

CMS Experiment at the LIIC, TERN| (A4S
11 2010-5ep-24 02:29:53 CIT :
Run 146511 Event SO4867308|
C.OM. Energe 7.00TeViE" =




C‘Q
v

HST - WFPC2

Hubble Deep Fiela

PRC96-01a - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA




Big Bang and early eras of the universe
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.. ... The Universe was the first particle physics “experiment”.




The Higgs Boson

My TV screen, summer 2010, Ferney-Voltaire, France

HIGGS DISCOVERY RUMOUR IS DENIED

Physicists have moved to quash
rumours that the elusive Higgs
boson has been detected by a

US “atom smasher".

For the latest headlines bbec.com/news

Satyendra Nath Bose, 1894-1974

Key contributions to early development of the theory
of quantum mechanics. Some of his ideas play

an important role in particle physics.




The Higgs mechanism: a high stakes game

* Existential paradoxin
particle physics: the
mathematics describing
the forces between
particles was incompatible
with particles having
mass.

* Higgs: space itself has a
special property (this
Higgs field) that gives
particles their masses.




A quasi-political Explanation of the Higgs Boson;
for Mr Waldegrave, UK Science Minister, 1993.

From David J. Miller, Physics and Astronomy, University College London
(cartoons courtesy CERN)

Imagine a cocktail party of political party workers who are uniformly distributed
across the floor, all talking to their nearest neighbors.



How the Higgs mechanism gives mass to

massless particles




How the Higgs mechanism gives mass to
massless particles

:”-‘0' ‘
W 1S3 %
A particle that was originally massless (no inertia), acquires a mass
through its interactions with the Higgs field, which permeates all of space.



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

Ty

Higgs particle = 2 photons




Higgs particle = two Z bosons = 4 muons

CMS Experiment at LHC, CERN

Data recorded: Thu Oct 13 03:39:46 2011 CEST
Run/Event: 178421 / 87514902
Lumi section: 86

- \ (Z,) E; : 8 GeV wi(z,) p; : 28 GeV

7 TeV DATA

4u+y Mass : 126.1 GeV

w(z,) p;: 14 GeV

ut(Z,) p, : 67 GeV



Number of event

CMS

Higgs particle - two photons

:_ CMS Preliminary —e— S/B Weighted Data The maSS Of the
 is=7TeV,L=51f" T AT, : :
E s=8TeV, L=53f! 09T Higgs particle can

be inferred from
the energies and
directions the two
photons that the
Higgs particle
decays into.

20 140
Mass in units of GeV



CMS

Higgs boson = two Z bosons = 4 leptons

CMS Preliminary Vs=7TeV,L=5.05fb"Ns=8TeV, L=5.26 fb"’
> |
o - o o 7TeVde, 4y, 262
S 12: _ / boson ™ Data o srvic e
2 10 signal  lz
"g B ) Zy* 27
) SH o ||l
Lﬁ - m,=126 GeV
61 . _ /Clus er of events at same
£ il mass ag two photon events!
2 ° | I . .
| ' Mass in units
0 _
f*“ hz#h‘*_;;” — ] Of Gev
T et ,-—e—«"ém o= g
80 100 120 140 160 180
m,, [GeV]




Albert Einstein and the geometry of space-time

* Einstein taught us GLOBAL
that matter causes POSITIONING
the geometry of SYSTEM

S p daCe _ti me t O b e Signals, Measurements, and Performance
C U rve d . Revised Second Edition

* Clocks run at very
slightly different
speeds at different
heights in a

Pratap Misra__.;‘g

gravitational field. PerEnge - it

* Tiny effect — who
cares? We all do!




Information Management: A Proposal

Tim Berners-Lee, CERN
March 1989, May 1990

This proposal concerns the management of general information about accelerators and experiments at
CERN. It discusses the problems of loss of information about complex evolving systems and derives a
solution based on a distributed hypertext system.

Many of the discussions of the future at CERN and the LHC era end with the question - *Yes, but how will
we ever keep track of such a large project?® This proposal provides an answer to such questions. Firstly, it
discusses the problem of information access at CERN. Then, it introduces the idea of linked information
systems, and compares them with less flexible ways of finding information.




(Sir) Tim Berners-Lee and early development of
the World Wide Web

Berners-Lee proposed the WWW in March 1989 while
working at CERN and developed the first web site.
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Over 100 physics papers published.

Our first major discovery: a “Higgs-like particle”.

Need to fully establish the properties of the new

particle. There are scenarios with multiple Higgs
bosons (e.g. five of them!).

Intensity search for particles that can explain the
dark matter (“supersymmetric particles”).

Look for the unexpected.
Train the next generation of scientists!
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Extra Slides

Mont Blanc (4,810 m or 15,782 ft), as seen from CERN



Lowering one of the CMS endcap
muohn detectors into the cavern




Observation of a new boson at a mass of 125 GeV with the CMS experiment at

the LHC™
CMS Collaboration™*

CERN, Switzerland

This paper is dedicated to the memory of our colleagues who worked on CMS but have since passed away. In recognition of their many
contributions to the achievement of this observation.

ARTICLE INFO

Article history:

Received 31 July 2012

Received in revised form 9 August 2012
Accepted 11 August 2012

Available online 18 August 2012

Editor: W.-D. Schlatter

Keywords:
CMS
Physics
Higgs

ABSTRACT

Results are presented from searches for the standard model Higgs boson in proton-proton collisions
at /s=7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples
corresponding to integrated luminosities of up to 5.1 fb~! at 7 TeV and 5.3 fb~! at 8 TeV. The search
is performed in five decay modes: yy, ZZ, WtW~—, t+1, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, ¥y and ZZ; a fit to these signals gives a mass of 125.3 3-0.4(stat.) £+ 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.




CMS

Collisions at 7 TeV

http://cdsweb.cern.ch/journal/CERNBulletin/2010/14/News%20Articles/1246424?In=fr
http://press.web.cern.ch/press/PressReleases/Releases2010/PR0O7.10E.html

Nous avons reussi !

Presque 20 années de travail acharné accompli par des centaines
de personnes ont permis au Grand collisionneur de hadrons
(LHC) de passer du réve a la réalité. Le LHC a livré aujourd’hui

: May 1-2, 2010, squeezed, stable
March 2010: 15t 7 TeV Coll
aren 30, 2019 eV Collisions beams (30 hrs), L>1.1x 10?8 cm?s™*

£: 3500 Gy 34042000 00:87:40

PROTON PHYSICS: STABLE BEAMS

2500 Gev IB1): 2.8/e+10 m J.14e+10

——

Il y a quelques instants a la CCC http://cdsweb.cern.ch/journal/ CERNBulletin/2010/18/News %20Articles/1262593?In=en




Total Integrated Luminosity (fb’)

CMS Total Integrated Luminosity, p-p

— 2011,&:7Tev
—— 2012, Vs = 8 TeV

Amount of data
2010, Vs =7 TeV collected by CMS

| | | | | | | | | 7
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01/09

Time in year
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Num. main dipoles 1232 (L=15 m)
Num. main quads 392 (L=5to 7 m)

Inside the LHC Tunnel

RF cavs/beam 8
Bunches/beam 2808
Protons/bunch 1.1 1011
‘, Collisions/sec 600 106
4. Bunch spacing (min.) 7 m (25 ns)
| Dipole field 833T

£

Dipole op. temp. 1.9 K
| Dipole current 11,850 A

1034 cm2s1
A \ i M! &

. Design luminosity




High Level Trigger Processing Farm




Observation of pp = tt

(‘{\/\S o CMS Experiment at LHC, CERN

-~ Data recorded: Fri Jul 2 06:08:27 2010 CEST
// Run/Event: 138185 / 69244083

/_./‘/ Lumi section: 77
s Jet P, = 162.9 GeVic, n = 0.06, = 1.54
* —
Jet p; = 69.9 GeVic,
-~ % n=1.25¢ =1.02
X Yapo, NN\
A T Jet p, = 34.5 GeV/
: e TSSO Ry -
Candidate event .= & o n =118, ¢ =043
TV N N
for process n*  cat o
SR, s
s

s 7 : AN O Y
t‘ s bW+; W+ — e+ve j

?%EW_; W™ —=qq, =«

E,=43.6 GeV,
n=2029, ¢ =177

Jet p, = 36.9 GeVic, "™ B
n =076, ¢ =-1.68

¥.=1053 GeV, ¢ = -2.26

Missing momentum vector
from neutrino



Some fancy physics: creating particles

|
.
|
|

Problems

1) According to the theory, Higgs particles should only be
produced very rarely (less than one per billion proton-
proton collisions).

2) The Higgs particle would then transform into other
particles, with several different possibilities.



CERN: the first web site

http://info.cern.ch/hypertextWWW/TheProject.html

World Wide Web

The WorldWideWeb (W3) is a wide-area hypermedia information retrieval initiative aiming to give universal access to a large universe of documents.

Everything there is online about W3 is linked directly or indirectly to this document, including an gxecutive summary of the project, Mailing lists ,
Policy , November's W3 news , Frequently Asked Questions .

What's out there?
Pointers to the world's online information, subjects , W3 servers, etc.
Help
on the browser you are using
Software Products
A list of W3 project components and their current state. (e.g. Line Mode ,X11 Viola , NeXTStep , Servers , Tools , Mail robot , Library )
I!‘!‘hnl!‘ﬂl
Details of protocols, formats, program internals etc
Bibliography
Paper documentation on W3 and references.
People
A list of some people involved in the project.
History
A summary of the history of the project.
How can I help ?
If you would like to support the web..

Getting code
Getting the code by anonymous FTP , etc.




Statistical significance of the observed signal
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107
10°®
10° CMS Preliminary 66
- Combined obs. Hos 77 +
1 0-10 | ==== Exp. for SMH Higgs | LA
_115 — Hoyy \s=7TeV,L=5.11b"
10 __ o \s=8TeV,L=531" 3

116 118 120 122 124 126 128 130
Higgs boson mass (GeV)

High sensitivity, high mass
resolution channels: yy+4|
— YV: 4.1 o excess

— 4 |leptons: 3.2 ¢ excess

— near the same mass 125 GeV

Comb. significance: 5.0 o

expected significance
for SM Higgs: 4.7 o



CMS
Working on the CMS Silicon Strip Tracker

: UCSB silicon-strip module assembly team

= [y 1

Module
. installation
g at CERN

A\ 1N

e 9%



Leadership/management

Silicon Tracker Construction

Silicon Tracker Commissioning

Silicon Tracker Upgrade and SLHC
Electronics Development

General Physics Analysis Tools
Development

Muon High Level Trigger
Tracking Software

Muon Reconstruction Software

Physics Analysis

[u][ﬁ][b] CMS: Major roles of UCSB group

Top-level management, physics & software
convenorships

Module & rod construction at UCSB, detector testing
and assembly at CERN, project management

Cooling systems; calibration & commissioning

Endcap muon electronics, readout electronics
development, tracker & trigger studies

Fireworks Event Display, Physics Datasets & Trigger
Menu Development, Physics Analysis Toolkit (PAT)
Development, Missing Transverse Momentum
measurement, b-tagging studies, Conversion ID

Development of Muon High Level Trigger Software
Development of Tracker Reconstruction Software

Development of Muon Reconstruction methods

Broad range of analyses: Top, SUSY, Electroweak



CMS . -
CMS Tracker Inner Region: Pixels

Inner part of all-silicon tracker Pixel Detector Geometry
 Fast response to keep up with 25

ns beam xing interval (2 MHz)
* Pixels: 3 barrel layers, 2 pairs F/B

Pixel Detector Parameter

Pixel Size 100 pm x 150 pm
Resolution 10 um (rd)x 20 um (z)
Number pixels 66 M

Sensor thickness 285 um

Radii of barrel layers 4.3,7.2,11.0cm

|z| of forward layers 34.5cm, 46.5cm
(disks) (Fand B)

Total sensor area ~1 m?

Fraction operational 98.4%

Efficiency 97%



CMS

CMS Tracker: Silicon Strips

« Largest silicon tracker ever built: ~200 m?
* Inner+outer barrel: 4+6 layers; 10-14 points
* 9.3 M strips, pitch 80-180 um; 97.2% working

« Sensor thickness: 320 um; 500 ym

n 0.1 0.5 1.0 1.3 1.5
| Purple: single-sided sensors

r [mm |
[mm] Cpen double S|ded sensors
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CMS

m [GeV/c?]
»
o
o

500

400

300

200

100

mass spectrum (LMO benchmark)

squarks
- Higgs gluino %
- sector § —
B §— " —Tb,
- 0,0 —H
| HLA"— B, —
- ~0 _+
| X4!X2_~0
| 3
N sleptons
B - —%21
—_ IR’VI __;E1 —T1
- charginos/neutralinos
- R — Tk, —
B 0
B M

- Hypothetical supersymmetric particle

Lightest supersymmetric
particle>DARK MATTER?

A new spectroscopy?

Many SUSY signatures
give very large (>200
GeV) missing
momentum due to
production of two
LSPs.

Broad range of
signatures, with
leptons, photons, b-
quarks,...

Currently carrying out
full range of searches.
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Lo + pi1: 92.15 GeV
Mo T 3. 92.24 GeV

Lo + o 70.12 GeV
s T [: 83.1 GeV

CMS Experiment at LHC, CERN
Data recorded: Fri Sep 24 02:29:58 2010 CEST
Run/Event: 146511 / 504867308



Standard Model constraints on m(Higgs)

March 2012
80.5 L L I L G B l | i Dl il | l -3 1 .8 l | 5l b il | l L ] LI DL I L
L O LEPEWWG (2011) 68% CL (excluding M,.m,_&direct Higgs exclusion) al
~ © 68% CL (by area) M, (2009, m N -
- @ 68% CL (by area) M, 2012,m 11@' 2
s L =
80.45 o
~~ — -
> = ot
o 804 .
O
o~ = —
80.35 — >
80.3 -
1 48 | 1 | | | A | =

155 160 165 170 175 180 185 190 195
M, (GEV)




Higgs boson production and decay

LHC HIGGS XS WG 2012

o(pp — H+X) [pb]
Branching ratios

10"

1072

—
C

102

LHC HIGGS XS WG 2010

IIIIJI\‘ |

1 Il

100 200 300

500

1000
M, [GeV]



Antimatter

@ | @ &)

positron mu plus tau plus
electron muon tau

anti-neutrino anti-neutrino anti-neutrino

particle is its own antiparticle.

included or

Antiparticles alread




Ax 10 yr

Atoms form

3 x l0 yr
First Stars and Galaxies form

|4.x|09yr @ -
2 Our Cosmic Address

_ Our sun s coe of 4 x 1017 sears in the Milky Way galaxy, which is one of more
than 107 gakucies in the visible universe’




LHC DIPOLE : STANDARD CROSS-SECTION

Aﬁl k ALIGNMENT TARGET

WS

MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
SUPERINSULATION

SUPERCONDUCTING COILS

BEAM PIPE

&l / ‘ VACUUM VESSEL

i i : BEAM SCREEN
. AUXILIARY BUS-BARS

~ SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS

IRON YOKE (COLD MASS, 1.9K)

DIPOLE BUS-BARS

SUPPORT POST

1, . TTT Mag. length: 14.3 m
o 107 GeV ~§T il Overall length: 16.8 m
| 0B-(8.6-10°m) L Nb-Ti superconductor

B(T)




IVIany different aspects to the LHC prOJect
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