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In this talk | will present and discuss the most complex,
most challenging and at the same time one of the most
anticipated scientific instruments so far built by mankind:

The Large Hadron Collider (LHC), built at CERN, Switzerland
« What are the fundamental questions in particle physics?
« What is the Large Hadron Collider?
« What are the challenges of the collider and experiments?

« What is the science of the Large Hadron Collider?



What is the world made of?
What holds the world together?
Where did we come from?




The Fundamental Forces of Nature

Electromagnetism:
gives light, radio, holds atoms together

Strong Nuclear Force: Weak Nuclear Force:
holds nucle1 together gives radioactivity
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The Standard Model in Particle Physics
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But not all questions solved: 1P DM V.N Q'@ Four known forces

PARTICLES [EBaei |
Why is the top quark much B *Electro-magnetisme

more heavy than the quarks *Strong nuclear force
=Mass(top) = gold nucleus *\Weak force

What is the origin of mass?

Astrophysics/cosmological ‘ ‘ i B
measurements show that e =
most matter in the universe Y
|S NOT |n thlS table B Th:r[cc Gcncxl‘lgom (Jl\Ihlttq
What is this Dark Matter? B

proton



The Origin of Mass ...

Peter Higgs

A most basic question is why particles (and
matter) have masses (and so different masses)

The mass mystery could be solved with the ‘Higgs mechanism’
which predicts the existence of a new elementary particle, the
‘Higgs’ particle (theory 1964, P. Higgs, R. Brout and F. Englert)

Mass | The Higgs (H) particle has been
(Gev/c?) searched for since decades at
200 accelerators, but not yet found...
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Higgs Mass?

4

A light Higgs implies that the Standard Model cannot be stable up to
the GUT (= Grand Unified Theory) or Planck scale (101° GeV)

800

m, = 175 GeV

Illllllll

Hambye
Riesselmann

The effective potential
blows up, due to heavy
top quark mass

Allowed corridor

but needs strong
fine-tuning...

| |_|6| | |g| | |12| | |15| N The electroweak vacuum
107 107 1077 10 10 is unstable to corrections
A [GeV]

from scales A > v= 246 GeV

= New Physics expected in O(TeV) range
7



-WFly we believe the Standard Model is NOT the

Ultimate Theory? —

SM predictions confirmed by experiments (at LEP, Tevatron, SLAC, etc.)
with precision =~ 10-3 or better

Reasons for our scepticism :

- About 20 free parameters (masses of fermions and bosons, couplings
* Higgs: mass m,, = 115 GeV? Then New Physics for A < 10° GeV

- "Naturalness” problem :
radiative corrections “@H dmy 2~ A2 = diverge for large A
= fine tuningl!
- "Hierarchy” problem: why Mg,/ My o ~ 10172

+ contribution of EW vacuum to cosmological constant (~v*) is ~ b5 orders of
magnitudes too large !

+ flavour/family question, coupling unification, gravity incorporation,
v masses/oscillations, ... Dark Matter. Dark Energy?



Dark Matter in the Universe...

Astronomers say that most of
the matter in the Universe is
invisible Dark Matter

‘Supersymmetric’ particles ?

We shall look for
them with the
LHC

Atoms
Dark
4.6% Energy
72%
Dark 0
Matter

23%

LHC Entering Operation




— What can we expect?
Ask an (un)baised theorist:
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Accelerators

Create (anti)particles that existed
~0.001 nanosecond after Big Bang

anti-particles

Do all the forces become one?
Extra hidden dimensions of space?
Where did all antimatter go?
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Are there undiscovered principles of nature:
New symmetries, new physical laws?
How can we solve the mystery of dark energy?
Are there extra dimensions of space?
Do all the forces become one?
Why are there so many kinds of particles?
What is dark matter?
How can we make it in the laboratory?
What are neutrinos telling us?
How did the universe come to be?
B What happened to the antimatter?

' O, What iS mass?

g “Quantum Universe” and
E i Dlscoverlng the Quantum Unlverse

OOk Wb




The LHC = a oton proton collider

[/ TeV+7 TeV

1 TeV =1 Tera electron volt

1072 electron volt

Primary physics targets
* Origin of mass
| » Nature of Dark Matter
2 * Understanding space time

* Primordial plasma

The LHC is a Disco{/ry Machin
The LHC will determine the Future course of High Energy Physics




The LHC Machine and Experiments

LHC is 100m underground

LHC is 27 km long

Magnet Temperature is 1.9 Kelvin = -271 Celsius
LHC has ~ 9000 magnets

LHC: 40 million proton-proton collisions per second

LHC: Luminosity 10-100 fb-"/year (after start-up phase) .

=" ATLAS
: n Point 1

! i b
cms | % -

Point 5ic - i W
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*High Energy => factor 7 increase w.r.t. present accelerators
*High Luminosity (# events/cross section/time) = factor 100 increase




The Cryodipole Magnets

S

» Superconducting (1.9 K) dipoles producing a field of 8.4 T
e Cost: ~ 0.5 million CHF each. We need 1232 of them
SLCCUEIEUCISUIN » Total stored energy in all magnets = 11GJ

= energy of an Airbus 380 flying at 700 km/hour
* One dipole weighs around 34000 kg

Helium-Il Vessel

Spool Piece 1 \ ’
Bus Bars , r ¢ Superconducting Bus-Bar

| N \ﬁ Iron Yoke
Non-Magnetic Collars

' Vacuum Vessel
Quadrupole

Bus Bars - Radiation Screen

Thermal Shield

The
15-m long

Bus Bar Tube

Protection Instrumentation L H C c ry0d i po I e

Diode Feed Throughs 15



The €mMptiest space in the solar system...
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To accelerate protons to almost the speed of light, we need a vacuum
similar to interplanetary space. The pressure in the beam-pipes of the
LHC will be about ten times lower than on the moon.




One of the COldest places in the Universe...

the largest cryogenic system ever built

54 km fridge!

With a temperature of around -271 degrees Celsius, or 1.9
degrees above absolute zero, the LHC is colder than
interstellar space.




One of the hottest places in the Galaxy...

Simulation of a collision in the CMS experiment Simulation of a collision in the ALICE experiment

When two beams of protons collide, they generate within a tiny
volume, temperatures more than a billion times those in the very
heart of the Sun. b




The LHC machine is fully installed and
was ready to start operation with single
beams on 10t September 2008, but it is
now delayed until November 2009 after
an incident that happened last year on
19th September 2008 LHC Entering




""Restart of the LHC November 2009

20/11/09: ..A few hours after the startup of the machine
= Keep beam 1 in the machine for over an hour...

Updated: 17:40:57

T T T T T T T T
17:37:00 17:37:30 17:38:00 17:38:30 17:39:00 17:39:30 17:40:00 17:40:30
Time
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LHC news - CMS - J. Wenninger

16th Nov. 2009

— The 6rand Plan

Beam ‘safety’

450 GeV
1TeV
3.5 TeV

Experiments’ magnets at 450 GeV

Ramp commissioning to 1.2 TeV

First collisions at 1.2 TeV

5 TeV/Beam in 2010?

1el2
2.5 ell
3.0el0

lel
2be

__Energy | __'Safe’ | Pretty Safe

1
10

5 e9
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Exciting Times !l : Summary of the events.

November: Splashes in the experiments.. The beam is back!

Friday November 20: First circulating beams

Monday November 23: First collisions at 900 GeV (few 100 events/exp)
=The LHC became a collider

Tuesday November 24: First acceleration from 450 GeV to 560 GeV
—=The LHC became an accelerator

Tuesday December 8: Acceleration to 1.18 TeV World Record!

Monday December 14: 1.5 hrs of collisions at 2.36 TeV

LHC will stop for 2009 today December 16 18:00 (GVA time)

= Generally LHC came on line "easy” this year
But still on a learning curve (occasional cryogenics problems etc...)

22



BEAM SETUP: STABLE BEAMS
450 GeV 4.51e+10 3.71e+10

Intensity

T T
1545 16:00

Time

Comments 12-12-2009 14:09:39 ; SMP Flags
*%* stable beams *** Beam 1 Beam 2

Global Beam Permit

Stable beam for hours >etup Beam
Beam Presence
16 bunches/beam Moveable Devices Allowed In

1.18 TeV/beam Stable Beams



The Four Main LHC Experiments

ATLAS CMS

Muon D\e&eclors Electromagnetic Calorimeters oy

Forward Calorimeters = 4 central detector

electromagnetic
calorimeter

Solenoid

End Cap Toroid

Barrel Toroid Inner Detector Shielding Iatics

Muon system

Magnet Electromagnetic calorimeter

Tracking system
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Muon Detectors

Electromagnetic Calorimeters

AN
7 N '
s . . Forward Calorimeters
7 N, Solenoid
End Cap Toroid
\ \ \ "', "‘."’ //’
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Barrel Toroid Inner Detector Shielding

Length =55m Width=32m Height=35m

Hadronic Calorimeters

but spatial precision ~ 100 um y



Particles in the Detector —

e Muon Spect(om?ter
Calorimeter
| |
Oom im im
Key:
Muon
Electron
Charged Hadron (e.g. Pion
— — — - Neutral Hadron (e.g. Neutr
----- Photon
Silicon
Tracker
. Electromagnetic
}”'l Calorimeter
Hadron Superconducti
Calorimeter Solenoid
Transverse slice
through CMS
Inner Tracker

r
D Bamaey, CERN, Febriwuy 2004

27
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The Compact Muon Solenoid Experiment

_n<3 T <5
, CALORIMETERS 111

ECAL HCAL S g
Scintillating o

SUPERCONDUCTING
COIL

Plastic scintillator/brass
sandwich

IRON YOKE

TRACKER —

In total about
~100 000 000 electronic channels

Each channel checked

40 000 000 times per second (collision rate is 40 MHz)
An on-line trigger selects events and reduces the rate from 40MHz to 100 Hz
Amount of data of just one collisions

>1 500 000 Bytes



The LHC Detectors are Major Challenges

e CMS/ATLAS detectors have about 100 million read-out channels

* Collisions in the detectors happen every 25 nanoseconds

* ATLAS uses over 3000 km of cables in the experiment

* The data volume recorded at the front-end in CMS is 1 TB/second

which is equivalent to the world wide communication network traffic
* Data recorded during the 10-20 years of LHC life will be about all the

words spoken by mankind since its appearance on earth
* A worry for the detectors: the kinetic energy of the beam is that of

a small aircraft carrier of 10 tons going 20 miles/ hour

Object Weight (tons)
Boeing 747 [fully loaded] 200
Endeavor space shuttle 368
ATLAS 7,000
Eiffel Tower 7,300
~USS John McCain 8,300
CMS 12,500

29



Worldwide LHC Computing Grid (wWLCG)

Balloon
&7 (30 Km)
WLCG is a worldwide |
collaborative effort on CD stack with
an unprecedented scale in 1 year LHC data!
terms of storage and CPU (~ EQAK'")

requirements, as well as
the software project’s size

Concorde

(15 Km)
GRID computing developed
to solve problem of data storage (B
and analysis g X

q == e
LHC data volume per year: ‘
Mt. Blanc

10-15 Petabytes

One CD has ~ 600 Megabytes
1 Petabyte = 10° MB = 10"° Byte

A =35GB
(Note: the WWW is from CERN... ) LHc EReiia ol




The CMS Collaboration

2 006 Institutions

Member States 61
Non-Mem. States 64
USA 49
Total 174
Scientists
Member States 1055
Non-Mem. States 428
USA 547
Total 2030

Associated Institutes

Mumber of Scientists

46

Number of Caborafories

=)

Russia

umﬁ:}'

China (Taiwan) Switzerland

Pakista Mexico
New-Zealand Ireland c Colombia
India | Cyprus
tonia

My, 04 20061 Now: 2900 Physicists 184 Institutions 38 countries
hitp-iemsdoc. cem.chipictures/cmsorgl oVerviet. msm
India is an important collaborator in CMS

=> detector, software/computing/physics...
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First Collisions in the Experiments . .

23/11 First 'trial’ collisions in the experiments

LHCb Event Display

2009-11-23, 14:22 CET
Run 140541, Event 171897

Candidate
Collision Event



CMS Expenment at the LHC, CERN
Run 123586 Event 4969164
Sun Dec 06 08:01:34 2009

g
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2-Jet Event at 2.36 TeV

[Nl ¥

3 ET (GeV)

ATLAS

_iEXPERIMENT

2009-12-08, 21:40 CET
Run 142065, Event 116969




CMS: Dimuon event at 2.36 TeV in CMS
Run Event Mon Dec 14 04:46:50 2009 CEST

I 27 events are selected from 274827, Lumi block id: 13

M = 3.03 GeV

pr = 5.4 GeV

Dimuon vertex prob. = 90%
c tau = -30 mm

global+global
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Plugging in the numbers with a step in energy

Beam commissioning

Pilot physics combined with
commissioning

No crossing angle

No crossing angle — pushing
bunch intensity

Shift to higher energy:
approx 4 weeks

4 -5 TeV (5 TeV luminosity
numbers quoted)

50 ns — nominal Xing angle
50 ns
50 ns
50 ns

43

43
156
156

156

3 x 1010

5x 1010
5x 1010
7 x 1010

1x 10"

The LHC in 2010

T A O T S

2

8.6 x 102°

2.4 x 10%
1.7 x 10%
3.4 x 10%

6.9 x 1031

~200 nb-1

~1 pb-1
~9 pb-1
~18 pb"
~36 pb"

2.5
3.4

4.8

Would aim for physics without crossing angle in the first instance
with a gentle ramp back up in intensity

156

144
288
432
432

7 x 1010

7 x 1010
7 x 1010
7 x 1010
9x 1010

2

NN NN

4.9 x 1031

4.4 x 10%
8.8 x 103"
1.3x 10%
2.1 x 103

~26 pb-!

~23 pb"
~46 pb"
~69 pb!
~110 pb-'

3.4

3.1
6.2
9.4
12

Energy:
Start with 3.5 TeV/beam

After few months
Increase to 5 TeV/beam?

Luminosity:
O(300) pb!

36



LHC Computing Grid project (LCG)

Tier-2 Centres

More than 140 computing centres . 5
. ier-1 Centres
12 large centres for primary data S e b

management:
CERN (Tier-0)

Eleven Tier-1s

38 federations of smaller Tier-2
centres

India — BARC, TIFR, VECC

35 countries involved



The Science of the LHC

= EXxplore the new high energy regime: The Terascale

38



LHC Physics Program

Discover or exclude the Higgs in the mass region up to 1 TeV.
Measure Higgs properties

Discover Supersymmetric particles (if exist) up to 2-3 TeV

Discover Extra Space Dimensions, if these are on the TeV
scale, and black holes?

Search other new phenomena (e.g. strong EWSB, new gauge
bosons, Little Higgs model, Split Supersymmetry...)

Study CP violation in the B sector,B physics, new physics in B-
decays

Precision measurements on top, W, anomalous couplings...
Heavy ion collisions and search for quark gluon plasma
QCD and diffractive (forward) physics in a new regime

39



pp collisons : complications...

eproton l.ﬂ L ||||||| T 1 |||||||

\\\‘\ Q2=10* GeV? .I'. PClr'Ton
. distributions

?

Strong role
for HERA

0
ip—3 102 10~ 1 100
T

High parton
density at low x

_'I_T'r T I-I-

0.8

T
-
-

\
GOV
N

-
" - -

Scattering cross sections for various SM processes:

Underlying event ,
Huge cross sections

“Hard™ Scattering 103
| | |
. 102 10°
2 | o(tot)
outgoing parton Lol | 108

I
| Tevatron

._.
o
(2}

0* em™ sec™]

— 100 7
= 10 10
H 107!
proton proton o 1072 105
L 1073 T
underlying event underlying event B4 :
T e 5 1 ew physics ?
initial-state 1075 g
radiation 108 ol §
_ final-state 107 - 100
outgoing parton adiatio _ —_— =
gomg p radiation 10-8 o (120 ey 101 5
P.l 10—9 5 11 L1 1 10—2 l'::
lHe- 10 10
< Up Eom (TeV)



L=10**cm™2s™

Cross Sections at the LHC

rate ev/year

barn g

Vs=14TeV

LV1 input

------- < GHz

Mb Lo

it

------- ~—<MHz

T O P i

nb

pb

fb

~

st:aialar LQ

5000

|
1000

2000

particle mass (GeV)

kHz

mHz

pHz

10 17

10 186

“Well known”
processes, don’t need
to keep all of them ...

New Physics!!
This we want to keep!!
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Event Rates for pp at Vs=14 TeV

Process Events/s | Events/
W— ev 15 108
/— ee 1.5 107
it 0.8 107
bb 105 1012
gg 0.001 10
(m=1 TeV)
H 0.001 104
(m=0.8 TeV)
Black Holes 0.0001 103
Mp=3 TeV n=4

In the first 3 minutes at 1033cm—2s-1

LHC will produce per experiment:

* ~5000 W—uv,ev decays

- ~ 500 Z—uv,ev decays

- >2.107 bottom quark pairs

* ~150 top quark pairs

* ~10 Higgs particles (M,;=120 GeV)

e ~20 gluino pairs with mass 500 GeV
A quantum black hole (Mg = 2TeV)

Startup luminosity at 10 TeV will be much
lower, perhaps like 1037-1032 cm=2s (less
bunches/current)

3 minutes: Record ~ 20K events/30Gbyte

42
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Physics at 900 GeV?

Above all: commissioning of the detectors with real collisions!
Some, but not much, data exists from the SPPS (pulsed mode/ few ubarn-t)

IM events ~ 25 ubarns-! (Sunday morning: CMS ~ 450 K in "physics")
= Basically minimum bias and (mini)jet events

Studies of soft interactions and underlying events with techniques that have

been developed in the "90's and this decade: study energy dependence

Commissioning of analysis objects: jets, leptons, photons, tracks, MET...

4.0
Inclusive
. d L) [ " UAS5: SppS
N L N a V5 900GV
3.0 " a2 R B -
, 4 &  516GeV 4 @ . .
0 ARR Lt -
o o+ 4 200Cev 4 ) :
ln:l_q 2 ' t N a ' ; -
+ t $ ¢ ¢ @ L] 4 )
1.5 53 GeV 4 ’ R + -
UAS: ISR ¢ -
+ + . & -
1.0 b s VE
Can be covered ¢ $
05 by CMS! -
0.0 ! . I , . .

PP PR PR PPTT B FETTE P PP S BT
00 05 1.0 15 20 25 30 35 40 45 50
Pseudorapidity n

Ref: UAS, particle data book. Statistical errors only.

PTmax Direction

Underlying event

dzo/dedn at n=0 (ub/GeV)

® Vs=900 GeV —
® Vs=500 GeV E
& Vs=200 GeV

x Vs=63 GeV

- DUKE OWENS 1 (Q®=p,%)
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tt>uv+X
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N

8 9 10
Centre-of-mass energy (TeV)
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In the beginning “there will be QCD”

Study of the strong force

E.g. Jet Physics Huge cross sections:
Eg for 100 pb' ~ 500 events with E;> 1 TeV

—e— Data (100 pb™)
g Systematic uncertainty
10F % —— PYTHIA + CMS simulation
g Ny, e Next to leading order QCD

men,l<1.3
\s =10 TeV

t.
.

..‘.
e

1 0"6 i 1 1 I 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1
1000 2000 3000 4000
Dijet Mass (GeV)

Understanding QCD at 10/14 TeV Precision measurements of the
will be one of the first topics strong force QCD, New physics...
at the LHC

45



N(Inl<0.7)/N(0.7<In|<1.3)

Ratio

New Physics with Jets

Eg Contact Interactions
= Using dijet event ratios in pseudorapidity n bins

ac - o 4
- —— QCD GenJets CMS Preliminary f_" - —— QCD GendJets CMS Preliminary
3.5k A*=3Tev = 35 |- A*=5TeV
| A*=5TeV N 35 s A*= 10 TeV
» o C .
E 2‘ E """ A*=15TeV
2.5 - ~ 25F s
C o - 4
s v 11fb ‘
2F £ 2 s
- E C /
1.5 o 15/

» 5 - ]
F S | o |
0.5E 0.5; ceen=t gy =_~}- IL _{I- {,ll-|

0F Gen-Level Simulation o Gen-Level Simulation
-0'5:lllllllll.llllllllllll EIIIIIIIIIIlIIIIIlIIIIIIIIIIIIII|lIIl]IIII|IIIIIII
>00 1000 100 iletMass (Gov "0-5'500 1000 1500 2000 2500 3000 3500 4000 4500 5000
DiJet Mass (GeV)
Excluded A (TeV) Discovered A (TeV)
1Wpb | 100pb t [ 1fb " [T0pb T [ 100pht [1ib!
DO and PTDR yy cuts | < 3.8 <68 | <122] <28 < 49 < 9.1
Optimized 5 cuts <53 < 8.3 <125 <41 < 6.8 < 9.9

Already sensitivity with 10 pb
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| CMS preliminary, L = 10 pb™ |

ector Boson

N Zsre

%103

Everltsﬂ GeV
q}

I-tf->p.u '
W-puv

I QCD bkg

ez

Vs =10 TeV

L= pb’ CMS Preliminary |

[}
=

Nb. events /2 GeVic?

120 140 ‘
m,, (GeVJ'c’) O 20 40 &0 M0 100 120 140 160 180 20
T S PPN
~—~ FrT T T I . | > L B A R RN A
- 1 ] .
© | CMS Preliminary , fLdt =10 pb o | CMS Preliminary , [Ldt = 10 pb’
= ) (P 2500f=-—-—-memerpmacmamee S
Q© 0'F s di-jets v/Z ~e'e E = i '
(ND J— Signal+Bkgd ® ] - f 1
2000~ S
—_— V\!+jets §2] - W ev
; wif T e = % i
= — . ijets Lﬁ 1500 b=
o i
Lﬁ i Wo»ev
10 1000}~ Signal+Bkgd ® v
F — di,-;‘ts .
— vk s !\
—— -o'e :
{ 500 e -y
i tt
P !
40 700 120 60 8 100

140
M,.. (GeV/c?)

Good statistics at start-up. Important is V+jets for new physics searches

£, (GeV)
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Top Quarks -

Tevatron: O(10,000) top events = LHC: about 1 top event/minute at start up
CMS Preliminary @ 20 pb™

s s g
I @ 60 | [ISingleTop
> Ewdets
i I Mz, Jets
Production cross- b p V, 0 - B vVvedets
section o ﬁ 40 £&jaco
o !
x,P X, P* .E 0
— — ® 20
O !
& q Decay modes,
+— coupling 1
/ ( jet W 0
W, t helicities 0 200 400
L « . . . _
= I b e\ 3-jet combination with
RN/ * - M3 [GeV/c?]
et / l b-tagging the highest sum p+

10-100 pb! (@ 10 TeV) needed for first top cross sections
~1 fb-! or more for top properties: charge, mass, spin correlations, Witb
anomalous couplings, FCNC,..

Top production @ 10/14 TeV needs to be understood for new physics searches
48



Where do the masses . Explanation of Profs P. Higgs

come from ? , .~ AR BroutenF. Englert
: = A new ﬁeld and particle

~ A -
3 B e R RNThE key questlon
: -“"X' :-";

\“\x )

=
n
Y
=
E
3
-
(&)
R
io
o

Nox N
100 110 120 130 140 150 160 170 180 190 200
m,,(GeV/c?)




The Higgs Particle

=> What is the origin of mass of the elementary particles?
Solution within the Standard Model: A scalar Higgs field

= At least one new scalar particle should exist: The Higgs
The Higgs is the last missing particle in the Standard Model
One of the main missions of LHC: discover the Higgs

| Ldt (fb-') needed per experiment

- — 50 Discovery
\ -- 95% C.L. exclusion

\\
\
1\ T -

ATLAS + CMS
preliminary

x0 20 30 0 500 &0 700 BOOSOOI000

my (GeV)

P exchugion
¢

* If the Higgs exist: LHC will discover it after 2-3 years of operation
* If the Higgs does not exist: LHC should see other spectacular new effects
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Low mass My s 200 GeV

Higgs Boson Search Channels

A. Djouadi. J. Kalinowski, M. Spira
T T T Tl

Intermediate mass
(200 GeV s My s700 GeV)

inclusive H > WW

inclusive H = ZZ

High mass (My =z 700 GeV)

VBFqqH—>ZZ— ¢ ¢ vy
VBF qqgH = WW — ¢ vjj

H— vyvyand H = ZZ* — 4 ¢ are the only
channels with a very good mass resolution ~1%

Production Inclusive VBF WH/ZH | ttH =
DECAY | { . i
10-1 | = | ’f |
H - yy YES YES YES YES = (c_—‘\f\ / (ﬁ E
H - bb 2 ? = \*\\\\‘\ !‘J (l i
1021 L E
H- 1t YES - / 'ﬂ;ﬁl\ |
- / Zy I
H->WwWwW* YES YES YES I /f/w“‘r\\"t\: }[)
wel kel NN N L
H- 77", 7> ¢'¢, ¢=e,y | YES o5 & M, (GeV/c?) 103
e |
H-Zy,7 - ¢, (=e,u | very low o0 zz _WW
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Events/500 MeV for 100 fb~1

Higgs Boson Searches

Low M, < 140 GeV/c?

8000

7000

6000

5000

4000

Higgs signal

—
Medium 130<M, <500 GeV/c2  High M, > ~500 GeV/c?
w \ - jet jet
Z/’ H
p_H p e
— O — p ® p
5y /Z : ./Z
— . s
XM \e‘
« 25 H—2ZZ"se'ee'e my, = 130 GeVic® _—-Q .
i et g8 | HoZZ > U jj
g 20:_ 22* +1i+ Zbb Q 5
o [ é [ — Signal
% 15— > 4t — Bkod
2t S sl
§ 10— 8
w : — 2}
° =1
D:....“unl“.‘llujlunuln P e LI>J
100 110 120 130 140 150

160 170 180 130721'10
m,, (GeVic®)

1 1
200 600 1000 1400 1800

H (150 GeV) — 207°" — 4y,




he Channel ttH with H—=bb = R.l.P?

ttH is (was?) the best bet to see H>bb

my, =120 GeV L= 30 fb* 22 3
¢ TTTTT——ot 200__....,,'f,.,,..,,m,,m,],m,.",],.n]: g 2b ATLAS
g - ATLAS 3 18 2008 -
> - 3 R I =N N —— =
&i180f 2008 - 2 e paking Sinhoed 3
""" 1601 EtH c ® 12 T coneaned mase E
H 140:_ [:]tlbb (QCD) —: ‘E m, = 120 GeV _;E
2 ] 0.8 L =30fb? 3
120F . 0.6 v E
- 0.4
1m: 0.2 -
80F % 005 0.1 0.15 02 025 0.3 0.35 0.4 045 05
[ ABB
60F ®
40¢ 2 . CMS 2006
el e R 3 L=60 fb"
0 50 100 150 200 250 300 350 400 € 2 ttH, H—bb
bb) [Ge R
1
Early projections: might be observable already at L=30 fb"!
current | 4o
CMS-2006 analysis: estimate of
— systematic error control at a percent level is needed—not feasible... background

uncertainties

jet energy scale (3-10%)
jet energy resoiution {10%)
bic-tag efficiency (4%)

Guenakh Mitselmakher, January 2009

luminosity (3%§



So is H—=bb Hopeless? Maybe not...

 New idea from Butterworth et al. arXiv:0802.2470
* Use high P; associated WH production with H—bb

« Use subjet analysis techniques & recover WH for O(30 fb")

R

b b

g

€ 140F (9) Zqa
™ [ sNB=45 —V+jets
=120} in 112-128GeV gy
8100: = V+Higgs
SE
2 80
E o
& 60

'.--"WI’AM“A A4 A A AL LALALD ‘
0() 20 40 60 80 100120 140160 180 20
Mass (GeV)

mass drop

Significance

2

—8- 200GeV R = 1.2 Eff = 70% (1%)
—A— 300GeV R = 0.7 Eff = 70% (1%)
~W- 200GeV R = 1.2 Eff = 60% (2%)
-5~ 300GeV R = 0.7 Eff = 60% (2%)

| | | | | | |

T
114 1

PETETE EPSTETT STSTETEN STSVETEN STTETE SYSTErS STSTErE AT
16 118 120 122 124 126 128 130
Higgs Mass (GeV)

+Exclusive
production
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ATLAS Summary (Low Mass) ...

18 significance
: —— Combined 1 - 13
Sl ATLAS  — onpi A ATLAS e
- 1 ZZ =4l > 9 H
: L=10fb o |
% 14 — g 8 1
T | - WW0j— evuv § 10
g 12 —— WW2j = evuy 7 9
@10 | : 8
7
5
81 6
6| 4 :
3 4
ar 3
....... 2
2 r 2
1
0 PR SRR (N T W W SN U SN W [ S W—_— PR T — 1
100 120 140 160 180 <00 <0 120 140 160 180 200 220 240 260 280 300

Higgs with mass less than 125 GeV needs more than 10 fb-!
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Higgs Summary

CMS 2006

NLO cross sections
Systematic errors included

CMS and ATLAS different at low mass
__________ region, ~agree elsewhere

—
o

\

Luminosity for 5¢ discovery, fb

e | —— Hoyy cuts
/“r\j‘ e
1%-_- LI o —-—H—)?Z—itl -
% —»— HoWW-2I2v

, 4
300 400 500 600
M, GeV/c

(il
200

R
o
o

Benchmark luminosities:
— 0.1fb1: exclusion limits will start carving into SM Higgs cross section
- 1fb: discoveries become possible if M,,~160-170 GeV
— 10 fb': SM Higgs is discovered (or excluded) including low mass range (CMS) B



a SUSY particle production at the LHC
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Detecting Supersymmetric Particles .

Energy produced in the detector

zzzzz

Supersymmetric particles decay and produce a cascade of jets, leptons and
missing (transverse) energy due to escaping ‘dark matter’ particles

‘ Very clear signatures in CMS and ATLAS

LHC can discover supersymmetric partners of the quarks and gluons

as heavy as 2to 3 TeV

The expected cross sections are huge!! = 10,000 to 100,000 particles per year
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Early SUSY Reach -—

—_—— K L L) LI 'I LA l L) ’ BN ' LB LI J
> 34 | s 4 }ets 0 Ieplon 1
LSP —
8 1000:? = . ATLAS . 4 jets 1 lepton
= L~ "' 5adiscovery === 4 jets 2 leptons OS o .
E: s MSUGRAtanf=10 " _ _ 1 jet 3 leptons minimal Supergravity (nSUGRA)
800~ m
1fpt
1S T (25 Tev i m, >+ universal gaugino mass at GUT scale
600f | 7 mo:  universal scalar mass at GUT scale
315 Tov . tanp: vev ratio for 2 Higgs doublets
Il 0 Tev) ..'n._ T 1 . . . o e
a0k sign(u): sign of Higgs mixing parameter
. R 7 Ag:  trilinear coupling
Lo |: \.. d(1.0 Tev ',.. . —_—
200; ;." ..... .g'\‘ alt..."....-o.unnTu’— —*‘::.‘.Q_
i S ) o1 0% 00 NOEWSS |
0 U T T S T T | AT Lot DRI R R B! K
0 500 1000 1500 2000 25 3000

m, [GeV]

Low mass SUSY (m,,in,~500 GeV) will show an excess for O(100) pb-*
= Time for discovery will be determined by:
*Time needed to understand the detector performance, Etmiss tails,

*Time needed collect SM control samples such as W+jets, Z+jets, top..
59



Where do we expect SUSY? . ..

. ‘LHC Weather Forecast”
arXiv:0808.4128

OB, R.Cavanaugh, A.De¢ Roeck ,LsP

>
¥ tanf=10,A,=0,u>0
. . U 900 s Ry s !
J.R.Ellis, H.~Flaccher, S.~Heineme — . L
G.Isidor, K.A.Olive, P.Paradisi, Ei 800 lets + MET (CMS) bt
F.J.Ronga, G.Weiglein = — © 100/pb @ 14 TeV
700
= = 50/pb @ 10 TeV
Precision measurements 600
Heavy flavour observables 500 '~
400 N
. full CMSSM
Simultaneous fit of CMSSM ~_ F. ~ = = parameter space
parameters my, m.,, A, tan, rZ§ i | E emeL
(u>0) to more than 30 collide P S o5 c L
and cosmology data (e.g. M, o0k AN NN Q
Mo -2, BR(B—Xy), relic - Tevatron/LEP \\\\\\\
density) O~——200 200 600 800 1000 00 200
myg |GeV]

Predict” on the basis of “CMSSM fit clearly favors low-mass SUSY -
present data what the preferred Evidence that a signal might show up very early?!”

region for SUSY is (in constrained
MSSM SUSY)
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Sparticle Reconstruction

—

Mass precision for a favorable benchmark point at the LHC my=100 GeV

_ _ . ) m, ,»= 250 GeV
LCC1~ SPS1a~ point B Aoé-loo

_x_v ot tanp = 10
}k:‘ L< ) ‘ — / sign(u)=+

p l hep-ph/0508198 Lightest neutralino — Dark Matter?

Fit SUSY model parameters to the
Gev LHC measured SUSY particle masses to
x e

~ 7 0 extract Qyh? = O(10%)
/ e X : LK ./ Am.o 4.8
/ - - ! ¥ ,.
¢ Amgo 47 s
F a 5 1 %0 175
l 4 015 |
48 0125
% 120 5.0 0.1 —
5 100 | 5_8 0.075 —
0.05
i s7
“ 7-12 e | e
) o Millretal S 7
. Milleretal
Me'e)+Mpp) =»Use shapes Ambz 7.9
N , Amy 8.0
0 20 40 60 B0 100 120 140 160 180 200 62

Mioe)+M(u ")) (GeV)



mew = —1f = 246 GeV
(GFv/2)2

EXTRA-DIMENSION

Graviton

A




""Detecting Extra Dimensions at the LHC

. . . q g9 9 9
Main detection modes at the experiments
» Large missing (transverse) energy ! !
e Resonance production
q G g G

25 Randall Sundrum Graviton
G—ee

0 CMS: Full Simulation
: and reconstruction
15

¢=0.01 ande=10 '

One experiment

0
850 860 870 880 890 900 910 920 930 940 950
2,

Mass (GeV/c')

LHC can detect extra dimensions for scales up to 5 to 9 TeV
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Large Extra Dimension signals at the LHC .

ADD: Arkani -Hamed, Dimopolous,Dvali

q g g g
>‘y§’y y Graviton production!
Graviton escapes detection
q G g G

Signal: single jet + large missing ET Signal: single photon + large missing ET

—ADD

”’ e E D = 25TeV, n = 2) o
A e | 30fb!
" i = LL'—Ll_L g
3 s LHIL
| 2 1L = Prphoton> 400 GeV
| N : R 5
F = NG 107 HHILLH ﬁ\—ﬂ} E
y T -
.-ACMS Preliminary,\/s=10 TeV: 5
— 107%E 5
F_ S P P T BUvEs PR B NIRRT LRl
15 2 25 3 35 4 45 5 0 500 1000 1500 2000 2500
NL. (TBV] Missing ET IC, GeV

Test My to 2.5-3 TeV for 100 pb-! Test My to ~ 2 TeV for O(300) pb-!
Test My to 7-9 TeV for 100 fb-! Test My to ~ 4 TeV for 100 fb-!
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Quantum Black Holes at the LHC?

Black Holes are a direct prediction of Einstein’s
general theory on relativity

If the Planck scale is in ~TeV region:
can expect Quantum Black Hole production

Albert Einstein &

Quantum Black Holes are
harmless for the environment;

they will decay within less than
102" seconds = SAFE!

Quantum Black Holes open the

exciting perspective to study
Quantum Gravity in the lab!

Simulation of a Quantum Black Hole event
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Quantum Back Holes —

- Schwarzschild radius ‘ Lc.md.sber'gl Dimopou!os
R, > « 10-35 m Giddings, Thomas, Rizzo...

4-dim., Mgr'avify: MPIanck

4 + n'dim., Mgravi'ry: MDN TeV RS - 10-19 m

Since My is low, tiny black holes /
of Mgy ~ TeV can be produced if
partons ij with \/sij = Mgy pass at a / 3-brane

distance smaller than Rq
- Large partonic cross-section: o(ij — BH)~ n R
‘o (pp — BH) is in the range of 1 nb -1 fb
e.g. For My ~1 TeV and n=3, produce 1 event/second at the LHC
- Black holes decay immediately by Hawking radiation (democratic evaporation) :
-- large multiplicity
-- small missing E
-- jets/leptons ~5

} ‘ expected signature (quite spectacular ...) ‘
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Events/50 GelVio

: Other New Physics Scenarios at the LHC

New Gauge Bosons7

? Zy>ww
° JL=0.1fb'
4

3

2

1

gm ..

W mass (GeV)

Leptoquarks?

Hidden Valleys?

| A Conceptual Diagram

n; *
=

ZZ/ WW resonances?

Sk 0 B2l 7 qqZZ (SM)

i signal

Zz

00 600 700 800 900 1000 1100 1200
M (GeV)

Little Higgs?

| T—=2Zt —=llblv

2 ATLAS
F 300 fbt

Technicolor?

riries / 10Gev/ct
£
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=
k=]
=
= &
e
F

..........
o
o 0 70 30 40 A0 B 7D EAD @m0
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‘E 1
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Split Susy?

PYTHIA R-hadron event from ATLSIM

.\ %-%?ﬁ — f
smmglﬂlﬁ OW

I ﬁ\& ehergy pions
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Long Lived Particles in Supersymmetry .

Split Supersymmetry

Assumes hature is fine tuned and SUSY is
broken at some high scale

The only light particles are the Higgs and the

Gluino can live long: sec, min, years!

R-hadron formation (eg: gluino+ gluon): slow,
heavy particles containing a heavy gluino.

Unusual interactions with material
eg. with the calorimeters of the experiments!

Gravitino Dark Matter and GMSB

In some models/phase space the gravitino is the
LSP

= NLSP (nheutralino, stau lepton) can live ‘long’
= nonh-pointing photons

=Challenge to the experiments!

T [\] 1 );//
gaug l nos / L0-10 Glul ]1(,)7/7,~ res dqtector
. 0 . /Mlacod vertex

Arkani-Hamed, Dimopoulos hep-th/0405159

1030
20 e | P .
10 Eitetiirme of the qmiverse 77
, 2 //
1010 NTIL
&P &:\
Y20

10720 . e
/ / Glluino hadroiizes
vy
1 10° 1010 1015

m [GeV]

K. Hamaguchi,M Nijori,ADR hep-ph/0612060
ADR, J lhsrefraf ]mp ph/0508198

,g’l’,ﬂﬂ | S “n,

Y /b s e e e e e E e /N
/ = W\ »‘fu,\‘f‘ ‘

| VU__ i Nk A T‘Tf JJH‘%l Also eg.
=E\& = f R Barbieri
_L _v:*$l\\;/\_’//ni:;—l_ U’ /'/
=l

=i 11 of,

Spar‘rlcles stopped in The detector,walls
of the cavern, or dense 'stopper’ detector.
They decay after hours---months...
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'R-Hadrons Passing Through the Detector.

R-hadrons would have a mass of at least a few 100 GeV

*They 'sail’ through the detector like a ‘heavy muon’

 In certain (hadronization) models they may change charge on the way
* They also loose a lot of energy when passing the detector (dE/dx)

I |} I
Key: Om m I

Muon
—Eloctron Charged Hadron (e.g9. Pyon)

“===sphoton = = =+ Neutral Hadron (e.g. Neutron)
s— Charged 1 Hadron
Charged M Hadron

N - :
..... e thsdon 3§ ‘ | m i Weird
g signaturell

"""""""
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Heavy Stable Charged Particles ...

Sensitivity for different models:
= Gluinos, stop, stau and KKtau production

L, (Pb™) to observe 3 events
o < 9
‘III"I T 0 Illlll[ T 1 IIT”II T 7 I_‘

—
II1HI T T

—
Q
le]

i 1 | 1

L { L T

|

B Gluino
= Stop

| JelVES:]
[ KK tau

stau

]

|

|

i_

Luminosity needed for

a discovery

200 400 600 800 10001200 14001600
Mass (GeV)

Particles in 1 fb™
N

N (4] w

Tl]l]flll]llll

[y
(24
T

—
Illil

0.5

T l T 1

CMS Preliminary

|

I | B I T 1 1 l T

|

B 1 1 L l 1 1
% 200

200 600 800 1000 1200

Mass (GeV)

Mass reconstruction for a 200 GeV KKtau
and a 800 GeV stop particle
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I— :
Stopped R-hadrons or Gluinos!

The R-hadrons may loose

Long Lived Gluinos so much energy that they
75 > 100 ns simply stop in the detector

looking for stopped gluinos that later decay
Total Number of Stopped Gluinos

Arvanitaki, Dimopoulos. Pierce, Rajendran, JW hep-ph/0506242

2 fh™" 200 GeV | 300 GeV | 400 GeV
CDF 4.1x 10% | 3.1 x 10% | 3.3 x 10!

]03 DO 4.5 x 10% | 3.3 x 102 | 3.4 x 10!
o 100 b~ || 300 GeV | 800 GeV | 1300 GeV
e ]()7 ATLAS [ 5.8 x 10° | 1.8 x 10% | 6.2 x 10?
g 6 3.9 x 10°
e
o, 10
o 5
= 10
v
& 4
S 10
w

]()3 30mb
E =" 3mb

“ 0.3mb

10
g
Z 10

: : !
Uncorrelated with any beam crossing 200 500 500 100 1400

No tracks going to or from activity Mg (GeV)

= Special triggers needed, asynchronous with the bunch crossing
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Stopped Gluinos

Studies in CMS with the 2008/2009 cosmic data:
All events we find now are background and we can learn how to cut on them!

\Ns =10 TeV .
] Ly = 107 em 28| _|
m5=300 GeV
m.=100 GeV

Sensitivity for a luminosity of 1032 cm-2s-!

Find energy
splashes with
certain

topology

50 discovery

CMS Preliminary |

hllllll lllllg llIl lelld
% 5 10 15 20 25 30

Days
Discovery with only

a few weeks running
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Hidden Valley Physics: New Signatures
—

| A Conceptual Diagram ‘
Energy L = =
But the r,%s
T decay in the

ut:_l. LLLLLLL
bb pairs, or
rarely taus

T b
Will produce®Weird Jets"

and a lot of secondary
vertices

= Difference with QCD jets??
= Study SM jet structure

Hidden valley



Hidden Valley Events

Possible trigger object | Ne experiments are not

contain a muon really prepared for this(*)
A For example:Trigger problems
for events with large

displayed vertices

—
Pixel detector

EM Calorimeter ! N
o

ATLAS

—=Need SpeCIal Triggers (*) except possibly LHCb 76
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It will very I|ker reveaI m“UCh m

profound that we do not yet understand
s it supersymmetry extra dlmensmns __other... :

The LHC operates at an- energy and preC|S|on that W|II take |
us far beyond our. current understandlng |nto=a new reglme
Machine and detectors are of an unprecedented scaleand

£omplexﬂy ’They have been ‘completed in summer 2008
"The LHC has started successfully its operatlon th|s month”

We are on the - verge of a revotutron in-our understanding
o) the Unlverse and our place wnthln it




Matter-Antimatter

EE——

The properties and subtle differences of matter and anti-matter using mesons
containing the beauty quark, will be studied further in the LHCb experiment

new
b particles

d, s

'

e

d, s

LHCD

.
L

r

, Muon system)
MR Ll

Irigger Tracker

VELO)

new
particles

Calo. System|
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Primordial Plasma

Lead-lead collisions at the LHC to study the primordial plasma,
a state of matter in the early moments of the Universe

More than 10,000
particles per event
in the detector

iiiii

A lead lead collision simulated in the ALICE detector

Study the phase transition
of a state of quark gluon
plasma created at the time
of the early Universe to
the baryonic matter we
observe today
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Quantum Black Holes

Can LHC destroy the planet?

= No!

See the report of the LHC Safety assesment
group (LSAG) http.//arXiv.org/pdf/0806.3414

More information on

— S.B. Giddings and M. Mangano,
http://arXiv.org/pdf/0806.3381
LSAG,

— Scientific Policy Committee Review,
http.//indico.cern.ch/getFile.py/access?c
ontribld=20&resld=0&materialld=0&confl
d=35065

— CERN public web page,
http.//public.web.cern.ch/public/en/LHC/
Safety-en.html

becoming the first man to successfully
create a mini black hole in the laboratory.
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— LHC Start-up in Fall 2007

September 10th

Despite the presence of an unbelievable crowd of people : 5 300 Journalist
010:30 : Beam 1 around the ring (in ~ 1 hour). Beam makes ~ 3 turns.
015:00 : Beam 2 around the ring, beam makes 3-4 turns.

022:00 : Beam 2 circulates for hundreds of turns...
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September 10th 2008

A Crazy Day !
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Circulating Beam
Beam 2 circulating — no RF

Evening of September 10t , after the crowds left :
Beam 2 makes hundreds of turns after some empirical correction (no RF)

LHC Longitudinal Bunch Profile Beam2

Q Turn by turn beam peak intensity
signal at the RF position monitor.

0 h'he decay is due to the de-bunching
of the beam (bunch becomes longer
and longer - no RF).

17
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Stopped gluinos

>

Tbeam Tgap

# of stopped undecayed particles

Data taking time

* Basic idea: R-hadrons can loose enough energy in the
detector to stop somewhere inside (usually calorimeters)

* Sooner or later they must decay Eg when there is no beam!
* Trigger: (jet) && !(beam)

* Only possible backgrounds: cosmics and noise
Can be studied in the experiments NOW with cosmic data

i - ——— g — -

12



The Incident of September 19th —

The LHC decided to use a few days of down-time due to a ‘standard’ power converter
fault to finish work on missing powering tests in sector 3-4 (other sectors were tested
to 5.5 TeV equivalent currents)

At 8.7 kA (corresponding to ~ 5.1 TeV), a resistive zone appeared in the
superconducting busbar between quadrupole Q24 and the neighboring dipole (due to

H 1 H ]
a bad welding ‘splice’)
Upper Copper
Profile Superconducting
CableinC
Upper Tin /Silver @ S?alt;"z(;rr)per
Soldering alloy Layer P
et Lower Tin/Silver
. Soldering Alloy Layer

~
-

Inter -Cable Tin/Silver
Soldering Alloy Layer oA
2 |

Lower Copper U
Profile



The Incident of September 19th

Most likely, an electrical arc developed, which punctured the Helium enclosure
Large amounts of Helium gas were released into the insulating vacuum of the
cryostat and a large pressure waves traveled along the accelerator both ways

\|/ . \|/ collateral damage

@DVD'\’%GDMDN‘ D h~—fYhA D h~ D h= D =f&8] -~ DMDMDbjﬂ
g gl N N g g N g g g RNyt Nt N F

h

Q23 Q24 214 m Q25 Q26 , Q27




Science Fiction Speculation ©

New on YouTube...

Large Hadron Collider ‘Being Sabotaged from the Future’ (A

Is the Large Hadron

Collider Sabotaging itself?

i @ 0:04/253 ofi| [l
% % % % %k 7 ratings 303 views

Maybe 'the future' does not want to LHC to start ©
.. as in the SF novel from '96 ... on the SSC in the US
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Lessons

—

M. Lamont September 2009

m The enhanced quality assurance introduced during
sector 3-4 repair has revealed new facts concerning the
copper bus bar in which the superconductor is
embedded.

m [he process of soldering the superconductor in the
iInterconnecting high-current splices can cause
discontinuity of the copper part of the bus-bars and voids
which prevent contact between the super-conducting
cable and the copper.

Danger occurs only in case of a quench
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Plan for the first run (2009/2010)

m Operating at 3.5 TeV with a dipole energy extraction
time of 50 s.

~ Simulations show that resistances of 120 micro-ohm are safe
from thermal runaway under conservative assumed
conditions of worst case conditions for the copper quality
(RRR) and no cooling to the copper stabilizer from the
gaseous helium

m Decision:

—1 Operation initially at 3.5 TeV (energy extraction time of 50 s)
with a safety factor or more than 2 for the worst stabilizers.

m Thenoperate at4 -5 TeV
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The LHC Today

oK JOOw.- BOK BOK- 0K 45K 4%

POINT 4

p:?‘f

SECTOR 45 POINT 6

_3;“5“":“ A SECTOR 67

~ “sectorzs  © cMS secroa 56

u )
b -
\* SECTOR 23 e ||
|
4
I'l"
y
L é'
—h
PoINT2 ||/ ol
ALICE s SECTOR 12
S

g T s
®w LHCb
ATLAS 15 Oct 2009

LHC Cooldown Status

* Repairs are now completed
# » Machine is cooled down again

* Plan to start again middle of November 2009
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— LHC run plan for 2010

Re_commessonng
Jan ms&h-l

= ""i""' e O(30)pb' at 7 TeV
; O(200) pb' at 10 TeV

-

Sa 35!ev

! « 2009:
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CMS Works! ...
Example: Recorded Cosmic Muons

Cosmic muons recorded by the complete
central tracker during the summer ‘08

Cosmic muons recorded by CMS
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Beam Halo and Splashes on 10/9
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http://atlas.ch

Beam injection exercises in LHC starting again tomorrow!
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R —

The Standard Model in Particle Physics

But not all questions solved:

Needs to be completed with
eg a Higgs mechanisme/
particle

= Electroweak Symmetry

breaking

Why is the top quark much

more heavy than the quarks
=Mass(top) = gold nucleus
What is the origin of mass?

Astrophysics/cosmological
measurements show that
most matter in the universe
is NOT in this table

What is this Dark Matter?

e —

Four known forces

ELEMENTARY KEelEVY
PARTICLES *Electro-magnetisme

— *Strong nuclear force
&l *\\eak force

I II III

Three Generations of Matter

96



