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PHYSICAL REVIEW D, VOLUME 58, 093009

Neutrino interactions at ultrahigh energies

Raj Gandhi
Mehta Research Institute, Chhatnag Road, Jhusi, Allahabad 211019, India

Chris Quigd
Theoretical Physics Department, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, lllinois 60510

Mary Hall Rend
Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242

Ina Sarcevié
Department of Physics, University of Arizona, Tucson, Arizona 85721
(Received 7 July 1998; published 30 September 1998

We report new calculations of the cross sections for deeply inelastic neutrino-nucleon scattering at neutrino
energies between 1@V and 18' eV. We compare with results in the literature and assess the reliability of
our predictions. For completeness, we briefly review the cross sections for neutrino interactions with atomic
electrons, emphasizing the role of tNé-boson resonance iE)e interactions for neutrino energies in the
neighborhood of 6.3 PeV. Adopting model predictions for extraterrestrial neutrino fluxes from active galactic
nuclei, gamma-ray bursters, and the collapse of topological defects, we estimate event rates in large-volume
water Gerenkov detectors and large-area ground arre§8556-282(98)08621-4

PACS numbsgs): 13.15+g, 13.60.Hb, 95.55.Vj, 96.40.Tv

I. INTRODUCTION neutrinos correlated with supernova SN1987A and the detec-
tion of solar neutrinos by observing the direction of recoll
Neutrino observatories hold great promise for probing theelectrons from neutrino interactiongl5,16 showed the
deepest reaches of stars and galakiesd]. Unlike charged promise of neutrino observatories for astrophysical studies.
particles, neutrinos arrive on a direct line from their source,The detection of neutrinos produced by cosmic-ray interac-
undeflected by magnetic fields. Unlike photons, neutrinos intions in the Earth’s atmosphefé7—-2Q has emerged as a
teract weakly, so they can penetrate thick columns of mattetool for investigating neutrino oscillatiori21-24. Plans for
For example, the interaction length of a 1-TeV neutrino isn€utrino observatories that will detect neutrinos that origi-
about 2.5 million kilometers of water, or 250 ktongm hate beyond Earth have matured to the point that it is now
whereas high-energy photons are blocked by a few hundre@qsonable to contemplate instrumenting a volume of water
glen?. or ice as Ia.rge as 1 k?T[ZS—S_Z. The ground array of the
Ultrahigh-energy neutrinos can be detected by observing"0P0S€d Pierre Auger Cosmic Ray Observa{@$] would

- 3 .
long-range muons produced in charged-current neutring/2V€ an acceptance exceeding Flamof water for neutrino

. 7 e .
nucleon interactions. To reduce the background from muonE.nergles greater than 1(eV [34]. The Orbiting Wide-angle

produced in the atmosphere, it is advantageous to site a ne ight collectors projec(ow) would place in Earth orbit a
trino telescope at a depth of several kilometdvgater
equivalent or to observe upward-going muons. The reac-

ens to study air showers initiated by 10°%-eV particles,
including neutrinog 35].
i il . — — In this paper we present new calculations of the cross
tions (v,»)N—(17,17)+anything and ¢,,»)N—(v,»)  sections for charged-current and neutral current interactions
+anything are the major sources of both the desired signaf neutrinos with nucleons, updating our results of R&2]
and the attenuation of the neutrino “beam” as it passe§Gandhi, Quigg, Reno, and Sarcevic 196BQRS96] to
through the Eartlen routeto the detector. Through the past take account of new information about the parton distribu-
dozen years, improving knowledge of the partonic structurgions within the nucleorf36]. In place of the CTEQ3-DIS
of the nucleon has made possible a series of increasinglideep inelastic scatteringparton distributiond37] that we
refined predictions for the interaction cross sectiffs13]. adopted as our nominal set in GQRS96, we base our new
Over the same period, ideas about the flux of neutrinos froncalculations on the CTEQA4-DIS parton distributiof88].
active galactic nuclei(AGNs) and other extraterrestrial The changes are modest, and only noticeable at the highest
sources have evolved considerably. The observatidh of neutrino energies we consider: B,=10' eV, the new
cross sections are about 25% smaller than those of GQRS96.
We find that for neutrino energies up tof@V, all the

*Email address: raj@mri.ernet.in standard sets of parton distribution functions yield very simi-
TEmail address: quigg@fnal.gov lar cross sections. At higher energies, the predictions rely on
*Email address: reno@hepsun1.physics.uiowa.edu incompletely tested assumptions about the behavior of parton
SEmail address: ina@gluon.physics.arizona.edu distributions at very small values of the momentum fraction

0556-2821/98/5®)/09300915)/$15.00 58 093009-1 © 1998 The American Physical Society
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Discovery of a Narrow Resonance in e*te- Annihilation

J. -E. Augustin®, A. M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G. J. Feldman, G. E. Fischer, D.
Fryberger, G. Hanson, B. Jean-Marie”, R. R. Larsen, V. Lith, H. L. Lynch, D. Lyon, C. C. Morehousg, J.
M. Paterson, M. L. Perl, B. Richter, P. Rapidis, R. F. Schwitters, W. M. Tanenbaum, and F. Vannucci$

Sanford Linear Accelerator Center, Stanford University, Sanford, California 94305

G. S. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek, J. A. Kadyk, B.

Lulu, F. Pierrel, G. H. Trilling, J. S. Whitaker, J. Wiss, and J. E. Zipse

Lawrence Berkeley Laboratory and Department of Physics, University of California, Berkeley, California

94720
Received 13 November 1974

We have observed a very sharp peak in the cross section for e*e-->hadrons, e*er, and possibly pty- at a
center-of-mass energy of 3.105+0.003 GeV. The upper limit to the full width at half-maximum is 1.3 MeV.

©1974 The American Physical Society

URL: http://link.aps.org/abstract/PRL/v33/p1406
DOI: 10.1103/PhysRevL ett.33.1406

* Present address: Laboratoire de I'Accélérateur Linéaire, Centre d'Orsay de l'Université de Paris, 91 Orsay,
France.

8 Permanent address: Institut de Physique Nucléaire, Orsay, France.

T Permanent address: Centre d'Etudes Nucléaires de Saclay, Saclay, France.
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See Also:

Comment: M. Suzuki, Sope of psi Regge Trajectories and a Test of "Elementarity” of the psi Particlesin

2 psi Production by Hadrons, Phys. Rev. Lett. 34, 1412 (1975).

http://cornell.mirror.aps.org/abstract/PRL/v33/i23/p1406_1 (1 of 2) [11/28/2001 17:42:58]


http://cornell.mirror.aps.org/
http://cornell.mirror.aps.org/browse.html
http://cornell.mirror.aps.org/search.html
http://cornell.mirror.aps.org/subinfo.html
http://cornell.mirror.aps.org/help/help.html
http://cornell.mirror.aps.org/abstract/PRL/v33/i23/p1404_1
http://cornell.mirror.aps.org/abstract/PRL/v33/i23/p1408_1
http://cornell.mirror.aps.org/toc/PRL/v33/i23
http://cornell.mirror.aps.org/thumbnail/PRL/v33/i23/p1406_1?start=0
http://cornell.mirror.aps.org/pdf/PRL/v33/i23/p1406_1
http://cornell.mirror.aps.org/thumbnail/PRL/v33/i23/p1406_1?start=0
http://cornell.mirror.aps.org/pdf/PRL/v33/i23/p1406_1
http://cornell.mirror.aps.org/abstract/PRL/v33/i23/p1404_1
http://cornell.mirror.aps.org/abstract/PRL/v33/i23/p1408_1
http://cornell.mirror.aps.org/toc/PRL/v33/i23
http://cornell.mirror.aps.org/abstract/PRL/v34/i22/p1412_1

VOLUME 33, NUMBER 23

PHYSICAL REVIEW LETTERS

2 DECEMBER 1974

proximately 103 cm?2,

The most striking feature of J is the possibility
that it may be one of the theoretically suggested
charmed particles?® or a’s® or Z,’s,* etc. In or-
der to study the real nature of J,° measurements
are now underway on the various decay modes,
e.g., an emv mode would imply that J is weakly
interacting in nature.

It is also important to note the absence of an
e*e” continuum, which contradicts the predic-
tions of parton models.®

We wish to thank Dr. R. R. Rau and the alternat-
ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment, We thank especially Dr. F. Eppling,
B. M. Bailey, and the staff of the Laboratory for
Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schulz, Ms. H. Feind,
N. Feind, D. Osborne, G. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,

S. Drell, and S. Glashow for many interesting
conversations.

TAccepted without review under policy announced in
Editorial of 20 July 1964 [Phys, Rev. Lett, 13, 79
(1964)].

'The first work onp +p —pu*+p~ +x was done by L. M.
Lederman et al., Phys. Rev. Lett, 25, 1523 (1970).

%S. L. Glashow, private communication,

5T, D, Lee, Phys. Rev. Lett, 26, 801 (1971),

IS. Weinberg, Phys. Rev. Lett, 19, 1264 (1967), and
27, 1688 (1971), and Phys. Rev. D 5, 1412, 1962 (1972),

After completion of this paper, we learned of a sim-
ilar result from SPEAR. B, Richter and W, Panofsky,
private communication; J.-E. Augustin et al., following
Letter [Phys. Rev. Lett. 33, 1404 (1974)].

fS. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316
(1970). An improved version of the theory is not in con-
tradiction with the data.

Discovery of a Narrow Resonance in e* ¢~ Annihilation*

J.-E. Augustin,{ A. M. Boyarski, M. Breidenbach, F, Bulos, J. T. Dakin, G. J. Feldman,
G. E. Fischer, D. Fryberger, G. Hanson, B, Jean-Marie,T R. R. Larsen, V. Liith,
H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M, Tanenbaum,
and F. Vannuccii
Stanford Lineav Accelevator Centev, Stanford Univevsity, Stanfovd, California 94305

and

G. 8. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek,
J. A. Kadyk, B, Lulu, F. Pierre,§ G, H. Trilling, J. S. Whitaker,
J. Wiss, and J. E, Zipse
Lawrence Bevkeley Labovatory and Depaviment of Physics, University of California, Bevkeley, California 94720
(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e *e~ —hadrons, e*e~, and
possibly p*u®-at a center-of-mass energy of 3.105+0,003 GeV. The upper limit to the

full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e*e™— hadrons, e*e~, and pos-
sibly u*u” in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector’ at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E=3.105+0.003 GeV,
I'<1.3 MeV

(full width at half-maximum), where the uncer-
tainty in the energy of the resonance reflects the

1406

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture zp(3105).] The cross section for hadron pro-
duction at the peak of the resonance is = 2300

nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.

Our attention was first drawn to the possibility
of structure in the e*e”— hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 30% (6 nb) enhancement was
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
GeV. The 3.2-GeV results reproduced, the 3.3-
GeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent—six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-GeV
setting of the storage ring, the inconsistent 3.1-
GeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure,

We have now repeated the measurements using
much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 10%, The determination of the
absolute energy setting of the ring requires the
knowledge of [Bdl around the orbit and is accur-
ate to £0.1%.

The data are shown in Fig, 1, All cross sec-
tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig, 1(a). Hadronic events
are required to have in the final state either =3
detected charged particles or 2 charged particles
noncoplanar by >20°.2 The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak® and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e*e” reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7% contri-
bution from uncertainty in the detection efficiency.

Our mass resolution is determined by the en-
ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron

radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (¢ =0.56 MeV),
folded with the radiative processes,® is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e*e”
final states. Outside the peak this cross section

5000 ]

2000 * 1
1000
500

200

o (nb)

100 £
50 |

-«

/

/
Lol

20 +

10

500 (b)

L4131y

200 r
100

o (nb)

50

=5
ol

20

10

200 i
100
50

T T T
Lol

20

o (nb)

T
B o

10

(6]
T T TTTTT]
———

|

n
T
I

3.10 3.2 314
Ec.m. (GeV)

FIG, 1. Cross section versus energy for (a) multi-
hadron final states, (b) e*e” final states, and (c) p*u~,
*r~, and K *K° final states. The curve in (a) is the ex-
pected shape of a §~function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.

is equal to the Bhabha cross section integrated
over the acceptance of the apparatus,’

Figure 1(c) shows the cross section for the
production of collinear pairs of particles, ex-
cluding electrons., At present, our muon identi-
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fications system is not functioning and we there-
fore cannot separate muons from strongly inter-
acting particles. However, outside the peak the
data are consistent with our previously measured
u-pair cross section. Since a large 77 or KK
branching ratio would be unexpected for a reso-
nance this massive, the two-body enhancement
observed is probably but not conclusively in the
u-pair channel.

The e*e” — hadron cross section is presumed
to go through the one-photon intermediate state
with angular momentum, parity, and charge con-
jugation quantum numbers JF¢=17", It is dif-
ficult to understand how, without involving new
quantum numbers or selection rules, a resonance
in this state which decays to hadrons could be so
narrow,

We wish to thank the SPEAR operations staff
for providing the stable conditions of machine
performance necessary for this experiment.
Special monitoring and control techniques were
developed on very short notice and performed ex-

cellently,

*Work supported by the U, S, Atomic Energy Com-
mission,

tPresent address: Laboratoire de 1’Accélérateur
Linéaire, Centre d’Orsay de 1’Université de Paris, 91
Orsay, France,

iPermanent address: Institut de Physique Nucléaire,
Orsay, France.

§Permanent address: Centre d’Etudes Nucléaires de
Saclay, Saclay, France.

"The apparatus is described by J.-E. Augustin et al.,
to be published.

*The detection-efficiency determination will be de-
scribed in a future publication.

3While preparing this manuscript we were informed
that the Massachusetts Institute of Technology group
studying the reaction pp —e*e~ +x at Brookhaven Na-
tional Laboratory has observed an enhancement in the
e‘e” mass distribution at about 3100 MeV, J. J, Aubert
et d., preceding Letter [Phys. Rev. Lett. 33, 1402
(1974)].

G. Bonneau and F, Martin, Nucl, Phys. B27, 381
(1971).

Preliminary Result of Frascati (ADONE) on the Nature of a New 3.1-GeV Particle
Produced in e*e” Annihilation*

C. Bacci, R. Balbini Celio, M. Berna-Rodini, G. Caton, R. Del Fabbro, M. Grilli, E, Iarocci,
M. Locci, C. Mencuccini, G. P, Murtas, G. Penso, G. S. M, Spinetti,
M. Spano, B. Stella, and V. Valente
The Gamma-Gamma Group, Labovatori Nazionali di Frascati, Frascati, Raly

and

B. Bartoli, D. Bisello, B. Esposito, F. Felicetti, P. Monacelli, M. Nigro, L. Paolufi, I. Peruzzi,
G. Piano Mortemi, M. Piccolo, F. Ronga, F, Sebastiani, L. Trasatti, and F, Vanoli
The Magnet Expevimental Gvoup for ADONE, Labovatori Nazionali di Frascati, Frascati, Faly

and

G. Barbarino, G. Barbiellini, C. Bemporad, R. Biancastelli, F. Cevenini, M. Celvetti,
F. Costantini, P, Lariccia, P. Parascandalo, E. Sassi, C. Spencer, L. Tortora,
U. Troya, and S. Vitale
The Bavyon-Antibaryon Grvoup, Labovatovi Nazionali di Frascati, Frascati, Italy
(Received 18 November 1974)

We report on the results at ADONE to study the properties of the newly found 3.1-BeV

particle.

Soon after the news that a particle of 3.1 GeV
with a width consistent with zero had been ob-
served at Brookhaven National Laboratory by the
Massachusetts Institute of Technology group,’ it
was immediately decided to push ADONE beyond
its nominal limit of energy (2X1.5 GeV) to look
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for this particle. On the following day the in-
formation had reached us that this particle had
also been observed at SPEAR at the energy of
exactly 3.10 GeV with a narrow width, <1,3 MeV,?

Three experiments® [the Gamma-Gamma Group,
the Magnet Experimental Group for ADONE
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EDITORIAL

Publication of a New Discovery

This issue of Physical Review Letters must certainly be one of the
most unusual inour history, with not just one but three extremely stim-
ulating reports of a new discovery. Undoubtedly, the activity which will
be aroused will be enormous and we happily join the rest of the physics
community in congratulating those involved.

At the same time we would like to point out that the events of the past
weeks placed some considerable stress not only on our office staff but
also on our editorial policy regarding prior publication. We are grate-
ful to the authors who were willingto meet our desires to defer publica-
tion announcements until the journal issue appeared. When, however,
upon consulting our advisors we became aware of the truly unusual ex-
tent to which the entire high energy physics community was involved,
we concurred that the news justified early public release. We hope that
this decision will not be used as a precedent in future controversies
concerning our stated editorial policies but will instead be taken as an
indication that we are willing to bend these policies so as to be of ser-
vice to the physics community.

J. A, Krumhansl
George L, Trigg
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Space-Time Approach to Quantum Electrodynamics

R. P. FEYNMAN
Department of Physics, Cornell University, Ithaca, New York

(Received May 9, 1949)

In this paper two things are done. (1) It is shown that a con-
siderable simplification can be attained in writing down matrix
elements for complex processes in electrodynamics. Further, a
physical point of view is available which permits them to be
written down directly for any specific problem. Being simply a
restatement of conventional electrodynamics, however, the matrix
elements diverge for complex processes. (2) Electrodynamics is
modified by altering the interaction of electrons at short distances,
All matrix elements are now finite, with the exception of those
relating to problems of vacuum polarization. The latter are
evaluated in a manner suggested by Pauli and Bethe, which gives
finite results for these matrices also. The only effects sensitive to
the modification are changes in mass and charge of the electrons.
Such changes could not be directly observed. Phenomena directly
observable, are insensitive to the details of the modification used
(except at extreme energies). For such phenomena, a limit can
be taken as the range of the modification goes to zero. The results
then agree with those of Schwinger. A complete, unambiguous,

and presumably consistent, method is therefore available for the
calculation of all processes involving electrons and photons.

The simplification in writing the expressions results from an
emphasis on the over-all space-time view resulting from a study
of the solution of the equations of electrodynamics. The relation
of this to the more conventional Hamiltonian point of view is
discussed. It would be very difficult to make the modification
which is proposed if one insisted on having the equations in
Hamiltonian form.

The methods apply as well to charges obeying the Klein-Gordon
equation, and to the various meson theories of nuclear forces.
Tllustrative examples are given. Although a modification like that
used in electrodynamics can make all matrices finite for all of the
meson theories, for some of the theories it is no longer true that
all directly observable phenomena are insensitive to the details of
the modification used.

The actual evaluation of integrals appearing in the matrix
elements may be facilitated, in the simpler cases, by methods
described in the appendix.

HIS paper should be considered as a direct con-
tinuation of a preceding one! (I) in which the
motion of electrons, neglecting interaction, was ana-
lyzed, by dealing directly with the solution of the
Hamiltonian differential equations. Here the same tech-
nique is applied to include interactions and in that way
to express in simple terms the solution of problems in
quantum electrodynamics.

For most practical calculations in quantum electro-
dynamics the solution is ordinarily expressed in terms
of a matrix element. The matrix is worked out as an
expansion in powers of €?/7c, the successive terms cor-
responding to the inclusion of an increasing number of
virtual quanta. It appears that a considerable simplifi-
cation can be achieved in writing down these matrix
elements for complex processes. Furthermore, each term
in the expansion can be written down and understood
directly from a physical point of view, similar to the
space-time view in I. It is the purpose of this paper to
describe how this may be done. We shall also discuss
methods of handling the divergent integrals which
appear in these matrix elements.

The simplification in the formulae results mainly from
the fact that previous methods unnecessarily separated
into individual terms processes that were closely related
physically. For example, in the exchange of a quantum
between two electrons there were two terms depending
on which electron emitted and which absorbed the
quantum. Yet, in the virtual states considered, timing
relations are not significant. Olny the order of operators
in the matrix must be maintained. We have seen (I),
that in addition, processes in which virtual pairs are
produced can be combined with others in which only

! R. P. Feynman, Phys. Rev. 76, 749 (1949), hereafter called I.

positive energy electrons are involved. Further, the
effects of longitudinal and transverse waves can be
combined together. The separations previously made
were on an unrelativistic basis (reflected in the circum-
stance that apparently momentum but not energy is
conserved in intermediate states). When the terms are
combined and simplified, the relativistic invariance of
the result is self-evident.

We begin by discussing the solution in space and time
of the Schrédinger equation for particles interacting
instantaneously. The results are immediately general-
izable to delayed interactions of relativistic electrons
and we represent in that way the laws of quantum
electrodynamics. We can then see how the matrix ele-
ment for any process can be written down directly. In
particular, the self-energy expression is written down.

So far, nothing has been done other than a restate-
ment of conventional electrodynamics in other terms.
Therefore, the self-energy diverges. A modification? in
interaction between charges is next made, and it is
shown that the self-energy is made convergent and
corresponds to a correction to the electron mass. After
the mass correction is made, other real processes are
finite and insensitive to the “width” of the cut-off in
the interaction.?

Unfortunately, the modification proposed is not com-
pletely satisfactory theoretically (it leads to some diffi-
culties of conservation of energy). It does, however,
seem consistent and satisfactory to define the matrix

2 For a discussion of this modification in classical physics see
R. P. Feynman, Phys. Rev. 74 939 (1948), hereafter referred
to as A.

3 A brief summary of the methods and results will be found in
R. P. Feynman, Phys. Rev. 74, 1430 (1948), hereafter referred
to as B.
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F16. 1. The fundamental interaction Eq. (4). Exchange of one
quantum between two electrons.

a general theoretical sense by this approximation. If it
is not made it is not easy to study interacting particles
relativistically, for there is nothing significant in choos-
ing f1=1; if x1£X3, as absolute simultaneity of events
at a distance cannot be defined invariantly. It is essen-
tially to avoid this approximation that the complicated
structure of the older quantum electrodynamics has
been built up. We wish to describe electrodynamics as
a delayed interaction between particles. If we can make
the approximation of assuming a meaning to K(3,4;1, 2)
the results of this interaction can be expressed very
simply.

To see how this may be done, imagine first that the
interaction is simply that given by a Coulomb potential
¢2/r where 7 is the distance between the particles. If this
be turned on only for a very short time Afy at time ,,
the first order correction to K(3, 4; 1, 2) can be worked
out exactly as was Eq. (9) of I by an obvious general-
ization to two particles:

K®(3,4;1,2)= —-ic2ffKoa(3, 5)Kos(4, 6)r567"

X Koa(5, 1)K o6, 2)d*x5d*xAl,

where #;=1Ils=1,. If now the potential were on at all
times (so that strictly K is not defined unless ¢,=1; and
h=t,), the first-order effect is obtained by integrating
on {,, which we can write as an integral over both #5
and #¢ if we include a delta-function 8(/s—1) to insure
contribution only when f{;=t. Hence, the first-order
effect of interaction is (calling f5—te=1z6):

K®G3,4;1,2)=—ie f f Koa(3, $)Ko(4, 6)r55”

X 8(t56) Koa(S, 1) Kob(6, 2)d1sd7s, (2)

where dr=d®xd!.

We know, however, in classical electrodynamics, that
the Coulomb potential does not act instantaneously,
but is delayed by a time 73, taking the speed of light
as unity. This suggests simply replacing 755 8(fs6) in
(2) by something like 756~'8(/56—756) to represent the
delay in the effect of b on a.

FEYNMAN

This turns out to be not quite right,” for when this
interaction is represented by photons they must be of
only positive energy, while the Fourier transform of
6(ts6—736) contains frequencies of both signs. It should
instead be replaced by &, (fs6—7s¢) where

o (x)= f e~ “"dw/m=lim ST)—_= ()4 (rix)"t. (3)

=0 x—je

This is to be averaged with 757'8,(—f56—7s6) which
arises when /;<{/; and corresponds to a emitting the
quantum which b receives. Since

)10y (t—=r) 84 (—1—1))=08,(L—1),

this means 757'8(/56) is replaced by &,(sss?) where
sse’ =156’ — 756’ is the square of the relativistically in-
variant interval between points 5 and 6. Since in
classical electrodynamics there is also an interaction
through the vector potential, the complete interaction
(see A, Eq. (1)) should be (1—(vs-vg)d,(s562), or in the
relativistic case,

(1 — Qg Wb)5+(5662) = Baﬁb'Yau'Ybua-f-(saGZ)-

Hence we have for electrons obeying the Dirac equation,

K®@, 451, 2) = —ie f f Ksa(3, 5)Ko(4, 6)Yaron

X6, (556) K1a(S, 1)K 0(6, 2)drsdrs, (4)

where v,, and v, are the Dirac matrices applying to
the spinor corresponding to particles ¢ and b, respec-
tively (the factor 8,8, being absorbed in the definition,
I Eq. (17), of K,).

This is our fundamental equation for electrodynamics.
It describes the effect of exchange of one quantum
(therefore first order in ¢?) between two electrons. It
will serve as a prototype enabling us to write down the
corresponding quantities involving the exchange of two
or more quanta between two electrons or the interaction
of an electron with itself. It is a consequence of con-
ventional electrodynamics. Relativistic invariance is
clear. Since one sums over u it contains the effects of
both longitudinal and transverse waves in a relati-
vistically symmetrical way.

We shall now interpret Eq. (4) in a manner which
will permit us to write down the higher order terms. It
can be understood (see Fig. 1) as saying that the ampli-
tude for “a” to go from 1 to 3 and “b” to go from 2 to 4
is altered to first order because they can exchange a
quantum. Thus, “e” can go to 5 (amplitude K (5, 1))

7It, and a like term for the effect of a on b, leads to a theory
which, in the classical limit, exhibits interaction through half-
advanced and half-retarded potentials. Classically, this is equi-
valent to purely retarded effects within a closed box from which
no light escapes (e.g., see A, or J. A. Wheeler and R. P. Feynman,
Rev. Mod. Phys. 17, 157 (1945)). Analogous theorems exist in
quantum mechanics but it would lead us too far astray to discuss
them now.
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4. 20th International Linac Conference (Linac 2000)
21-25 Aug 2000, Monterey, California

Mawa Chatwell: SLAC, MS 26: P.O. Box 4349: Sfanford, CA 94305, USA

Email: linac2000 & slac stanford edu

Proceedings: PEOCEEDINGS . Edited by A. W. Chao. Stanford, SLAC, 2000. 2 wols. (SLAC-F-361)
SLAC Library holdings: QCD 19 1:C62 2000

Papers in SPIFES-HEP submitted to the Meeting/Conference

Home UFL: http #TIMAC2000 slac stanford edu

Proceedings UFL.: hitpfererw slac stanford edu/econfiC00082 Liproceedings himl
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1989 American Physical Society
Task Force on Information Systems
(Loken Committee)

Vision of an electronic information system by 2020:

> a (Digital) Library of Science
considerable progress—rather different in form

> seamless access to data in digital form
miles to go

see http://publish.aps.org/reports/lokenrep.html



2001 APS Task Force
on Electronic Information Systems
(Loken 11)

To report soon ...
> Who pays?
for what?

> Archiving . ..
APS / Library of Congress agreement
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Time Spealker Title
2/19 2:00 Or. Christine Davies The Physics of Bottom and Charm: Theory Confronts
Univ of Glasgow Experiment[Slides]
2/20 3:00 Or. Chris Quigg Physics with a Millimole of Muons[Slides][Aud]
Fermilab
2/25 2:00 Dr. Leon Balents From meV to MeV and Back: Capitalizing on Field Theory in
ITP One-dimensional Correlated Insulators[Slides]
3/4 2:00 Or. Philip Lubin The Mext Generation Cosmic Microwave Background Measurements
UCSE and What We Hope to Learn About the Early Universe[Slides][Aud]
3/10 4:00 Dr. Stephen Shenker M Theory and Matrix Mechanics[Slides]
ITP B Rutgers
3/18 2:00 Dr. anthony Leggett Does the Everyday World Really Obey Quantum
ITP & Univ of Illinois Mechanics?[Slides][Aud]
41 1:30 Dr. &ndrew Strominger SiXx-Dimensional String Theories[Slides]
ITP & Harvard
4/8 2:00 Dr. Leo Radzihovsky Elasticity, Shape Fluctuations and Phase Transitions of Anisotropic
Univ of Colorado Membranes[Slides][Aud]
4/15 2:00 Dr. Stephen Hawking Inflation: An Open and Shut Case[Slides][Aud]
ITP & Cambridge Univ
5/6 2:00 Dr. Steven Kivelson Topological Doping[Slides][Aud]
LICLA
5/8 2:00 Or. M, Katherine Hayles How We Became Posthuman: Humanistic Implications of Recent
UCLA, Research into Cognitive Science and Artificial Life[Slides][Aud]
5/20 2:00 Dr. Leda Cosmides Has Matural Selection Shaped How Humans Reason?[Aud]
UCSE, Evolutionary Psychology
Dr. John Tooby
UCSE, Anthropology Dept,
last modified 11427100 dme -
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9/26, 2:00
p.m.

10/08, 4:00
p.m.

10/10, 2:00
p.m.

10/12, 10:30
am.

10/17, 2:00
p.m.
10/19, 2:00
p.m.
10/24, 2:00
p.m.
11/05, 3:30
p.m.

11/06, 2:30
p.m.

11/14, 2:00
p.m.

11/19, 2:00
p.m.

11/28, 2:00
p.m.

2/14, 2:00
p.m.
2/28, 2:00
p.m.

3/14, 2:00
p.m.
3/21, 2:00
p.m.
4/11, 2:00
p.m.
4/13, 3:30
p.m.
4/18, 2:00
p.m.

5/18, 11:00
am.

INSTITUTE FOR THEORETICAL PHYSICS

Colloquia and Special Seminars

Dr. Serge Haroche
Ecole Normale Supérieure and
College de France, Paris

Dr. A. Yacoby
Weizmann | nstitute
Dr. Mehran Kardar
ITP& MIT

Dr. llyaNemenman
ITP

Dr. Victor Gurarie
Oxford

Dr. J. E. Mooij

ITP & Déeft Technical University

Dr. S. C. Zhang
Stanford University

Dr. Neil Turok
Cambridge
Dr. Kay Wiese
ITP

Dr. J. E. Mooij
ITP & Déeft University of
Technology

Dr. Boris Shraiman
Bell Labs

Dr. Art Wolfe
ucsb

Dr. David Kleinfeld
Uucsb

Dr. Steven Girvin
ITP & Indiana University

Dr. AngelaOlinto

U. Chicago

Dr. Henry W. Sobel

University of California, Irvine
Dr. Michael Peskin

SLAC

Dr. Michael H. Freedman
Microsoft

Dr. Thomas Junk
CERN

Dr. Alain Connes
IHES/MSRI

July - December, 2001

Manipulating Entanglement in Cavity QED Experiments[Slides]

Tunneling Spectroscopy of Elementary Excitationin 1D

The "Friction' of Vacuum, and other Fluctuation-Induced
Forces[ Slides][Aud][Cam]

Predictability, Complexity and L earning[Slides][Aud][Cam]

Disorder Symmetry and Universality Classes Slides][Aud][Cam]

Persistent-Current Quantum Bits[Aud][Cam]

A Four Dimensiona Generalization of the Quantum Hall Effect[Aud][Cam]

A Cyclic Model of the Universe[Aud][Cam]

Disordered Systems and the Functional Renormalization
Group[Slides|[Aud][Cam]

M acroscopic Quantum Effects in Josephson Junction Circuits] Aud][Cam]

Statistical Mechanics in Modeling of Transcription Control Networks

Does the Fine Structure Constant Vary Over Cosmologica Time Scales?

January - June, 2001

Phase Oscillators and Traveling Electrical Waves in Cortex[Slides|[Aud]

Physical Realizations of Quantum Bits: Trapped lons and Cooper Pair
Boxeg[Slides|[Aud]

The Highest Energy Cosmic Rays[ Slides|[Aud]

Neutrino Mass from Super-Kamiokande] Slides][Aud]

A Decade of Precision Electroweak Experiments] Slides][Aud]

A Two-Dimensional Antiferromagnet Which "Knows" Chern-Simons
Theory[Slides][Aud][Cam]

Searches for the Higgs Boson at L EP[ Slides][Aud]

Noncommutative Geometry[Aud]
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talks/ public/

Public Lecture Recordings:

This Particular Elegant Universe: How Do We
Measure It?

by: Melissa Franklin

Mr. Feynman's Quantum Mechanics: A Field
Guide for Curious Characters

by: Steve Girvin

The Future of Gravity
by: James Hartle

Einstein's Clocks: High Theory and Lowly
Technology
by: Peter Galison

Science and the Mind
by: Roger Penrose

Spacetime Warps and the Quantum: A Glimpse
of the Future

by: Kip Thorne

A NEW FORM OF MATTER: Bose-Einstein
Condensation and the Atom Laser

by: Wolfgang Ketterle

Duality, Space-Time and Quantum Mechanics
by: Edward Witten

Taking Measure of the Universe: How Big?
How Old? How Do We Know?

by: Robert Kirshner

http://www.itp.ucsb.edu/talks/public/ (1 of 2) [11/28/2001 18:21:54]
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Dr. Melissa Franklin, Harvard University, THIS PARTICULAR ELEGANT UNIVERSE: How Do We Measure It?

Schedule %

Jan 31, 2001

THIS PARTICULAR
ELEGANT UNIVERSE:
How Do We Measure |t?

Dr. Mdlissa Franklin, Harvard University

Audio for thistalk requires sound hardware, and RealPlayer or Real Audio by Real Networks.

Begin WebCam and audio for the whole talk: high bandwidth or medium bandwidth.

Or, begin audio only for the whole talk: high bandwidth or low bandwidth. (Or, right-click to
download the whole audio file.)

To begin viewing dlides, click on the first slide below.
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Web Lecture Archive Project - Home Page

Bsummer Student Lectures 2001

ESummer Student Lectures 2000

ESummer Student Lectures 1999

E ATLAS: Introduction to Geant4

| .
PlEgil Lillestol- LHC: An Exciting _Getting

Physics Future For CERN Started
Pream Blatias The AGDD generic model [ﬁ;ﬂ%
FeedForm E Training for dismantling LEP £ Project Team
Bl academic Trai ning Program A Feedback
2000-2001 Form

Hiding Infinites (Nobel Talk) M. @ g ne.0-matic
Veltman 2000

E C++ for Physicists Archivist's
Guide

& ATLASDAOQ-1 Back-end
Subsystem Training
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Web Lecture Archive Project - Home Page

E LHC Software Training

red Bringing the Web to America
P. Kunz (SLAC)

S
Cotitunicator Help

9 | B4 | 6 ] |l )3
Pt [J[@ s e

Summer student lectures
CERN, August 5-6 1999

Fabiola Gianotti (CERN)

T ] EAEEIE

http://webcast. cern. ch/ Proj ects/WblLectureArchive/index. ht n

Giosue.Vitaglione@cern.ch Seven.Goldfarb@cern.ch
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Web Lecture Archive Project - Summer Student Lectures 2000

Web Lecture Archive Project

WLAP > CERN > Summer Student Lectures > 1999

CERN Summer Student Lectures 1999

Particle Physics: The Standard Model - C. Quigg (Course
Description)

Plug In Detached Notes
19-jul-1999 g‘ﬂl@“d'o
Poor Audio
Quality
Improved
Audio
Quality
Improved
Audio
Quality
Improved
Audio
Quality
Improved
Audio
Quality
Improved
Audio
Quality
Improved
Audio

Quality

2 [20-jul-1999

09
IR

3 |21-jul-1999

4 [22-jul-1999

5 |23-jul-1999

6 |24-jul-1999

0100090

7 |27-jul-1999

0 00|09 ¢

8 |28jul-1999

0

From Raw Data to Physics Results - R. Jacobsen (Course
Description)
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Web Lecture Archive Project - Summer Student Lectures 2000

Part Date Video | Video | Archive
Plug-In|Detached] Notes

BUIldI ng

20-jul-1999
Aud|t0r| um

: Main
2 [21ju-1999| © | @ |y irorium

: Main
3 [2ju19%) © | @ irorium

partl  Date Video | Video | Archive
Plug In Detached Notes
22-jul-1999

2 [23jul-1999 Q 1.)
3 [26ju-199 © | ©

Plug In Detached Notes
26-jul-1999
27-jul-1999 0 Q
28-jul-1999| <o
29-jul-1999| <o
30-jul-1999| o

o b~ WIN

Other World Labs - G. Fliigge (Course Description)
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The Web as a Teaching Tool

| ecture archives aside . ..

> 1995 Cornell Course: readings and exercises
Commuting professor and students
ATEX — .dvi, .ps files; few links
downloads from other institutions (some abroad)

> 1997 Princeton Course: readings and exercises
many more links

Preferred medium now .pdf



And What of Textbooks?

> Can provide rich hyperlinks using BTEX — .pdf
Now limited to APS, JSTOR, recent pubs, arXiv
More in future as publishers archive back volumes

> How to distribute? CD-ROM, DVD, Web?
E-books haven't taken off

> Incentives for authors?
Who pays? How? To whom?
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Snowmass 2001 Web Site

"Fermilab as a Creative Cormrnunity,” inwited lecture (PDF file) at the = voopoziom on the Fufoe of Creativity, School of the
Art Institute of Chicagp, 3 Movernber 200 1.

“Wisions: the Coming Fevolutions in Particle Physics," Clozing Tecture (PDF file) of the Third Intemational ymposinm on
Laree Hadron Collider Physics and Detectors, Chia, Sardinia, Italy, 27 October 2001

"The Last Universal Physicist " a brief appreciation of Enrico Fermi, from Fermitews

“Why We Are Here," Snowmass 2001 Opening Talk (PDFE) and S treaming Video

"Next Steps," Snowmass 2001 Closing Talk (PDEF) and S freaming Video

“The Futures of Parficle Physics," Plenary Talk (PDE) at the 2001 Parficle Accelerator Conference and S fieaming Video,
"Particle Physics--Future Directions," paper for conference proceedines.

- [thinkshop?

htnp-quurk physica for Bon, 1T 8 beyond

Crauges Theonies of the Srong, Weak, and Fleciromagnetic fnferactions

"Particle Physics: The "World of Matter, S pace, and Time, "
streaming video of my Science for Everyone lecture at Fermnilab, Movember 14, 2000.

WEBCART OF DY 1999 AMD 2000 CEREH LECTURER FORE STTMIEER 8TUDEMTE

Web references for "The Secief Life of the Hizgs Boson, " (one PDF page)
for the Quarknet Teachers Weekend & Fermilab, Movember 11, 2000.

"The Mahue of Science,” streaming video of my keynote lecture at the Fernilab S yanposium on the Mature of Science




The Digital Divide ...

...and the Analog Divide



In Praise of Enlightened Inefficiency
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