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The World’s Most Powerful Microscope

Fermilab’s Tevatron Collider and Its Detectors

900-GeV protons: ¢ — 586 km /h
1-TeV protons: ¢ — 475 km/h
Improvement: 111 km /h!

Protons pass my window 45000 times per second

Large Hadron Collider at CERN, 7-TeV protons: ¢ — 10 km /h

Expect a 20x increase in luminosity in Tevatron Collider Run 2
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LEPTONS
L J SEEN AS FREE PARTICLES
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Neutrinos are among the most abundant particles in the Universe

e Inside your body are more than 10 million (107) neutrinos left over from
the Big Bang.

e Each second, some 10'* neutrinos made in the Sun pass through your
body.

e Fach second, about a thousand neutrinos made in Earth’s atmosphere by
cosmic rays pass through your body.

e Other neutrinos reach us from natural (radioactive decays of elements
inside the Earth) and artificial (nuclear reactors) sources.

1999 ICFA Instrumentation School C. Quigg, “Perspectives in High-FEnergy Physics”



Neutrinos Traverse Vast Amounts of Material
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Interaction Length of a 100-GeV v = 25 million km H2O =~ 230 Earth diameters.

1 Earth diameter = 11 kilotonnes/ cm?.

Atmosphere ~ 103 cmwe vertical, ~ 3.6 x 10* cmwe horizontal.

In Fermilab’s neutrino beam, only 1 v in 10! will interact in your body.



Don’t be neutrinos!
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Detecting Neutrinos from the Sun

The nuclear burning that powers the Sun produces neutrinos as well as
light and heat. Overall, ...
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Cosmic Rays Produce Neutrinos in the Atmosphere




Discovering Mass

The farther neutrinos travel, the more time they have to oscillate. B\é
comparing the ratio of flavors of neutrinos coming "up” through the Earth
to those coming from overhead, physicists determined that neutrinos
oscillate, which neutrinos can only do if they have mass.

A cosmic ray

lly a proton
SUPER KAMIOKANDE DETECTOR #Eﬁfnliasgacg )

Oscillating
neutrinos i
‘ A neutrino strikes another
il elementary particle in the
detector tank. The interaction
v t} is recorded and analyzed by
B scientists to identify both the
b e flavor of the neutrine and its
flight path.
Neutrinos comigﬁn i \ ]
the trajectory an in I
to asgliate as they bt L \
pass through the earth s ol
\ it

Cosmic ray
atmosphere

The cosmic ray hits the
earth's atmosphere,
making a spray of

il secondary particles,

# some of which decay
into neutrinos

One cyda'oi an oscillating neutrino
as it passes through earth
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SuperK’s Zenith-Angle Dependence

Downward v (cosd = 1) travel about 15 km.
Upward v (cos@ = —1) travel up to 13000 km.
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- 1998 CERN Summer Student Lecture Programme
Particle Physics: The Standard Model
Chris Quigg
%k k% %

Define the requirements for an experiment to measure -
the gyromagnetic ratio of the tau lepton} taking into ac-
count the 7 lifetime and the anticipated result g, = 2.

For background, become acquainted with the methods used to measure the
magnetic anomalies of the electron [A. Rich and J. Wesley, Rev. Mod. Phys.
44, 250 (1972); R. S. Van Dyck, Jr., P. B. Schwinberg, and H. G. Dehmelt,
Phys. Rev. Lett. 38, 93 (1977); R. S. Van Dyck, Jr., “Anomalous Magnetic
Moment of Single Electrons and Positrons: Experiment,” in Quantum Elec-
trodynamics, edited by T. Kinoshita (World Scientific, Singapore, 1990),
p. 322.] and muon [F. Combley, F. J. M. Farley, and E. Picasso, Phys. Rep.
68, 93 (1981); F. J. M. Farley, and E. Picasso, “The Muon ¢ — 2 Exper-
iments,” in Kinoshita's QED, p. 479], and the magnetic dipole moments
of the nucleons [N. F. Ramsey, Molecular Beams, Oxford University Press,
Oxford, 1956] and unstable hyperons [L. Schachinger et ol., Phys. Rev. Letf.
41, 1348 (1978); L. G. Pondrom, Phys. Rep. 122,57 (1985). For an interest-
ing new technique, see D. Chen et al., Phys. Rev. Lett. 69, 3286 (1992), and
V. V. Baublis, ef al., Nucl. Inst. Meth. B0, 150 (1994)]. Indirect determi-
nations of (g — 2), are discussed by R. Escribano and E. Masso, “Improved
Bounds on the Electromagnetic Dipole Moments of the Tau Lepton,” (elce-
tronic archive: hep-ph/9609423); G. Kopp, D. Schaile, M. Spira, and .
Zerwas, Z. Phys. C65, 545 (1995); M. A. Samuel and G. Li, Int. J. Theor.
Phys. 33, 1471 (1994).
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1998 CERN Summer Student Lecture Programme
Particle Physics: The Standard Model
Chris Quigg
Kok % %k

Consider bound states composed of a b-quark and a b-
antiquark. For (bb) composites, .

(a) Show that a bound state with orbital angular mo-
mentum L must have quantum numbers |

C = (~)FS P = (-1,
“where S is the spin of the composite system.
(b) Allowing for both orbital and radial excitations, con-

struct a schematic mass spectrum of (bb) bound states.
Label each state with its quantum numbers J£¢.
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PRASE INVARIANCE IN QUANTUM MECH.
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WHAT ABOUT A POSITION - DEPENDENT
CUANGE OF PHASE ¢
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RECALL FROM ELEMENTARY &M
Momentum operator
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1998 CERN Summer Student Lecture Progmmme
Particle Physics: The Standard Model
Chris Quigg

If baryon number is absolutely conserved, the conservation law may be a
consequence of a global phase symmetry like that of electromagnetism, with
the electric charge replaced by baryon number.

(a) How would Newton’s law of gravitation be modified if the baryomc phase
symmetry were a local gauge invariance?

(b) In view of the close equality of inertial and gravitational masses imposed
by the Eotvos experiment [P. G. Roll, R. Krotkov, and R. H. Dicke, Ann.
Phys. (NY) 26, 442 (1967)], what can be said about the strength of a
hypothetical gauge interaction coupled to the baryon current?- [Reference:
T. D. Lee and C. N. Yang, Phys. Rev. 98, 150 (1955).]

On the possibility of a massless gauge boson coupled to lepton number, see
L. B. Okun, Yad. Fiz. 10, 358 (1969) [English translation: Sov. J. Nucl.
Phys. 10, 206 (1969)]. For a critical reéxamination of the limits, see S. L
Blinnikov, A. D. Dolgov, L. B. Okun, and M. B. Voloshin, Nucl. Phys. B458,
52 (1996).
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The Ginzburg-Landau theory of superconductivity provides a phenomeno-
logieal understanding of the Meissner effect: the observation that an exter-
nal magnetic field does not penetrate the superconductor. Ginzburg and
Landau introduce an “order parameter” 1, such that [|° is related to the
density of superconducting electrons. In the absence of an impressed mag-
netic field, expand the free energy of the superconductor as

Gsuper (0) = Gnormal(o) +« |/¢’I2 + )8 l¢|4 !

where a and [ are phenomenological parameters.

(a) Minimize Gsuper(0) with respect to the order parameter and discuss the
c:trc:umstanccs under which spontaneous symmetry breaking occurs. Com-
pute ( |1,b| Yo, the value at which Gyyper (0) is minimized.

(b) In the presence of an external magnetic ﬁcld B, a gauge- -invariant ex-
- pression for the free energy is

B2 # v *A 2

5 T (—i e" A}

(The effective charge e* turns out to be 2e, because ]gb]2 represents the
density of Cooper pairs.) Derive the field equations that follow from min-
imizing Gauper(B) with respect to ¢ and A. Show that in the weak-field
approximation (Vi = 0, ¢ = (1)) the photon acquires a mass within the
superconductor. [Reference: V. L. Ginzburg and L. D. Landau, Zh. Eksp.
Teor. Fiz. 20, 1064 (1950); English translation: see Men of PhJaacs Lan-
dau, Vol. II, edited by D. ter Haar, Pergamon, New York, 1965. For further ‘
111f0rmatmn see §21.6 of Wemberg s The Quantum Theory of Fields, vol. 2,
“Modern Apphcatmns (Cambridge University Press, Cambridge, 1996) ]

Gﬁuper (B) = Gsuper (0)
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Outline a “three-neutrino experiment” to establish that
a neutral, penetrating beam of v, materializes into 7
upon interacting in matter. [For background, look at the
first two-neutrino experiment, J. Danby, et al., Phys.
Rev. Lett. 9, 36 (1962). See also the Nobel Lectures of
“Murder, Inc.,” (as they called themselves), Mel Schwartz, -

. Jack Steinberger, and Leon M. Lederman, reprinted in

Rev. Mod. Phys. 61, 527, 533, 547 (1989).] What would
provide a copious source of 1.7 What energy would be
advantageous for the detection of the produced 77 What
characteristics would be required of the detector? What
are the important backgrounds, and how would you han-
dle them? Some information about a three-neutrino
experiment in analysis at Fermilab can be found at
http://£fn872.fnal.gov.
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RUNNING MASSES
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How does \qgcp depend upon m;?

- Calculate as(2m;) evolving up from low energies and down
from the unification scale, and match:

21 25 23
Vay + —1In(2me/My) = 1/as(2m.) — =2 In(me/my) — — In(my /my)
67 6w 67

Identifying
27
l/as(Zme) = o—In(2m./Aocp)
T
we find that
O 2my - 2me - 2me \ 27T
Aqep = (Faw o) GV

We have learned from (lattice) QCD that

M proton ~ CA QCD

MPI‘Oton ( Trg )2/27
1 GeV ~ \1 GeV




All this is but a dream.

Still, examine it by a few experiments.

Nothing is too wonderful to be true,

if it be consistent with the laws of nature
and in such things as these,

Experiment is the best test of such
consistency.

Michael Faraday
Research notes, 19th March 1849


Chris Quigg


