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The Quest for 10 20 Meters
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ITEP Forces and Distance
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ITEP Disco very of the electr on ks

| J. J. Thompson

Note: The charge to mass depends on the speed,
which Is hard to measure! The ingenuity of the
experiment was to add a magnetic eld to cancel the
electric de ection.

RohIf/ITEP — p.3/76



ITEP Electr on e/m RRENlelile)1

J. J. Thomson, Phil. Mag. 44, 293 (1897).

The electron gets acceleration

1.0 1.5

(10" T?m?V)

2

B°L

E Is eld that produces de ection
B Is eld that produces no de ection.

RohIf/ITEP — p.4/76



ITEP Classical electr on radius

Big trouble at a distance where electrostatic potential
energy exceeds electron mass energy:

ke?

> mc2

r
This occurs when

r < k&€ — L4deVom: 9 109154

mc2 0511 MeV
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Thin Foil
o Atomic Target Alpha
Shielding 7\ Particle
Alpha Detector
I Particle

Radioactive
Source

"‘ ® The detector consisted of a
‘i 1 ' uorescent screen and Hans
= Geiger looking through a
pmomenumotte \ synmety padl microscope for light ashes .
S ho 4 PPl This experience is, no doubt,
-

| N e Zal \what motivated him to invent
P the Geiger counter!
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ITEP Cross section [ENliilels

Scattering Rate
(number/time)

Incident Flux @

(number/arealtime) / Detector

Beam O

Target

Nucleus

transition rate
Incidernt ux

effective area of target

Examples:
nuclear barn (b) = 10 28 m?

pp (high energy) 50 mb

w;/Zz° discovery at SPS

rare processes at LHC
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ITEP Rutherf ord scattering

Pinitial
( p)?=2(mv)%(1 cos)

force is 1/r?
nucleus is pointlike
J=1, m=0 photon
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ITEP Davisson-Germer discovering electron waves

“We have become accustomed to
think of the atom as rather like a solar
system... There is a certain small
probability, or at least there might
s seem to be, that the electron will
{ strike into the atom in or near the

metal without loss of energy. The

.~ = direction taken by such an electron as
e t it leaves the metal should be a matter
"f T of private treaty between the electron
= g/’/ h ~and the individual atom. One does

not see how neighboring atoms can

have any voice in the matter.”
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ITEP Davisson-Germer [V =ille RS s REVERS

electron
gun

Faraday
box

nickel
larget
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ITEP Davisson-Germer discovering electron waves
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ITEP Electr on crisis Es][Siilels

How to picture an atomic electron:

The electron 1Is SLOW.
C

v C= 137

Slow means BIG thanks to quantum mechanics!
The electron has no structure at atomic scales, but it

has a size given by its wavelength:

1240eV nm - :
(137)(5:11 10 > eV) 0:3 nm
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ITEP Rutherford's REYEEeN;

Rutherford's alpha particles had a kinetic energy of
5.5 MeV, corresponding to a momentum of

P’ ' 2mE g
The alpha particle wavelength is

5 =D 1240eV nm " 6fm

(2)(3730 MeV)(5:5 MeV)

The size of the alpha corresponds to the resolution
limit obtainable using it as a probe,

~

r -=5" 1fm

P

Luckily, the alpha particles of Rutherford were up to

the task because they originated from nuclel.
RoOhIf/ITEP — p.14/76



ITEP Cracking the nucleus [ EXEEEEEE:

“Almost at once at an energy of
COCKFOfP____?F‘d 2?1932 125 kilovolts, Dr. Walton saw the
...~ 48 ¥ | pright scintillations characteristic of
B particles... We then conr med by
i a primitive coincidence experiment
carried out with two zinc sulphide
screens and two observers tapping
1 | @ keys, that the particles were
l i emitted in pairs. Our resolving time

:~ was asecond or so- somewhat longer
i * than the resolving time of modern
== coincidence circuits which operate in
units of millimicroseconds.”

J. D. Cockroft, Nobel Lecture (1951)
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ITEP Livingston plot EEeEEErIgEealsloe,

(superconducting)

Colliding beams

C.M. Energy

(eV) 1010 (strong focusing)

m Synchrocyclotron

108 ® Linac
J Cyclotron

107 [
Cockroft-Walton

10°

| I
1940 1960

Year RohIf/ITEP — p.16/76




ITEP Inside the nucleus ENEEEN

108 125 MeV electrons + gold

104

10°
dN _.

dcos(0 2
©) 10 12 A" fm

nuclear density
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101

[ d ] — [ d ] 1+cos
dcos JMott dcos IR 2[1+(1 cos E =V g

Pointlike cross section is modi ed by electron magnetic
moment and nuclear recoll.
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ITEP Yesterday's probe... felylelsfelVERr=1(s <l

4] was more thrilled by seeing the struc-
ture In the alpha particle than by al-
most anything else, because Rutherford
used the alpha particle in guring out the

scheme of construction of the atom.° =
Robert Hofstadter | /

Shapre
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ITEP Inside the proton EJEEEEe

104

E. E. Chambers, R. Hofstadter et al,
Phys. Rev. 103, 1454 (1956).

103

102

o 550 MeV electrons

dN
dcos(0)

(arbitrary scale)

[dg?]proton = [dgT]Mott JF( )JZ

The function F Is called the form factor; it contains the
Information on how the charge distribution inside the
proton differs from a 2point.° RohlfITEP —p.19/76




ITEP Deep Inelastic [ REE-EP

10 GeV electrons

Kendall/Friedman/Taylor
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ITEP Feynman X ElelntEililiRicteilely

"l am more sure of the conclusions than of any single
argument which suggested them to me for they have an
Internal consistency which surprises me and exceeds the

consistency of my deductive arguments which hinted at
their existence."

Richard Feynman, 2Very High Energy Collisions of
Hadrons? Phys. Rev. Lett. 24, 1415 (1969)
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ITEP Feynman X ElelntEililiRicteilely

"l am more sure of the conclusions than of any single
argument which suggested them to me for they have an
Internal consistency which surprises me and exceeds the
consistency of my deductive arguments which hinted at
their existence."

Richard Feynman, 2Very High Energy Collisions of
Hadrons? Phys. Rev. Lett. 24, 1415 (1969)

Sound confusing? Things were a mess!
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ITEP Predicting R gReJgle[elaRelolaliI¢=Talel-W QI YRR N LY

R — et e | hadrons —
+

'QI\J

ete |

Han-Nambu with charm

Bethe-Salpeter bound quarks
Gell-Mann Zweig quarks 6.69 - 7.77

vector meson dominance |

Broken scale invariance
Tati quarks
composite quarks trace anomaly Il

10/9 Gell-Mann Zweig with charm gravitational cut-off

colored quarks broken scale invariance

vector meson dominance I SU12 SU»

o
an

vector meson dominance Il rmSU1g SU16

colored charmed quarks high-Z quarks

Han-Nambu quarks Schwinger's quarks

[EEN

(2 I [ SN
\]

trace anomaly 1 partons

Reported by John Ellis
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believing in quarks and QCD

293685 Mev (1974)

2(2p)
1(2p)

o(2p)
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believing in quarks and QCD

3685 MeV

2(2p)
1(2p)

(1974)

o(2p)
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believing in quarks and QCD

Charmonium:
Quantum mechanics of two
spin 1/2 particles.

s=1=2 1=
n = radial QN.

(1974)
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ITEP Strong Interaction [eelEhlitzl

Speed of the quarks:
- — hc — 124 Gevim — N
pc= he = 124Cevim - (6 Gev
=" (mDZ+ (p92= ' (15Gev)2+ (0:6 GeV)? = 1:6 GeV

—~— PC — 0:6 GeV 1 :
V=C= £ = TgGey U4

Potential:

region
0:05 GeV fm

Coulomb
region

| 1
0.1 1

r (fm) B RohIf/ITEP — p.24/76
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ITEP Hadron jets Bk AUEEEIr,

my rst publication
Observation of the production of jets of particles at high transverse
momentum and comparison with inclusive single particle reactions,

Mar 1977. Phys. Rev. Lett. 38, 1447 (1977)

my thesis
Experimental tests of quantum chromodynamics in high pT jet
production in 200 GeV/c hadron-proton collisions,

May 1979. Phys. Rev. Lett. 43, 565 (1979).
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ITEP The next step

2An even more fundamental set of questions which
| nd more Interesting than the number of quarks...
have to do with the possiblility of a uni ed picture of
forces In nature... Weinberg and Salam have made
the rst models of a uni ed weak and electromagnetic
Interaction theory... The experimental information
required to establish these uni ed pictures will almost
certainly require still higher energies: several hundred
GeV In the center-of-mass and again, | believe, in the
e"e system?®

Burt Richter, Nobel Lecture (1976).
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ITEP The next step

2An even more fundamental set of questions which
| nd more Interesting than the number of quarks...
have to do with the possiblility of a uni ed picture of
forces In nature... Weinberg and Salam have made
the rst models of a uni ed weak and electromagnetic
Interaction theory... The experimental information
required to establish these uni ed pictures will almost
certainly require still higher energies: several hundred
GeV In the center-of-mass and again, | believe, in the
e"e system?®

Burt Richter, Nobel Lecture (1976).

Letter from Richter to Carlo Rubbia on @p:
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ITEP Antipr oton Slelestzk1ileXelelel ale




ITEP Asymptotic freedom JE&

Quark Scattering

In tan(6/2)




ITEP Scattering quarks pEEE[s

G. Arnison et al,
Phys. Lett. 177B, 244 (1986).

gqg (1986)

1/r? strong force
spin 1 gluon
pointlike quarks
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ITEP Scattering quarks pEEE[s

G. Arnison et al,
Phys. Lett. 177B, 244 (1986).

gqg (1986)

Au (1913) 1/r2 strong force
spin 1 gluon
pointlike quarks
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ITEP Summar y Seziililale R oIl

cosb

]

Energy of
the probe
10 MeV \
N do . point-like
dcosb
100 MeV eN do . point-like
dcos®
ep do _ ey e
——— = point-like
(small 2nge)  4cosO
1 GeV [~
ep —%9 < pointike
(large angle) dEDEB
10 Gev eq do . point-like
dcosd
S e 5 ;
FRRE = point-like
d dcosO

-
=l
=

Discovery
of the nucleus

Observation of
nuclear structure

Point-like
proton

Discovery of
proton structure

Discovery of
quarks

Search for
quark structure
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ITEP Producing the W and yAY

With constituent collisions at 100 GeV, we have
probed nature to distances of

— 02GevVim — 5 10 18'm

100 GeV

At this energy, the W and Z° are produced as free
particles.
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ITEP Electr oweak symmetr y breaking

Recall the crisis of the classical electron radius, the
fallure of electromagnetics at a distance of 1 fm... the
solution of which appeared at a much larger distance
scale (0.1 nm). Now we come to the current version...

- E
W (mWCz)2

Our understanding of the weak force fails when

w ' 1.7TeV
Our current understanding of the weak force Is
analogous to the understanding of electrodynam-
Ics In 1920... Some new physics must (!) appear

on the TeV scale (or below), correspondingto 10 *°m.

This argument has been eloquently made by Lev Okun...
more later. RohIf/ITEP — p.34/76



physics

FIRST look at the TeV/c?2 mass scale to nd
a clue to the hierarchy problem... what lies

between the weak scale and the Planck mass?

EXPLORE the mechanism for electroweak
symmetry breaking... How do the W=Z°

Interact at high energies?

NAIL down the elusive Higgs boson...
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orbit

Pt. 3: LHCb
Pt. 1: ATLAS
Pt. 5: CMS fopit = 11:245 kHz
T =88924 s
Pt. 7: Alice
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ITEP Superconductivity [eilgrdoi[feER=Talo UKo [IENile]g

The famous work of Vitaly Ginzburg and Landau
brings the language of gquantum mechanics to the
description of superconductivity. In one-dimension:

d2 oma m = Cooper pair mass
B2 — — a = constant (T)

where the wave function squared represents the
Cooper pair density. The solution is

2ma

, the coherence length Is the distance scale for
Cooper pair correlation.
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ITEP Superconductivity Rl

The ratio of penetration depth to coherence length

Is typically much smaller than unity.

Alexel Abrikosov investi-
gated what would happen
If was large Instead of

small. He called these
materials Type-ll super-
conductors.

The discovery of this effect has made possible the
construction of high- eld solenoid magnets!
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HZME ABOUT

[
| MOBEL PHYSICS MECICIME PEACE

The Nobel Prize in Physics 2003

"for pioneering contributions to the theory of superconductors
and superfluids”

Alexei A. Vitaly L. Ginzburg Anthony J. Leggett
Abrikosov

@1 1/3 of the prize @) 1/3 of the prize @1/3 of the prize

USA and Russia Russia United Kingdom and
USA

Argonne National P.N. Lebedev Physical University of lllinois .
Laboratory Institute Urbana, IL, USA M
Argonne, IL, USA Moscow, Russia
b. 1928 b. 1916 b. 1938
RohIf/ITEP — p.39/76




26 km of superconducting magnets
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SLHC Detector s foYEaiE=w

A Toroidal Large hadron collider
AparatuS (ATLAS) 7 kTons
0.5 T toroid, 2 T solenoid
25m 46 m

tracking in B eld
EM calorimetery
had. calorimetry
muon detectors

Compact Muon Solenoid
(CMS) 14 KkTons

4 T solenoid

15m 22m
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slice
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4T magnet

Rohlf/ITEP — p.43/76



ITEP CMS end cap IRUSSERRIERS
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ITEP CMS endcap [eelaitgleliiilelsNe|fz{ESEELENEW)Y,
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ITEP CMS forwar d IRSSE RS =1=]

First device of its kind.
200k quartz bers.

Test beam results Aug. 2003

Read out with 2000 phototubes (about as many as
used by UA1 to discover the W and Z!)
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ITEP Vavilo v-Cerenk ov radiation

Sergel |. Vavilov and Pavel A. Cerenkov (1934)

Moving faster than
light

Theoretical explanation (prediction):
lI'ya Frank and Igor Tamm

Rohlf/ITEP — p.47/76



ITEP Vavilo v-Cerenk ov radiation

Sergel |. Vavilov and Pavel A. Cerenkov (1934)

Moving faster than
light

Theoretical explanation (prediction):

lI'ya Frank and Igor Tamm

“All science Is either physics or stamp collecting.”

Ernest Rutherford ROhIf/ITEP — p.47/76




ITEP Cerenkov ring

Pavel A. dferenkov, “Radiation of particles moving at a velocity
exceeding that of light, and some of the possibilities for their use
In experimental physics,” Nobel Lecture, Dec. 11, 1958
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ITEP Cerenkov counter s RN [[SeeNE -8

(1955)

“Our own work was built directly on
the previous accomplishments of
many eminent scientists, including
especially... P. A. terenkov”

Owen Chamberlain, Nobel Lecture
(1959).

“The Cerenkov counters marked €, (1974)
and d: together with the lead-glass

and shower counters marked S en-

able one to have a rejection against

hadron pairs by a factor of >> 108

Sam Ting, Nobel Lecture (1976).
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ITEP Super-Kamiokande REEEeEEGC),

11,000 giant phototubes:

Masatoshi Koshiba, Nobel Lecture (2002). RohIfITEP — p.50/76



ITEP Transition radiation

Explained (predicted) by Frank and Ginzburg (1946).

Atlas:
Transition radiation tracker

“This Is Important because it is very dif cult to use for this
purpose the Vavilov-Cerenkov effect for ultra-relativistic particle.
As is well known, the angle at which the Vavilov-Cerenkov
radiation is directed, and its intensity, attain in this case a
practically constant value. The use of transition radiation Is,
however, impeded by the fact that its intensity is very low...”

lI'ya M. Frank, Nobel lecture (1958). RONIFITEP — p.51/76



ITEP CMS endcap [ulile]aRelst:laalol=lgs
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ITEP Crystal calorimeter

Rohlf/ITEP — p.53/76



Si tracker
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ITEP Readout EleSKeeRnlllielsResr-tEE

The readout Is made possible by two important devel-
opments in the last 5-10 years:

avallability of millions of logic gates in a single
package at low cost (< $10 4 per 2transistoro)

avallability of radiation hard electronics

First transistor 1947 Modern FPGA 2003
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ITEP Moore's Law [ogblieiilloRislsRig=Iale

. What has been Learnt from thelast 15 Years ?

Evolution of Line Width
10mMm

Peter Sharp
(1985)

"Moores Law
A plot made
in 1985

Research

1985 2000

Peter Sharp CERN CM SElectronics 2003 5
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ITEP Radiation levels FE8iite]amur
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RE=ERSYNIoISI@ M (88 reaching for 10*° cm s ! and beyond

circular beams crossing at angle ¢

Ny = protons per bunch
f = collision frequency
= transverse beam size at IP
. = bunch length

Phase 0: | no hardware upgrades
ATLAS and CMS only, 9 T in dipoles

no changes to LHC arcs 9 2 103 cm

SLHC lower beta, increase Ny, 12.5 ns s= 15 TeV

Phase 2: | major hardware upgrades
EDLHC | new magnets and injector

O. Briining et al.,, LHC Luminosity and Energy Upgrade: A Feasibility Study
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ITEP LHC/SLHC gelailer:1ake]s

LHC

pp c.m. energy

14 TeV

luminosity

10°%*cm 2%s 1

collision rate

1 GHz

w/z° rate

1 kHz

bunch spacing

25 ns

Interactions per crossing

20

chh
d

per crossing

150

track ux @ 1m

1Pcm 2s 1

calorimeter pileup noise

nominal

rad. dose @ 1 m for 2500fb 1

1 kGy
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ITEP Stored energy Qgfeecle=le =I5l

E = 2E,NpN,

E=(2)@15 108eV)(1:6 10 °J=eV)(2808)(L1 10')' 1:5GJ

The problem becomes even more severe for the next

Tal2)
proton machine! RohIf/ITEP — p.60/76



ITEP Stored energy Qgfeecle=le =I5l

E = 2E,NpN,

E=(2)@15 108eV)(1:6 10 °J=eV)(2808)(L1 10')' 1:5GJ

Kuznetsov

m = 55, 000tons

same kinetic energy at 15
knots as the LHC beams!

The problem becomes even more severe for the next

Inel
proton machine! RohIf/ITEP — p.60/76



ITEP ZZ! 4 lepton event

10°3 cm “s !

10°4 cm s 1 10°°> cm 4s !
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ITEP Physics will not go as planned...
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ITEP Beyond the SLHC

The LHC+SLHC physics program will bring our fun-
damental understanding of matter down to a distance
scale of

d =' 02Gevim — 109 19m

P 2 TeV

'0 make the next step we need a BIG hadron collider.
"his hypothetical machine is referred to generically as
the Very Large hadron Collider (VLHC).
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ITEP Distance Scale Eililt:1s%

quark nucleus electron wave
Rutherford's

Hofstadter's e

expt. limit

10 20 10 18 10 16 10 14
meters
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ITEP VLHC LETE
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ITEP VLHC Elf&{=Sx\
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ITEP VLHC ElRiullkE)
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ITEP VLHC Eilats)
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ITEP VLHC el
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ITEP VLHC EHi:
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ITEP VLHC QLTS Role ook

P. Limon
RohIf/ITEP —p.71/76



ITEP Personal note miMeRees/C

On a previous visit to ITEP, | received as a present two books:
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ITEP Personal note miMeRees/C

On a previous visit to ITEP, | received as a present two books:
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ITEP Personal note [eli=XEE

Shortly, after the publication of the W discovery in 1983, | received a
letter from Lev Okun. In this letter he pointed out that the electron
from was traveling in the wrong direction...

J. Rohlf, Proceedings of the 12th In-
ternational Conference on High Energy
Accelerators, Fermilab August 11, 1983.
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ITEP Personal note [eli=Re1l%

Supercollider physics explained in 5 slides...
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ITEP Personal note B eRitlelt=Nelels] /0
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ITEP Personal note B eRitlelt=Nelels] /0
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ITEP Personal note

Thanks to Lev Okun and Michael Danilov
for arranging this visit!

Rohlf/ITEP — p.76/76
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