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NEW TYPE OF NEUTRINO DISCOVERED IN COLUMBIA-BROOKHAVEN EXPERIMENT

Upton, few (orr, July 1, 1992 -- Tre Depertment of Frysics of Columbia
University in collaboration with Brookhaven lational Laboratory amnounces the dis-
covery that there exists in nature two different types of neutrinos. A group of
rhysicists from the two institutions, working at Brookhaven's new 33-Bev Alterna-
ting Gradient Synchrotron (AGS) have succeeded in observing collisions of high
energy neutrinos with nuclei.

The neutrino appears in various nuclear reactions as an elementary perti-
cle of zero mess and zero electric charge. The Columbia-Brookhaven experiment
indicates that in fact two quite independent particles of this type exist; one
connection with mu-mesons and one connected with electrons. The neutrino experi-
ment is the first to study the so-called "weak" force at high energies and was
made feasible by the availebility of the very high energy particle accelerators
such as the Brookhaven AGS.

‘ The research team that has demonstrated this dichotomy smong the neutrinoa
includes Professors L. Lederman, M. Schwartz and J. Steinberger of the Fhysics De-
partment of Columbia University; Dr. G. Danby of Brockhaven National Laboratory;
and J-M. Gaillard, K. Goulianos and N. Mistry of Columbia.

Financial support for the experiment came from the U. 5. Atomic Energy
Commission; Professors Schwartz and Steinberger are Alfred P, Sloan Fellows,

In order to observe fifty neutrino interactions, it was necessary to
pess 100 trillion neutrinos through a 10-ton detector. The par'biéles produced by
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the neutrino collisions are made to leave & trail of sparks along their path. The
detector is preceded by a 42-foot steel wall (of old battleship armor plate) to
screen out all other particles. The neutrinos were of the type known to be
assoclated with mu-mescns. The experiment showed that these neutrinos were not
able to produce electrons. The experimenters concluded that they must therefore
differ from the neutrino-type of particle associated with electrons.

I. SUMMARY

The neutrino has been a most elusive particle since it wes first pro-
rosed by W. Pauli some 30 years ago. Its original purpose was to account for an
apparent violation of energy conservation in the spontanecus decay of some nuclel.
When & nucleus underwent such a decay (called beta-decay) an electron (or a posi-
tron) was emitted. The total energy visible after decay did not amount to the
energy present before decay. A careful study of these decays .showed that it wvas
possible to retain this conservation law if an uncharged particle of zero mass
vere emitted in the decay, in addition to the electron {or positron). By conven-
tion the particle that came along with the electron wes called the anti-neutrino
while the particle that came slong with the positron was called the neutrino. It
has since been shown that the neutrino and anti-neutrino are different particles
and their assigmment to positron and electron, respectively, always holds in beta-
decay. The reason for the elusiveness of the neutrino (or anti-neutrino) liee in
the nature of thelr interactions with other elementary particles. Whereas two
protons will interact with each other whenever they are within a distance from
esch other of the order of their radii, the same does not hold for a neutrino and
a proton. Neutrinos participate only in what are called the weak interactions.
This means, for exsmple, that a neutrino from a typicsl beta-decay can pass on
the average through -~ 1011" miles of lead before interacting. This makes its de-
tection a formidable chore, and it was only in 2955 that C. Cowan and F. Relnes
of Los Alamos were first eble to observe the effects of such an interaction.
('ey actually obeerved the interactions of anti-neutrinos which came from
spontanecus decay of the free neutron.)

Seme fifteen years ago, the pi-meson (called pion) was first observed
and wvas found to decay spontenecusly into a mu-meson (called muon) and an unseen
particle.' Careful observation of the decay of the positive pion led to the estab-
lishment that the unseen particle that came alonz with the positive muon had all
the properties of the neutrino. Similarly, the wiseen particle that accompanied
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the negative muon in the decay of the negative pion had all the properties of the
anti-neutrino. Consequently, it was assumed that these particles were the same

as were present in betn-decay.

Cne of the most interssting characzteristics of the week Interactions 1is
the following: Whenever a muon is involved in & week interaction, so is a
neutrino (or an anti-neutrino). The scme holds true for the electron. For
exsmple, if either an electron or a negative muon is absorbed by a nucleus in such
an interaction, a neutrino is emitted. In this sense, both electrons and muons
seem to be explicitly coupled to neutrinos in the weak interactions.

In recent years, the question of the non-identity of the neutrino
coupled to the rmion and the neutrino coupled to the electron has been raised. One
of the most straightforward tests for this possitility is tie following: Take a
sarple of neutrinos (or anti-neutrinos) that are grarcntesd to be coupled to muens.
(For example, the ncutrinos from tie normel decay of the pion.,; Let them impinge
in sufficient nuiber on a target. If they aire the saue as the neutrines invo;ved
in beta-d=cay, then they should produce as many electrens as they produce muons.
If thev ara different, then they can in principle produce omly ruons. A compari-
son of the number of electroas proeduced with the mumber of muons mroduced will
yield the desired information.

The Columbia-~Brookiiaven group has just completed such an experiment.
Tts feasibility arises because high energy neutrinos interact more strongly than
low energy neutrinos. Irdeed, a neutrino with an energy of one billicn electron
volts will pass tbrouzh only 108 miles of lecd cn the average befnre Interactlon.
This mears that if one can put lOT reutrinos per secord through a 1J-ton detector,
one should see about one neutrino interaction per day.

The Frookhaven experiment proceeded as follows: Pions produced by the
AGS were allowed 1o trovel about TO feet before striltang a skielding wall. About
10% of these picrs decay during this intervai. The shielding well thet is placed
in the way is 42 feet thick and consists of about S5C00 tons of ircn (old battle-
ship deck plate)}. This wall is thick enough to stop sll particles except
neutrinos (which herdly notice the existerce of the wall). Cn the other side of
the wall, in a w2ll-sinlelded room, is a l0-ton spark chamber. Thig is an instru-
ment that will show & trail of sparks elong ke path of a chorged parti:lé travel-
ing within it. A neutrino interaction would be signified by either a mucn or an
electron starting within the chamber.
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The aim of the experiment was to detect these neutrino-induced trecks,
which should occur seversl times per day, and note how often they corresponded to

electrons being produced ageinst how often they corresponded to muons being pro-
duced.

Since the beginning of the yeer, 100 trillion neutrinos have been al-
lowed to pass through the chamber. Fifty of these neutrinos have interacted in
the chamber, making energetic events. Of these, 29 show only a single energetic
muon being produced, while the remainder show muons being produced along with
other particles. In no case was a single energetic electron produced. This
demonstrates that the neutrinos arising from the decay of the pion are different
from those involved in beta-decay. It is thus no longer adequate to speak of a
neutrino--it must be labeled as either a muon-type neutrinoc or an electron-type
neutrino.

II. HISTORY

A. Radioactivity of Atoms and Particles

It has long been known that certain atoms undergo spontanecus disinte-
grations. (obalt-60 is commonly known as an example of such a radicactive atom.
These unstable atoms emit radiation in the form of electrons. Detailed studies
of these processes have uncovered two important facts: (1) the force responsible
for this instability is extremely weak compared to other forces known to be
important in the structure of matter; and (2) that in order to preserve the lews
of conservation of energy, another particle must be assumed to be emitted slong
with the electron, one that escaped detection in the careful early studies. This
second particle, postulated some 30 years ago by W. Pauli and now called e
neutrino, wes known to be electrically neutral and of zero mess.* The years of
subsequent experimentation confirmed this brilliant hypothesis; the neutrino,
elusive and mysterious, was accepted as & full-fledged member of the family of
elementary particles.

*In ordinary radioactivity both negatively charged electrons and positively
charged positrons are emitted. The electron is accompanied by an anti-neutrino,
the positron by a neutrino.
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The advent of large actelerators ("atom-smashers") constructed since the
vwar facilitated a tremendous advance in the understanding of the basic structure
of matter. Deep penetrations of the nucleus by high-energy atomic projectiles
led to the discovery of many new particles and to an easy familiarity with such
previously known sub-atomic bits as the pi-meson (pion) and the mu-meson (muon).
One important fact gradually became clear; most of the new particles were
"redicective”, most eventuslly disintegrated. In the case of the most familiar of
the mesons, the mu-meson, an electron wes again emitted in the decay process. . . .
and something else. This time, detailed analysis indicated that the "samething
else" required to maintain the energy balance had to be two small, neutral and
almost massless particles. These seemed to have the ssme properties as the
neutrinos invented earlier. The pi-meson, in its disintegration, emitted a
perticle which was soon identified as the mu-meson and again, a "neutrino-like"
object was required to satisfy the conservation laws.

B. Theory of the Weak Force

A detailed theory of the rediocactivity of atoms and particles was
graduelly evolved. This theory succeeded in correlating many of the facts known
about these unstable atoms and particles after the discovery, in 1957, of the
failure of perity conservation.* It was based on an exciting postulate; that the
Bame weak force was responsible for all the weakly unstable perticles. However,
the theory was in some ways superficisl and not accepted, even by the origina:l;ors,
a8 completely satisfying. There remained certain unexplained facts; memy ‘reections
that should have been generated by this weak force were not observed, in spite of
painsteking experiments in many laboratories. An 'eiample of one such non-observed
reaction was the conversion of a mu-meson into an electron and a gamma-ray
(quantum of light energy), written as p— e + 7.

C. Muon Decey Crisis

In the fall of 1959, there began discussions at Columbia (and certainly
in other laboratories throughout the world) of the need for further exploration

*'I‘his veriod saw a major refinement in the theory of the neutrino itself.
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of this wesk force st higher energies where the strength of the force was supposed
to increase, In particular, Columbia theoreticians Professors G. Feinberg and

T. D. Lee {(working with C. N. Yang of the Institute for Advanced Study) considered
the absence of the mu-electron-gemma reaction as a "crisise".

The crisis arises as follows: Whenever a muon is involved in & weak
interaction, so is a neutrino (or an anti-neutrino). The same holds true for the
electron. For example, if either an electron or a negative muon 1s absorbed in a
nucleus as a result of such an interaction, then a neutrino is emitted. In the
above sense, both electrons and muons seem to be explicitly coupled to neutrinos
by the weak force. The difficulty arises in that calculations have shown that if
the muon and the electron were both connected with the same type of neutrino, then
one might expect that a muon should spontapeocusly decay some fraction of the time
into an electron and & gamms-rey. Indeed, it was expected thet this should happen
once for every ten thousand normal decays. However, experiments have been per-
formed Quring which 100 million muons were observed to decay. The electron-gsuma
type was never seen. Several physicists noted that a "natural” way out of the
difficulty was to break the chain commecting the muon to the electron through the
neutrino by supposing that the neutrino inwvolved with muon reactions was a
different perticle from the nesutrino connected with electrons. If this were true,
the muon would never convert into an electron and a garma-ray.

The experiment that has just been completed was designed to study both
Jroblems--to find a way of observing the weak force at the higher energles made
availsble by the recently completed AGS machine, and to test a possible solution
to the mu~electron~-gamma crisis.

IIT. THE EXPERIMENT

To carry out their observations, the Columbia-Brockhaven team used the
radistion of pi-mesons produced by the bombardment of beryllium nuclei by 13-
billion-electron-volt protons accelerated by the huge AGS. About 10% of these
pions disintegrate during their transit {at almost the velocity of light) from
the machine toward the detector. The resulting mu-mesons and neutrinos continue
roughly in the same direction and participate in the high energy originally in-
vested in the pi-meson. The idea of the experiment was to detect the neutrinos--
and to thus measure the weak force between these neutrinos and the ordinsry matier
of the detector.



NEW TYPE OF NEUTRINO -7- July 1, 1962

A. Why Use Neutrinos?

The reason for selecting neutrinos had earlier been set forth independ- .
ently by Professors M. Schwartz of Columbia and B. Pontecorve in Moscow. They
noted that of all the known particles, only neutrinos were subject to the weak
force slone and to no other force. Mu-mesons are electrically charged and the
enormously stronger electrical force would mask the small effects of the weak
force. Similar arguments applied to all other particles. Being umtouched by
ordinary forces, the neutrino can slip through enormous quantities of dense matter
without suffering collisions. It would take a lead shield one light year thick
to be reasonsbly sure of stopping a neutrino from Cobalt-60. This makes the de-
tection & formidable chore and it was only in 1955 that F. Reines and C. Cowan
of Los Alemos were first able to observe the direct collisions of neutrinos.

(They used the emormous flux of anti-neutrinos from a nuclesr reactor &t Hanford.)

Bs Expected Rate

The situation at the AGS was considerably differemt. At higher emergles
the weak force was supposed to become stronger, the neutrino more reactive. In
the Brookhaven experiment, & shield of lead only 100 million miles thick would
have a ressonable chance of stopping a one-billion-electron-volt neutrino. How-
ever, the number of neutrinos generated per second was relatively small., Calcula-
tions showed that, for each ton of detector, one of two neutrino collisions would
take place per ten dsys, with the AGS machine running 24 hours per day at maximm
intensity.

The aim of the experiment was to detect these neutrino-induced tracks.

C. Shielding

To screen the detector against all particles other than neutrinos, an
enormous shield containing 5000 tons of steel (cbsolete battleship armor provided
by the U. S. Navy) was erected near the AGS. The front wall wes 42 feet thick.

Buried in this shield was a small room containing the detector--a 10-ton alumimm
spark chamber.

D. The Speark Chamber Detector

The spark chamber, a relatively new tool of nuclesr physics, consists
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of 90 slumimm plates, each 4 foot square and 1 inch thick. These are speced
sbout 1/2 inch apart and the intervening spece filled with neon gas. Interspersed
among these plates are sensitive electronic counters. Surrounding most of the
epparatus, which stands 10 feet high by 6 feet long by 4 feet wide, is a protect-
ive screen of additional counters to warn sgainst coemic reys,

Radistion--in the form of an electrically charged particle--disturds
the atoms of neon in the gas of the spark chamber. The electronic counters also
detect the presence of this radistion, and, if the cosmic ray counters are quiet,
this signals the sudden application of high voltage between successive pairs of
the spark chamber plates. This causes an electrical spark to strike wherever the
gas has been disturbed. Thus, the path of the particie that generated the dis-
turbance 12 rendered visible via the familiar red light of glowing neom. The
sperks are photographed by autamatic cameras. The neutrino,-in its collision with
the mucleus of the alumimm atom, will project forth charged particles. These are
the tracks sought.

E. Construction and Support .

The equipment took two years to build. The effort was divided between
the Columbia lsboratory, Nevis, at Irvington-on-Budson, New York, and Brookhaven.
Brookhaven National Laboratory is operated by Associated Universities, Inc. under
contract with the U. 8. Atomic Epnergy Commission, which supported the neutrino
gsearch with a special grant. The Nevis Laboratories are part of the Columbia
Physics Department, and are supported by both the Atomic Energy Commission and
the (Office of Naval Research.

¥. The Run

Since the beginning of the year, the equipment has been exposed to
radiation from the AGS. The intensity of this radiation vas being contimously
improved by the accelerator scientists under Drs. Kenneth Green, Exrnest Courant,
Hildred Blewett and John Blewett. By June, the total mmber of neutxincs
estimated to have passed through the detector reached the 100-trillion merk.
Several times per day, the autcmetic camerss changed f£ilm, indicating the possi-
bility of an "event". When the film was anelyzed, over 50 such events were
recognlized. ’



NEW TYPE OF NEUTRINO -9~ July 1, 1962

G. Crucial Check

Detailed studies of the tracks added to the conviction that these had
all the properties required of neutrino reactions. There remained a crucial check.
Suppose there were some kind of background simulating neutrino events? The
neutrinos had 1o be "turned off" but not the background. This was approximated
by moving 4 feet of steel from the main shielding wall up close to the target
vhere the plons are generated. Thus, the pions would be largely destroyed before
having time to decay into pmons and neutrinos. The film resulting from this kind
of operation was examined with great anxiety by the experimenters. This anxiety
increesed dangerously when a clear neutrim—fy'pe "event" was found. It was not
until all the film was studied that it becsme clear that the background check was
successful; a few events were expected due to the short time still left to the
pions in their flight from the target to the steel. The reduction in rate wvas
correct, and added to the proof that the neutrino from pion-decay had now in fact
been cobaerved. .

H. 'The Results

The collision probability was indeed cbserved to be 100,000 times higher
at the AGS energies than at the energies typical of Cobalt-60 or the muclear
reactor, Not only this, but in every case in which it was possible to identify
the results of the neutrino collisions, mi-mesons were produced. Not a single
energetic electron was observed. The conclusion was clear--the neutrinos made in
the Columbis-Brockhaven experiment, that is, made together with muns via the '
decay of the pion, were incapable of making electrons. These must then be
different particles from the neutrinos that are coupled with electrons. It is no
longer adequate to speak of a neutrino--it must be labeled as either a muon-type
neutrino or an electron-type neutrino.

IV. SIGNIFICANCE

It is generslly agreed that the present experiment represents the be-
gloning of a new field of resear.h. Neutrino experiments or facilities are being
plenned for the 25-Bev Proton Synchrotron opersted by the Europesn Center for
Nuclear Research (CERN) in Geneva, and for all of the large accelerators now under
construction in the United States and the Soviet Union. The capabllity for doing
such research is an important factor in proposals for super-high energy
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accelerators (1000 Bev) now under intensive discussion. Why all the interest?
There are several reasons, The weak force (the official name for the theory is
Iniversal Fermi Interaction, after E. Fermi who proposed the az'iginﬂ version in
1934) has a theoretical form which may be valid down to distances as small as
10']'6 cm. This length is 1000 times smaller than the radius of the proton (the
smallest particle whose size has been measured). There is great interest in
examining whethéz_' or not the theory requires modification before such lengths are
reached. The basic goal toward which another decisive step has now been taken,

is a complete understanding of the behavicor of this force. Somewhat more specula~
tive is the light that may be shed on the general problem of the structure of
fundamental particles. The proliferation of so-called "elementary particles" has
raised disturbing questions as to where the underlying simplicity, vhich all
scientists hope for, is to be found., Ome striking empie iz just in the two
perticles, the muon and the electron. The properties of these particles have been
very precisely measured. They differ in only one way: the muon 13 200 times more
massive ‘than the electron. This dichotomy in structure is a problem that has
troubled physicists increasingly over the past five years, Now, the problem, by
no means solved, is viewed in & new context. The muon and its neutrino have to
be considered together as & kind of pair, to be contrasted with the electron and
its neutrino. The muon-type peir always appears together in weak reactions, as
does the electron~type pair. They are separate and the nature of this "separste-
ness”" is unknown. The muon-electron problem is thus sharpened, a fact that can
only Improve the hope of eventual solution.

V. VITAE

The scientists who carried out the neutrino experiment are: From the
Department of Fhysics of Columbia University, Professors Leon M. Lederman, 39;
Melvin Schwartz, 29; Jack Steinberger, 40; Research Fhysicist Jean-Marc Gaillard,
28, (French AEC exchange visitor from SACLAY, France); Graduate Research Assist-
ants Konstantin Goulianos, 26, (Fulbright Travel Fellow from Salonica, Greece)
and Neximan Mistry, 24, (Bombay, India); from Brookhaven National Laboratory,
Associste Fhysicist Dr. Gordon Danby, 32.

*Alfred P. Sloen Research Fellows.
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