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A few questlons about the suence...

W ny is the TeV (1012 eV) energy scale interesti ng?

What is supersymmetry? What is the Higgs boson?

What does this have to do with cosmology,
astrophysics, and dark matter?

How does the accelerator work? Why are we
colliding protons rather than other types of partlcles? «

What happens when protons collide?
How do the detectors work? What do they measure?

How do the results look so far? What would a
discovery look like?



Questions about life at the LHC...
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How are the collaborations organized? Is there a lot
of politics?

How did we build the experiments?
What is it like to be a graduate student? Is it fun?

What is the connection between the LHC and the
early development of the World Wide Web?

Why am | in my pajamas for meetings every week?
How do | hide this from my colleagues?

What is going to happen in the next couple of years?

How is the food at CERN? How late is the cafeteria
open?




— How will we know if the New Physics is SUSY?

— How will we determine mass scale...and the full
spectrum?

e — How will we determine the underlying Lagrangian?
 What experimenters think about...

’ — Is there a leak? Will the trigger really work?

— How much calorimeter noise is there?

— How big is the QCD background?

— How can we be sure that an excess of events is not
just due to tails of distributions from SM processes?
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Particles of the Standard Model

the stuff we mostly know about...
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Particles of the Standard Model

QUARKS (J=1/2) LEPTONS (J=1/2)

wie o el w e
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Higgs sector:
(Spm 1 gauge bosons Maybe 5 particles!
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Mass scales in particle physics

Generation puzzle Electroweak
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The hypothesis of supersymmetry

scalar QUARKS “squarks” (J=0

) scalar LEPTONS “sleptons” (J=0)
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Matter and anti-matter

For every type of particle, there is a corresponding type of antiparticle.
These have all been observed. However, the particle vs. antiparticle
content of the universe is extremely asymmetric!
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Antiparticles already included or particle is its own antiparticle.

Strong Int. EM Int. Weak Interactions




LHC ring:
2 separate magnetic “highways”; 9593 magnets, incl. 1232 15-meter dipoles.
. Radlo frequency EM cavity devices to accelerate beams (8/beam 40 MHz)

== CMS Experiment, |
(Cessy, Fra_nce)

ATLAS Experiment
Meyrln SW|tzerIand
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Beam: “bunch train” w/4OO bunches of protons :
(will increase to 2808 bunches) 1 bunch 1011 protons. .’

& The beam bunches travel at nearIy the speed of Ilght (c—7 mph at 7 TeV)
e arrive at the coIIrsron pornts every 150 ns (25 ns in future)

: “ i Beams make 11 245 turs/seond
i * Stored for 10 hrs (round trip to Neptune!)
i e DeS|gned for 600 M coIIrsrons/sec at each expenment

g Stored energy per beam at desrgn is 350 MJ enough to meIt 500 kg of Cu

: v 1 '- - . * " ) y & '--
m / PEVPNE £ aJ o’ B ) / ‘*"'w L e 7“\ .--i-" l : ..'4' }.~%“ i




Detector to observe outcome
of the proton-proton collisions.




Inside the LHC Tunnel




InS|de the LHC Tunnel

m

Num. main dipoles 1232 (L=15 m)
Num. main quads 392 (L=5to 7 m)
RF cavs/beam 8
Bunches/beam 2808
Protons/bunch 1.1 101
ﬂ Collisions/sec 600 10°
' Bunch spacing (min.) 7 m (25 ns)
Dlpole field 8.33T
Dlpole op. temp. 1.9K
Dipole current 11,850 A

| Design luminosity 1034 cm=2s?t




LHC DIPOLE : STANDARD CROSS-SECTION

CERN AC/DI/MM - HE107 - 30 04 1999
ALIGNMENT TARGET
MAIN QUADRIPOLE BUS-BARS

HEAT EXCHANGER PIPE

SUPERINSULATION

SUPERCONDUCTING COILS

BEAM PIPE

| — :‘ ‘ ' a; ' Q) i ‘ VACUUM VESSEL

00, i ' ;: BEAM SCREEN
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| § . AUXILIARY BUS-BARS
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SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS

IRON YOKE (COLD MASS, 1.9K)
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LHC Control Room: Hollywood Version

R

>
SRRE TS\ s Angels and Demons, © Sony pictures.
i ' _ (BTW, they also make computer displays).
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Total weight 12500 t
Overall diameter 15 m ECAL 76k scintillating ‘ M S
Overall length 21.6 m PbWO, crystals

HCAL Scintilator/brass

Interleaved Muon

4T Solenoid End-Caps

Cathode Strip ChACSC)
Resistive Plate £h. (RPC)

Pixel

Tracker Pixels & Tracker 72

ECAL « Pixels (100x150 um?)
~ 1 m? 66M channels
HCAL » Silicon Microstrips

Muons ~210m? 9.6M channels MUON BARREL

Solenoid coil Drift Tubes (DT) and
Resistive Plate Chambers (RPC




w CMS Silicon Tracker Installation: Dec 2007
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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 um

N 0.1 0.5 1.0
| Purple: single-sided sensors
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CMS

Working on the CMS Silicon Strip Tracker

UCSB silicon- strlp module assembly team

Module
installation

MMMMM



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
beams (30 hrs), L>1.1x 10?8 cm?s™*

£: 2500 GaV

March 30, 2010: 1st 7 TeV Collisions
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Il v a quelques instants a la CCC http://cdsweblcern.ch/journal/ CERNBulletin/2010/18/News%20Articles/12625932In=en
Y a queiq




CMS Integrated Luminosity vs. Time

Total Integrated Lum|n05|ty 2010 (Mar 30 10:00 UTC - Nov 09 13:54 UTC)
T T

50
N — Dellvered 47.03 pb™! _1 —
‘_TQ —_— Recorded:43 .17 pb™! JI pb - eventS/pb
O 40 e ................. JI’
e | First LHC run at 7 TeV CM energy
—1

30 |--March. 30 November..4...20.1.0.......5 ................

20 -

10

4 November 2010

! ] !
29/0% 12/05 25/06 08/08 21/09 04/11
Date

Example: in some SUSY model, the cross section is 40 pb; we would then have

N =43.17 pb™' -40 pb= 1727 events produced

events



A first look inside of the proton

r ~10" cm =1 fm

proton

A =uar: =30-10" ¢cm” =30 mb

geom proton

sets the scale for the total cross secti

Rest energy (mass) of proton: 0.9 GeV
Energy of proton in LHC beam: 3,500 GeV
Constituent particles of proton share this energy.




CMS

o(pp)

TOT

Cross section vs.cm Energyinp + p

0.1

proton - (anti)proton cross sections Rat e( process i)
—p 10° T —rg 10°
= 3 4_— _ O
10° b Total cross sec. 1 = L ..., - O(process i)
E Ot — T ;
107 Tevatron LHC 310 = 33 -2 g1
~ 50 mb / ! . at L ..o =10 cm=s
: b-quartks=] = i
10° 10°
o, ~ |
. . SN
1o high pT di-jelts - 104
10° | 10° 8"
G b OuES 6r20) -bi 0 2 In 2010, achieved
~ On " — . 32 '2 '1
5 Neope o 0 L =2-10%2cm2s
o Z:vb / 2
10° 10°
Fo.(E> 100 Gev) 3 In 201 1 : may3gea02 .
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10° / 10% 2
’ (E*> 'SZ) on "
10t OlSr 7Y g
1g° [OonM=120 GeV) /~ , 200 290 GeV
200 GeV’
10° 10°
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107 Lol
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Quarks interact inside a proton
Life is complicated inside a proton...so the collisions can be too!

U U

Uu

d

* QCD = quantum chromodynamics: “strong” interactions of
quarks & gluons (“color” charge).

» Gluons are the quanta that mediate the strong force, just as
photons are the quanta of the EM force.
(Nobel Prize 2004: Gross, Politzer, Wilczek)

Hadron = particle made up of quarks & gluons =» “Hadron collider”



Feynman’s Van: Particle Interactions




CMS

Example: production of top quarks

Strong interaction process, but suppressed by m(t)=175 GeV.
Gluon-gluon fusion: ~85%

g ) t g GO0 t
O, N
g & f g “00000 {
Quark-antiquark annihilation: ~15%
q g t
g t

Unlike photons, which do not carry electric charge, gluons carry
color charge and can couple directly to each other.



CMS

Strategies for detecting particles

1. Neutrinos: weak interactions only — are escape
artists, but their escape can be detected with
momentum conservation =2 “Missing momentum?”.

2. Charged leptons: EM and weak interactions only;
are your friends (e, mu); but tau decays in flight, so
is tricky.

3. Photons: EM interaction in PbWQO, crystals.

Quarks and gluons: strong, EM, & weak interactions
form collimated sprays of particles called “jets” as
the energy in the color field pair produces qq pairs.

5. Z, W bosons, and many other particles decay
rapidly, within the beam pipe. Infer parent particle
mass from 4-momenta of daughters: 7., =(p, +p,)’




A few well known mesons (gq) and baryons (qqq)

w - No _I T T T T T T T T T T T | . I. T T T
':'; B S i CMS Preliminary |
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CMS

Particles decaying to pu*p in CMS
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CMS Preliminary, \s = 7 TeV
Ln = 3.1 pb™
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M1 <1
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CMS

Di-jet Event at 7 TeV

Jet: collimated spray of particles from high momentum quark or gluon.

Jet 1

| CMS Experiment at LHC, CERN
! Run 133450 Event 16358963 AR ~
\l Lumi section: 285
Sat Apr 17 2010, 12:25:05 CEST | /

Jet1 p;: 253 GeV

Jet2 p; : 244 GeV ,
Di-jet mass = 764 GeV /
E,(GeV)
JeI




CMS Search for X 2 gg, gqg, qq in

di-jet mass distribution
http://arxiv.org/pdf/1010.0203v1 PRIL ’!O?, I21180’] (2010)

[ ! I I I [ [ I I I [ [ I | ! I I I

Use two highest pT

> 4L \ + 1
2 10°F — <F:i|tvls pata 29 pp’) 2.9 £ 0.3 pb = iets in each event.
35_ 10° % [ 10% JES Uncertainty =
— A N QCD Pythia + CMS Simulation + CTEQ6L1Y Compute di-jet
E10°F . Excited Quark 3 invariant mass:
B E A\ — - String \'s=7TeV =
T 10 Ml <25&IAN1<1.3 — m=\/(E1+E2)2—(131+132)2
- O\ /—\\8(1 TeV) . e
TE el N = Mass distribution is well
= " (0.0 TeV) 3 . . .
F NN 1 described by QCD di-jet
107g X seTevy § production.
20 SOk ]
10 T NN 5 With current data, no
107 [ q" (1.5 TeV) } i evidence for particles
= decaying to dijets.
A _
1 O E o oo by | v H O5<M(q*)<1 58 TeV

500 1000 1500 2000 excluded

Dijet Mass (GeV)
Single-jet trigger, 50 GeV threshold; 99.5% efficient for M(jj)>220 GeV.



Cross Sections for Key SM Processes

Js =7 Tev
o(pb) . _
10000 ~ TPW FIES g0 oy £1 15755 pb NLO

Vs W-—uv
2000 7 = 810440 + 520 pb NNLOL40
8000

120
7000 - F+X
6000 - (t-chan)
co00 + 1 163 pb NLO
4000 - . | W W=
2000 /Z + jets | 1() 6 pb 43 pb

Z— 40 i'd t‘l'X
2000 - 970 + 40 pb ) (s-chan) 18 pb 4L
1000 ; it/ 207 4 6 Pb ; 3.9 pb



W boson decaying to electron + neutrino

.| CMS Experiment at LHC, CERN
CMS || Run 133874, Event 21466935
il Lumi section: 301
Sat Apr 24 2010, 05:19:21 CEST

p,(e)=35.6 GeV Y
MET = 36.9 GeV l{

m, —71.1 GeV l electron \\

= \'—”'\

: Reminder: nuclear B-dggay
]

d M@

Missing momentum vector n (2 U p
(transverse plane only) d d

electron o
note “stiff”

(high pT)




CMS

CMS Electromagnetic Calorimeter (ECAL)

* Barrel/Endcap: 61,200 / 2x7,324 PbWO, crystals

* Rad-hard, very fast (80% of light in 25 ns) %z0.8%—0.4%
* 25.8and 24.7 X,; about 1 A, (X, =0.89 cm)  (E=25-200GeV)
e Barrel inner radius: 129 cm (operates in B field!)

* Low light yield (30 y/MeV); use avalanche photodiodes

* Coverage: |n|<1.479 (barrel), 1.479<|n|<3.0 (endcap)

[ |
s || ey %g:

0
_“l“

[ =

m 61700 barrel crystals

ﬁ
i

TR

=)

)

\
m

T
B

o ‘
K& crystals

N / '

T
LU

I

|

I

Crystal face: 22 X 22 mm”
Length: 230 mm



/ boson decaying to u* in CMS

CMS Experiment at LHC, CERN T

Run 135149, Event 125426133 1
Lumi section: 1345 /

< | sun May 09 2010, 05:27




Measurement of Z boson cross section in CMS

pp — 7 (+ thS) https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
+ — + .-
/ — e e E()>2GeV /= UL pr(w>20GeVie
><10|3 | - CMS Iprelliminlary %10° CMS preliminary
N ] T ' — T
12 36pb’ at\s=7TeV — 2r 36pb’ at\Vs=7TeV |
2 L 1 > | ]
< [ ] O1s5- —
E, 0s _ £ ° 1
2080 i [ ]
o [ . e 1 ]
© 0.6 — o 1 ]
S [ ] °c [ i
Soaf - é i ]
g i - 5 0.5 m
ok | . i i
5 | T T T ;
) 9 o %o0
X 0 =
L)
-5 e -5 e
60 80 100 120 60 80 100 120
M(e*e) [GeV] Mu'w) [GeV]

N (e'e)=8442; N, (e'e’)=36112 3pb:arXiv10.1007 JHEP 01, 080 (2011)

Backgrounds are extremely small — not visible on linear scale!



Measurement of the W boson cross section in CMS

Missing momentum vector (transverse to beam)=» measurement of neutrino

15 ><10 CMS prellmlnary 00 «10° CMS prellmmary
L — T L L '
W%,LLV 36 pb” at\E 7 TeV 1 . : W — ev 36pb at \'s = 7TeV i
> ® data O
g 3 o
N i ] Wopuv :f\I) ata 1
~ 10~ 5 M oewkst o W oy
g [ I | ach 2 B oEwk+E
ST ) B QCD _
g S —
ol 5
o 5 _ <
o] B S B
£ | : .
C i - \ |
- | I..I..I. |
5 _¢| ....... g T .__.;_I. ______ ¢_
A
0 20 40 60 80 100
ET [GeV] Er [GeV]
N, W"—=u'v y)=84,292£292 N, (W™ —>ev,)=81,568 297
N, (W™ — uv,)=56,818 £240 N, (W™ — e Vv,)=754,760 + 246



Measurement of W, Z boson cross sections in CMS

PRELIMINARY

cMS 36 pb™at \s=7TeV
T T T I T T T I T T T I T T T I T T T | T T T I 1
NNLO, FEWZ+MSTWO8 prediction
-_— [with PDF4LHC 68% CL uncertainty]
{ L 9 /év 10.44 £ 0.52 nb
W — ev e
10.48+£0.03_ , +0.17 +042Iuml nb
W — v poi
10.1810.03s“i016 ,£0.41 .nb
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10.31i0.02$tti013ssti041Iurnl nb
M R R RN R N SR N
0 2 4 6 8 10 12

o(pp—>WX)XB(W—1Iv) [nb]

PRELIMINARY

CcMS 36 pb'at \s=7Tev
— !t - - r- -1t rtr Tt T
NNLO, FEWZ+MSTWO8 prediction, 60-120 GeV
+ [with PDF4LHC 68% CL uncertainty]
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Z— ee HeH
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| " " . 1 " " " 1 " " " 1 " " " [l M " . 1

0o 02 04 06 0.8 1 1.2
o(pp — ZX )x B(Z =11} [nb]

PRELIMINARY

CcCMS 36 pb at \E 7TeV
— T 1 1 T T T
NNLO, FEWZ+MSTWO08 predlctlon
“* PDF4LHC 68% CL uncertainty]
— + —
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NNLO, FEWZ+MSTWO8 prediction
[with PDF4LHC 68% CL uncertainty]
+ + — -=
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W —ev b
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CMS Experiment at LHC, CERN
Data recorded: Fri Sep 24 02:29:58 2010 CEST
Run/Event: 146511 / 504867308

- 11q: 92,15 GeV
- 13 92.24 GeV

- L1: 70.12 GeV
y + pq: 83.1 GeV




pp > Z (W) +Z (>up)

(animation of real event)

Experiment at the LIIC, CERN| ¢ \1\
ll 2010-5ep—-24 02:29.53 CI'T I
Run 146511 Event S04867308 Y

C.OM. Energe 7.00T¢ oV




Observation of pp = tt

S . | CMS Experiment at LHC, CERN

(-{\/1/ Data recorded: Fri Jul 2 06:08:27 2010 CEST

/ Run/Event: 136185 / 69244083
g Lumi section: 77

e Jet P, = 162.9 GeVic, n = -0.06, ¢ = 1.54
3 -
X e A J: 1.;1,;59 f:\g;'
Candidate event .= ¢ oo 4 B e
oy Sl
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pp —tt ~
t—>bW", W' ey,

bW W =597 =

n=

Jet p, = 36.9 GeVic, "™ B
n =0.76, @ = -1.68

¥.=1053 GeV, ¢ = -2.26

Missing momentum vector
from neutrino



b-quark identification using displaced decay vertices

T (|33 = IS
CMS Experiment at LHC, CERN
,‘Data Recorded: Sat Apr 24 08:31:20 2010 CEST / , . 10"
"\ /Lumi section: 795 . .1
"|Run / Event : 133874 / 64064942 4 T .. ‘ < mo
Y u A b N . , A

> Secondary vertices
top-right:
3D flight distance (value / significance) = 6.2 mm/ 43
mg, =2.9 GeV, p, =25.7GeV, ==11.1, 2/ndof =6.3/5

bottom left:
3D flight distance (value / significance) = 8.6mm / 55
mg, =3.1GeV, p,=17.2 GeV, ==5.8, 2/ndof= 15.9/3




CMS

Signals for tt production

M3 [GeV]

Single-lepton channel Di-lepton channel
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CMS Preliminary \'s=7 TeV

yalue + stat. + syst. + lum. error
(luminosity)

O s8r10+2 16

CMS combined (prel.)
(36 pb™)

TOP-11-001 (uncz cor.% lum.)
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Summary of tt cross section results

LHC (pp) vs. Tevatron (pp)

CMS Preliminary

-
o
N

N
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® CMS combined (36 pb™)
B ATLAS combined (3 pb™")
O CDF
O DO

Approx. NNLO QCD (pp)
I scale unc.

NLO QCD (pp)

Approx. NNLO QCD (pp)

scale unc.

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF

3 4 5 6 7 8
\'s [TeV]

tt cross section results are in good agreement with

Standard Model prediction.



The dark matter revolution
Atoms:

Dark
matter:

23%

Dark
energy:
72%

Nicolaus Copernicus
(1473-1543):

heliocentric model Vera Rubin (1928-):
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...



CM> Cross Sections for SM vs. Low-mass SUSY

benchmark points
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N Hypothetical supersymmetric particle
. mass spectrum (LMO benchmark)

— squarks

- Higgs gluino _ g

- sector 4 — -

B g — -—4§.b,

— 0 0 —H

| HLA"— B, —

= ~0 _+

| X4!X2 —_ ~0

| 3

n sleptons

B —%21

__ IrsV, — 3 —71

- charginos/neutralinos

- W— Ty, —

B 0

B M

- Lightest supersymmetric
particle>DARK MATTER?

A new spectroscopy?

* Key element of
SUSY searches:
large (>200 GeV)
missing momentum
due to production
of two LSPs.

* Broad range of
signatures, with
leptons, photons,
b-quarks,...+
missing transerse
momentum
(“MET”).
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Early SUSY Searches

Jets + missing transverse Jets + 1 lepton + missing

momentum search transverse momentum search
> E e |’ '. L L |0: I N O =
8 10°E SEM::;:',"“"W of CMS preliminary E
o 10° " L =36 pb’ 4 Data of 36 pb”, s =7 TeV E
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c 1 4 4 aco (45 M J -
g 7 E 4 - i :
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No significant excess event yields observed so far, but amount of data is
very modest. Sensitivity will improve dramatically in 2011-2012.
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s CMS mSUGRA exclusion curves
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CMS SUSY sensitivity is now well beyond that of the Tevatron.



Search for General Gauge Mediated SUSY

LSP is gravitino: X —v+G

Signature: 2 photons, jets, missing transverse momentum

sz(m T M l N 1 N 1 M T N 1 N R T N T M [
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Background dominated by QCD; determined using contro | samples in the
data. Good sensitivity to strong production scenarios.



BR (H)
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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 bbe

A Djouadi, J. Kalinowski, M. Spira
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Channels included

Higgs mass range
used in analyses (GeV)

H->yy 115-150
VBF H>11 115-145
VH, H->bb (highly boosted) 115-125
VH, HOWW->Ivjj 130-200
H>WW->212v + 0/1 jets 120-600
VBF H>WW->2I2v 130-500
H>ZZ->4l 120-600
H>ZZ->212v 200-600
H>ZZ->212b 300-600

Higgs branching fractions
as a function of m(H).
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CMS Higgs Sensitivity (I)

-
o
w

! T T =

CMS Preliminary: Oct 2010
Projected 95% CL Limit on o/cy,,

3

E - — Combined — WW(212v)+0j

- ofb 1 @ 8 TeV --m - Y - - WW(212v)#1j

- —— V(bb)-boosted - VBF(WW) - 212v
VBF(11) — 2Z- 4l
L g W(WW)- IVIVj (SS) - - - ZZ- 212v
b S bhn D = = m = Z(WW) (IN(V)()) e ZZ5 212

95% CL Limit on c/cgy,
o

200 300 400 500 600
Higgs mass, m_ [GeV/c?]
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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CMS Higgs Sensitivity (Il)
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CMS .
Conclusions/Prospects

* The LHC is working and has achieved its luminosity
goal for this run (1032 cm=st). Next year the
luminosity will be much higher.

* We have observed and measured key Standard
Model benchmark processes: W, Z, tt, + many
others.

* With the current data sample, we will surpass the
Tevatron in sensitivity for many new physics
scenarios, including SUSY.

* Proton running resumes starting in Feb; high
expectations for accumulating well over 1 fb?in
2011. This is the start of a 15-20 year physics
program.



A bit of history..

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.




