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Large Hadron (proton) Colllder
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LHC Physics: The Wild East

-~ The Good,

The Bad,
The

Swiss Spaghetti Harvest

Enough with Jayson Blair, please. The Times has copped to it, Mr. Blair appears to be
seriously troubled, and, in spite of the disgraced reporter's apparent crowing, it was a
pathetic fraud, not exactly a brilliant hoax.

For that, you might look to the BBC, which pulled a hilarious bit of journalistic deception
on April 1st, 1857. The august BBC ran a piece on a news program called Panorama,
in which a highly-respected journalist, Richard Dimbleby, delivered with absolute
seriousness a story about the Swiss Spaghetti Harvest. Spaghetti was relatively
unknown at that time in the U.K. and viewers began calling the BBC asking how they
could grow their own spaghetti tree. It is one of our favorite hoaxes of all time. So, fora
laugh on a Tuesday morning, here's the transcript...
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IL BUONO

The Z° Boson

“Every gun makes i1ts own tune.”
Man With No Name
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Z° Discovery at CERN in UAI

qq — Z° 2 e'e~ “two to two”




P = 2kezfy4c radiated power from
T 32 circular orbit

“It is apparent that as the velocity is increased there will
come a point at which energy is radiated away just as
rapidly as it is supplied by the accelerator. Thus, there
exists a practical upper limit for the energy of electrons
that can be achieved in a circular machine. This limit
apparently is in the energy range 10-20 GeV.”

Classical Electromagnetic Radiation
Marion and Heald (1980)
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Large Electron Positron
(LEP) Project

LEP was optimized for 85 GeV per beam, resulting
in 27 km circumference after balancing costs of
construction and operation

commisioned 1989, shut down end of 2000

LEP machine radius = | TeV / tesla

U. Amaldi, "European Pro jects in High-Energy Physics,”
CERN-EP/81-149, invited talk given at the AIP Meeting on Particles and
Fields, Santa Cruz, CA, 9-11 Sept. 1981, published in DPF 1981:0415
(QCD161:A6:1981).
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Accelerator Beam Energy on Proton Target
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Accelerator Beam Energy on Proton Target
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Large Hadron Collider: Why?

10" ' _
w
1 \ -
= 10" | -
o Weak
= Electromagnetic
o
= 1020 = =
w
(O]
é 10% [~ N
L)
[ ™
w 10% I \ ]
Gravity
i -
10" 10" 10" 10°

experimental  proton

"™ distance (m)

atom

E
aw — a(mwcz)z

aow~1 for Ex1 TeV

Weak interaction probabilities increase
without bound even though wavelengths
are decreasing!

q

HOW dO W/ Z W, Z
interact at strong
high energy!? e

q » q




LHC Geographical
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LHC Layout
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Basic Parameters of the LHC

circumference 26,659 m
dipole field 8.33 T
energy per beam 7 TeV
number of dipoles 1232
total number of magnets 9994
operating temperature LY K
power consumption 120 MW
revolution frequency 11.2455 kHz
revolution period 88.9 s
radio frequency (RF) 400.8 MHz
RF electric field 5.5 MV /m

0.5 amp proton currents!







Ey = E;np Ny = (7 x 1012 eV)(1.6 x 10712 J/eV)(2808)(1.1 x 10*!) = 350 MJ.
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LHC DIPOLE : STANDARD CROSS-SECTION
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LHC DIPOLE : STANDARD CROSS-SECTION
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Equivalent dipoles
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May 7, 2005
First LHC magnet lowered




July 12,2006

The dipoles reach the half-way mark

With the positioning of the 616th magnet, installation of the LHC
dipoles has reached the half-way mark.

Only half the dipoles remain to be installed! The 616th dipole out of a total
of 1232 was installed at 3 a.m on Wednesday 12 July. Night and day, the
tunnel is the setting for a never-ending series of carefully choreographed
installation operations. At a rate of around twenty per week, there has been
a steady underground flow of dipole magnets, each measuring 15 metres in
length and weighing 34 tonnes. 'In order to recover the accumulated delays,
installation is proceeding three times faster than planned’, confides Claude
Hauviller, who is supervising LHC installation. Four dipoles can be







CERN Accelerators

protons

antiprotons

ions

neutnnos to Gran Sasso
neutrons

electrons

pp collisions:
Vs =14 TeV
L= 169* goi= g
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LHC Bunch Structure

72 BUNCHES 38 MISSING BUNCHES

25 ns DISTANT

8 MISSING BUNCHES 39 MISSING BUNCHES 119 MISSING BUNCHES
SPS jnjection LHC Tjection beanl dump
1] Hﬂﬂﬂﬂﬂﬁﬂﬂ HITRNATAINEIN lF T[T bort gap
F 2 3 4 3 Ms
- 88.924 us 2

|

T 3564={[(72b+8e)x3 + 30e]x 2 + [(72b + 8e) x4 + 31e]} x 3 + {[(72b + 8e) x 3 + 30e] x 3 + 81¢e}

Bunch 0 Bunch 3563
Harmonic 84 = PS orbit is divided into 84 time slices or “buckets”

P& SPS LHC
(84)(11)(%) = 3064 # of buckets in LHC

885?34“5 = 24.95 ns  bucket size in LHC only 2808 buckets

in known pattern
40.079 MHz crossing frequency have protons




Detectors: Overview
emuon detectors

Muon Detectors Electromagnetic Calorimeters

etracking in B field
*EM calorimetry
ehadron calorimetry

Forward Calorimeters

Solenoid

End Cap Toroid

NMER THACKE

A Toroidal Lar'gemﬁnzg;t;n Compact Muon Solenoid
collider AparatuS (ATLAS) (CMS) 14 kTons

7 kTons 0.5 T toroid, 4 T solenoid,

2 T solenoid, (25 m)?> x 46 m (15 m)? x 22 m
maghet=40% of $$, magnet=25% of $$,

good stand-alone muon res. high res.tracker & ECAL




barrel
toroids

endcap
toroids

solenoid

length

CMS Solenoid

length 13 m
diameter 5.9 m
coil turns (4 layers) 2112
superconductor length | 43 km
current 20 kA
field 4T
length 13 m
inductance 12.6 H
stored energy 2.5 GJ

25 m
outer diameter 20.1 m
peak field 4T
current 20.5 kA
length 5m
outer diameter 10.7 m
peak field 4T
current 20.5 kA
length 5.3 m
radius 1.2 m
field 2T
current 7.6 KA
stored energy (total) | 1.6 GJ
superconductor length | 78 km










Specific Energy (kJ/kg of cold mass)
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Muon Resolution
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IL BUONO The Z°% boson, continued

calibration, alighment, building blocks
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Quantum Chromodynamics

“I thought three was the perfect number.”
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Generic LHC Collision

knowledge of the proton structure comes from
decades of experimental work...




Stanford Linear Accelerator Center'End Statlon A

E E'
e+p 2e+X
First evidence v
for scaling (1968)
Py =(My,0)
q? = 2EE'(1 — cosf)
3 -
E= glmﬂ ‘J?E;;? al
1.0 = =
?\:_____-—— ?’E—_; TH ARMITRARY UNITS §
N\ .
L N ; |
10-! g §\\ 3 g é 1.2
= E ¢ = i i |
3 N ——t— 1.0 fraction’of proton
a . 5l .
03 Mg 4 dp 08 momentum carried
= g E dx i
- Henry Kendall, \“x\E i b)/ quarks
[Nobel Prize Lecture (1990) 3 0.4 : 5
| ] —_—
o o8 18 15 28 s 0.2 : & Qmng E")
92 IN (Bev/c)?
These results were inconsistent 0.0 .
with the current expectations of 00 02 04 06 08 10

most physicists at the time. X




__ transition rate

Cross Section 5 — Yau
incident flux

Scattering Rate
(number/time)

effective area
of the target

Incident Flux
(number/area/time) /QDetector
Beam ——— O
Target
Pt often measured as
Ab—p Rutherford™ : .
| _ differential, e.g. do/dO

unit:barn | b= 1028 m?




LHC Units

instantaneous pp design luminosity:  103* em~—2s~!

| nb =10"33 cm~2

103* cm~=2s~'= 10 nb~!s~!

A process with a cross section of | nb
occurs |10 times per second.

pb = | per minute
fb = | per day




Predicting the total pp cross section at LHC
unit:barn | b = 10728 m?

120 _
— best fit with stat. error band

incl. both TEVATRON points

S, | total error band of best fit

O,, [mb]

100 mb

- total error band from all models
con31dered |

o
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(1 e R R T ________________ P ke _______
i a4
4
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<
_ ! S
PIRE. - S
SPITTITY B F‘.’.,.is e i
10 10 10
Js [GeV]

Pp — anything
(by strong int.) Rate =L o = (10 nb's"")(108 nb) = 107 s°!
GHz




dL/ds [pb]

Differential Parton Luminosity

multiply by $6 to estimate event cross section

1010 b
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9
10 10 g9 — gq
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qq — qq
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i T B
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G LHC +vs=14TeV L=10%cm?3s™ rate

barn g7

c lnelastic: | | . :

- MHz

S T imput———
" max L1 output ———

- KHz

Hz

mHz

fb

Pidil
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3
H
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particle mass (GeV)
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Data Recording
Rate

LI hardware
leptons, jets, MET
— 100 kHz

HLT software
— [00-200 Hz

(500 s7')(2 MByte) =
GByte/s

| CD per second
10'7 bits per year




neutron flux

2hem)
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CMS rot. shield (3 Aug 2006)  F5f)
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“One bastard goes 1n, another one comes out.”

Tuco
g 700T0TT0 £ — b
strong W
production quarks or leptons
| ¢ oo B weak

- t —» -
% decay
quarks or leptons

|0 Hz of serious background!
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ATLAS Plxels
r:"" 'lff"t s

h"_!'

Two cornple'red Pixel dlsks
each with 2.2 M channels
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The Higgs Boson

ZBuy f Now Priee: Us $0.88 [ Buy It Now > |

mmediale payment required

®
God Particle S S
Standard Flat Rate Shipping Service
Ships to: Worldwide
Item location: Milpitas, CA, United States
Stock Photlo
You can also: Watch this item

Cet alerts via Text message or IM
Sell one like this

View larger picture

or

=Buylt Now prie: Us $1.75 | Buy It Now > )
Shipping cosls: US 53.49 (discount available)
Standard Flat Rate Shipping Service {more services)
Ships to: Woridwide
&
Hem location: San Diego, CA, Uniled States l ol Iet B owl ?
@
You can also: Watch this item

Get aleris via Text message or IM
Sell one like this

View larger picture




yes.




Standard Model Higgs
g gluon fusion g

(a)

q

7~ higgs-strahlung * # g
(c)

Production
q
W. Z
————— H

W, Z VB fusion

bremstrahlung
e & ITom top

(d)




'| T T T '| T T T [ T T T [
o(pp—H+X) [pb]

Vs = 14 TeV
M, = 175 GeV
CTEQ6M

é" "1:‘ . Bq‘ ------ =
i g2.q5—>HI ]
qq—)I:IZ =Y
| | I | | |
0 200 400 600 800 1000
My, [GeV]
uncertainties:

gg 10-20% (NNLO)
qqH 5% (NLO)

WH, ZH 5% (NNLO)
ttH 10-20% (NLO)

Higgs Cross section and Branching Ratio

TR i

200
M,, [GeV]

BR known to few % (NLO)




Event Selection: H —efe Uty

mH = 140 GeV

mp = 200 GeV

Signal tt Zbb IT* [#F
Production cross-section (NLO) | 33.6x10° | 840x10° 555x10° | 28.9x10°
o xBR(4 lepton final state) 11.6 - - 367.5
Pre-selection: o xBRx e 3.29+0.04 | 74342 390+1 37.0+0.4
Level-1 trigger 3.244+0.04 | 70742 360+1 36.3+0.4
High Level trigger 2.91+0.03 | 282+1 237+1 32.5+0.4
ete” pt p reconstructed 2.23+0.03 | 130+1 141+1 241403
Vertex and impact parameter cuts | 2.01+0.03 | 18.9+0.3 18.4+0.2 21.5+0.3
Isolation cuts 1.83+0.03 | 1.34+0.07 5.840.1 20.0+£0.3
Lepton pr cuts 1.61+0.03 | 0.40+0.04 | 0.56+0.03 | 17.6+0.3
Z mass window cuts 1.35+£0.02 | 0.204+0.03 | 0.23+0.02 | 13.84+0.3
Higgs mass window cuts 1.17£0.02 | 0.02+0.01 | 0.02540.007 | 0.15%£0.03
Expected events for [ £L=10fb"' | 11.7+02 | 0.2+0.1 | 0.25+0.07 | 1.5+0.3
Signal tt Zbb Z7Z* [y*
Production cross-section (NLO) | 17.9x10% 840x10% 555x10% 28.9x103
o xBR(4 lepton final state) 238 - - 367.5
Pre-selection: o x BRxe 7.39+0.09 74342 390+1 37.0+0.4
Level-1 trigger 7.36+0.09 707+2 360+1 36.3+0.4
High Level trigger 6.82+0.08 28241 237+1 32.5+0.4
eTe” ut preconstructed 5.514+0.07 130+1 141+1 24.1+4+0.3
Vertex and impact parameter cuts | 5.03+0.07 | 18.9+0.3 18.44+0.2 21.5+0.3
Isolation cuts 4.9240.07 51+40.1 12.3+0.2 21.3+0.3
Lepton pr cuts 4.7840.07 | 1.9340.09 1.7840.06 18.74+0.3
Z mass window cuts 4.454+0.07 | 0.15+0.03 0.12+0.02 | 14.4+0.3
Higgs mass window cuts 3.6440.06 | 0.006+0.005 | 0.006+0.003 | 1.61+0.09
Expected events for [ £ =10fb~' | 36.4+0.6 | 0.06+0.05 0.06+0.03 | 16.1+0.9




my = 140 GeV my = 200 GeV

= _ . 7
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Vector Boson
Fusion
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Selection

Configuration

Lepton selection

calorimeter-based e/ isolation
30 < pr < 120GeV/c
ARE__I] >05

Jet selection

Njet = 4 jets with Ep > 25GeV
Eniss > 30 GeV

Forward jet tagging

Er > 30GeV
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mj; > 800 GeV/c?

Hadronic-W
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Summary: Standard Higgs Reach
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full simulations
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SUSY: § pqrticle_ S eqrgh
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Supersymmetry:
Dilepton Selection

~0 +7— ~0
X2 — 171
Process o (pb) | Ev. analysed £ N, in1fb~!
SUSY (LM1) 52 478k 0.016 853
tt 830 913k 1.9-104 155
WW+ jets 188 197k 1.4.10~1 26
Z+ jets 5-10° 606k 4.8-107° 24
DY— 2u 3.97-103 916k < 1.1.107° < 4
DY— 27 3.97-10° 514k 1.1.10°° 45
Zbb — llbb(l = e, p, T) _x
e 7.4 21k 41075 4.
P}, > 60GeV/c ? 6 sl o
ttbb 3.3 50k 9.8:10~1 3.2
7 7+ jets 11 37k 241071 27
W+ jets 1.5:10° 1765k 6.7-1077 1




Dilepton Edge
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50 Reach with Inclusive Dileptons
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History of compositeness J. Rohlf: Modern Physics from X to Z°
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LHC Timeline

1982 high energy (100 GeV) jets observed at CERN,

world interests shifts from an electron linear collider to
a proton synchrotron collider

1983 W and Z discovered at CERN, SSC formally initiated
(40 TeV, 1032 cm%s7'), ISABELLE cancelled!

1989 LEP commisioned

1993 SSC cancelled!

1994 CERN Council approves LHC

2000 LEP shut down to allow LHC construction

2007 First collisions in LHC expected




= What has been Learnt from the last 15 Years ?
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Summary
d ~ h ~ 0.2 GeV-im __ 10—19 m

p — 2 TeV
w,z" quark nucleus electron wave
LHC |
| expt. limit | proton atom
| L 1] |

| | | I 1 | | I I |
- g e e e

meters
The LHC is going to take us down to a distance scale
of 10~!7 m. We expect to settle once and for all the
existence (or not) of the higgs boson. Most of all, we
hope to see something nobody has thought of yet.




