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I. OVERVIEW

This review is an updating through November 1985 of
the Review of Particle Properties [Particle Data Group
(1984)], a compilation of experimental results on the prop-
erties of particles studied in elementary particle physics.
These properties include masses, widths or lifetimes,
branching ratios, and other experimentally determined prop-
erties. Where feasible, we provide a suggested “best” value
of each parameter based on our own judgment, using the
best available data. A discussion of some of the procedures
that we apply, and a brief review of the historical perform-
ance of averages of measurements, may be found below
(Section IV Part D).

The results of this compilation are presented in two sec-
tions, the “Summary Tables of Particle Properties” and the

“Full Listings.” The Summary Tables give our estimates of
the properties of those states whose existence we consider
well established. Our opinion of whether or not a particle is
well established can change as new data become available.
We attempt to be conservative, so particles awaiting confir-
mation are not included, even if they may be theoretically
well understood.

All data used for the numerical estimates in the Sum-
mary Tables are included in the Full Listings, with refer-
ences and our comments, if any. Those measurements con-
sidered recent enough or important enough to mention, but
which for some reason were not used in the averaging,
appear in parentheses. The Full Listings also contain infor-
mation on unconfirmed particles and unsuccessful particle
searches, as well as short “mini-reviews™ about subjects of
particular interest or data that have particular problems.



In the past, we have attempted to use the Full Listings
as an archive of all reported data on particles of interest.
This is no longer possible because the growth of information
would require a 5 to 10% per year expansion in this Review.
Therefore we refer interested readers to previous editions
for references to data considered obsolete.

This edition we are implementing our new particle nam-
ing conventions [Barnett (1985) and Wohl (1984)], which
primarily affect meson names. A few baryon states are
renamed as well. In the Summary Tables of Particle Pro-
perties and the Full Listings each particle is listed by its new
name, with the old name, if different, given below it. It is
our hope that these new conventions, described in
Section III below, if adopted by the community will bring
order to the chaos of particle names and facilitate discussion
and understanding. Since there will doubtless be a transi-
tion period during which the literature may contain a mix-
ture of both old and new names, we will continue to list the
old names with the new for several editions.

We categorize the particles into types, intended to
correspond roughly to the different types of data and prob-
lems encountered:

STABLE PARTICLES — All particles stable under the
strong interaction. These include the truly stable
particles as well as those which decay weakly or elec-
tromagnetically, including the n, D, D, (formerly
called the F), A.. W, Z° and so on.

MESONS — Ali meson resonances that decay strongly,
including the ¥, x, and T families.

BARYONS — All baryon resonances that decay strongly,
including the resonant N and A families, dibaryon
candidates, and so on.

This classification scheme is used to organize the Summary
Tables and the Full Listings.

We include a section of “Miscellaneous Tables, Figures,
and Formulae.” These provide a quick reference for the
practicing elementary particle physicist. They normally
presuppose some understanding of the subject matter, and
do not attempt to serve as a textbook. We welcome all
suggestions and comments regarding topics for inclusion or
deletion, any errors or confusing passages, etc.

A pocket-sized Particle Properties Data Booklet is avail-
able. This contains the complete Summary Tables of Parti-
cle Properties and the most frequently used parts of the
Miscellaneous Section, but not the Full Listings. For North
and South America, Australia, and the Far East, write to
Technical Information Department, Lawrence Berkeley
Laboratory, Berkeley, CA 94720, USA. For all other areas,
write 10 CERN Scientific Information Service, CH-1211
Geneva 23, Switzerland.

In 1984 we began a multiyear effort aimed at moderniza-
tion and reorganization. In this edition, we have added
Greek letters and larger fonts for headings in the Full List-
ings, as well as numerous more minor improvements in for-
mat. We are also modernizing our internal procedures, and
some of these improvements are already in place.

II. AUTHORS AND CONSULTANTS

The primary responsibilities of the authors are as fol-
lows:
(1) Stable particles: R.M. Barnett, R.A. Eichler,

R. Frosch, K.G. Hayes, G.R. Lynch, J. Primack,
R.H. Schindler, T. Shimada, R.E. Shrock, T.G. Trippe,
W.P. Trower, and C.G. Wohl.

(2) Meson resonances: M. Aguilar-Benitez,
J.J. Hernandez, L. Montanet, F.C. Porter, M. Roos,
K.R. Schubert, and N.A. Tornqvist.

(3) Baryon resonances: R.L. Crawford, G.P. Gopal,
G. Hohler, D.M. Manley, L.D. Roper, and C.G. Wohl.

Consultants
Of increasing importance to the production of this
Review is a world-wide network of consultants, experts in
particular topics. We wish to mention the following people
with thanks:
« R.A. Arndt (Virginia Polytechnic Inst. and State Univ.)
* W.B. Atwood (SLAC)
V.I. Balbekov (Serpukhov)
A. Baldini (University of Pisa)
M.J. Berger (U.S. National Bureau of Standards)
A. Bramon (Barcelona University)
E. Browne (LBL)
R.N. Cahn (LBL)
W. Carithers (LBL)
= J. Carr (University of Colorado)
COMPAS Group (IHEP, Serpukhov)
S. Cooper (SLAC)
F. Dydak (CERN)
V.V. Ezhela (Serpukhov)
G. Feldman (SLAC)
V. Flaminio (University of Pisa)
J.-M. Gaillard (CERN)
M.K. Gaillard (LBL)
G. Gidal (LBL)
F.J. Gilman (SLAC)
M. Goldhaber (BNL)
R. Hagstrom (ANL)
« G, Hall (Imperial College, London)
D. Hitlin (California Institute of Technology)
J.H. Hubbell (U.S. National Bureau of Standards)
K. Kleinknecht (Universitdt Dortmund)
P. Langacker (University of Pennsylvania)
G.M. Lewis (University of Glasgow)
M.J. Losty (National Research Council, Canada)
B. Lynn (SLAC)
W.G. Moorhead (CERN)
« D.R.O. Morrison (CERN)
K. Mursula (Nordita, Copenhagen)
K. Olive (University of Minnesota)
O.E. Overseth (University of Michigan)
S.I. Parker (University of Hawaii)
R. Partridge (Santa Cruz Institute for Particle Physics)
N. Rivoire (CERN)
S. Rudaz (University of Minnesota)
F. Scheck (Universitdt Mainz)
M. Shaevitz (Nevis Laboratory)
M. Suzuki (LBL)
B.N. Taylor (U.S. National Bureau of Standards)
J.A. Thompson (University of Pittsburgh)
W. Toki (SLAC)
G.H. Trilling (LBL)
R.D. Tripp (LBL)
R. Waldi (Universitdat Heidelberg)
K. Winter (CERN)
L. Wolfenstein (Carnegie-Mellon University)
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In addition, the Berkeley Particle Data Group has bene-
fited from the advice of the PDG Advisory Commitiee,
which meets annually to discuss matters of importance to
the group, including the structure and content of this
Review. The members of the 1985 committee are L. Wol-
fenstein (Carnegie-Mellon University) (chair), A. Kernan
(University of California, Riverside), C.M. Lederer (Univer-
sity of California, Berkeley), C. Quigg (Fermilab), and R.
Thun (University of Michigan).

The usefulness of this compilation depends in large part
on interaction between the users and the authors and con-
sultants. We appreciate comments, criticisms, and sugges-
tions for improvements of all stages of data retrieval,
evaluation, and presentation.

III. A NEW NAMING SCHEME FOR HADRONS

“Young man, if I could remember the names of these
particles, I would have been a botanist.”
Enrico Fermi

A. The need for a new scheme; guiding principles

We introduce in this edition a new naming scheme for
the hadrons. Anyone who doubts the desirability of a better
naming scheme is invited to give, without looking at the
Meson Summary Table, the quantum numbers 7, J, P, C,
and G of the following established nonstrange mesons:

$(975), 8(980), H(1190), B(1235), D(1285), €(1300),
w(1300), E(1420), 1(1440), p(1600), w(1670), 4(1680),
$(1680), g(1690), 8(1690), h(2030).

There is no rhyme or reason to this alphabet soup of sym-
bols - they convey nothing about the properties of the parti-
cles they name. Nor is the use of five different symbols, K,
K®, Q, L, and k, 10 name just nine strange mesons informa-
tive or economical. The symbols for mesons containing
heavy quarks and for ordinary baryons are fairly sensible,
but it seems wise, while in the grip of reformist zeal, to
make some rules regarding names of particles yet to be
discovered, such as the whole spectrum of baryons contain-
ing one or more heavy quarks.

There are several obvious virtues any rational naming
scheme ought to embody. The symbols ought to be as few
and as simple as possible, with those already in common
use retained where possible; the symbols ought to convey
unambiguously the important quantum numbers of the par-
ticles they name; and the quark model ought to guide the
whole scheme. There are, however, constraints: it is not
practical, for example, to now rename the ¢ meson the ',
or to call the K meson containing an s quark (as opposed to
ans) a K instead of a K. Some compromise between sim-
plicity and long-established usage is unavoidable.

The new scheme adopted here has evolved over the last
two years in response to much discussion both within the
Particle Data Group and with the larger community. Prel-
iminary versions of the scheme were presented at the 1984
Santa Fe Meeting of the Division of Particles and Fields
[Wohl (1984)] and at the 1985 International Conference on
Hadron Spectroscopy [Barnett (1985)] Several thousand
copies of the proposal, with an invitation to comment, were
distributed in the spring of 1985. A Physics Today news
report discussed the proposal [Schwarzschild (1985)], and it

has been discussed in the CERN Courier (November 1985).
As indicated above, many of the mesons have been
renamed. The Meson Summary Table in this edition gives
both the new and old names, and a table of equivalent
names will appear in foreseeable editions. Only two parti-
cles in the Stable Particle and Baryon Summary Tables are
renamed (the F and the 4 T become the D; and the £).

B. “Neutral-flavor’ mesons (S =C =8=T=0)

Table I shows the naming scheme for mesons having the
strangeness and all heavy-flavor guantum numbers equal to
zero. The mesons are assumed to be quark-antiquark states.
The rows of the table give the possible g¢ content. The
columns give the possible parity/charge-conjugation states,
PC = —+, +—, —~—, and + +; these combinations
correspond one—to one with the angular-momentum state
25 +1L of the gq systemn bemg (L even) I L1 odd) 75
3(L even) 7» of (L odd) - In addition, the spin J is added
to the main symbol as a subscript except for pseudoscalar
and vector mesons (L =0 states in the quark model), and the
mass is given for any meson that decays strongly.

Experimental determination of the mass, quark content,
and quantum numbers I, J, P, and C (or G) of a meson
thus fixes its symbol. Conversely, these properties may be
inferred unambiguously from the symbol.

If the main symbol cannot be assigned, because the
quantum numbers (other than J) are unknown, the symbol
X is used temporarily. Sometimes it is not known whether
a meson is mainly the isospin-0 mix of uw and dd or is
mainly s5; the prime (or symbol ¢) may be used to distin-
guish two such mixing states.

Names have been assigned for the anticipated /7 mesons.
No suggestion is made here for names for mesons (should
any be found) with the “exotic” quantum numberss that a
47 system cannot have, namely /7€ =07, 077, 1 7%,
2%, 371, - . Glueballs or other mesons that are not g¢
states would (if the quantum numbers are not exotic) be
named just as if they were gg states, since they will prob-
ably be difficult to distinguish from such states and will
likely mix with them.

The results of all this are as follows. None of the lowest

Table I. Symbols for mesons with the strangeness and all
heavy-flavor quantum numbers equal to zero.

0+ 1*- -~ ot

JPC _ { 27 3t~ 27" lf*
9 25 +1 1 1 3 3
content LJ = (Leven); (Lodd); °(L even); (L odd);
ud, dd —uid, di (1=1) = b o a
dd +uu B , , ,
ndionsS } (1-0)  mp Wi ws S
. e he v X
bb np hy, T X
ir 77[ h)j o XZ

TThe J /4 remains the J /.

* The relations between the quantum numbers are

P=(_1)L+l C=(_1)L+S C;=(_1)L-+”S+I7
where of course the C quantum number (charge conjugation) is
only relevant to charge-zero mesons.



mass pseudoscalar or vector mesons (m, 7, and 7; p, w, and
¢) change names, nor do any of the ¢¢ or bb mesons. Esta-
blished mesons whose names change slightly are:

Old name  New name Old name New name
H(1190) h1(1190) A,(1320) a»(1320)
B(1235)  b(1235) £r(1525)  f,(1525)
f(1270) Sf5(1270) w(1670) w3(1670)
4,(1270) a,(1270) H(1850) ¢ ,(1850)
Established mesons whose names change completely are:

Old name  New name Old name New name
S5(975) fo(975) 1(1440) n(1440)
8(980) a;(980) A5(1680) ,(1680)
D(1285) £1(1285) g{1690) p3(1690)
€(1300) So(1300) #(1690) S(1720)
E(1420) f1(1420) h(2030) S 4(2030)

The S(975), D(1285), €(1300), E(1420), §(1690), and
£(2030) all become f mesons; the new scheme reveals that
all have PC=++ and are 3(L odd) ; states.

C. Mesons with nonzero S, C, B, and/or T

Since the strangeness or a heavy flavor is nonzero, none
of the mesons here are eigenstates of charge conjugation,
and in each of them one of the quarks must be heavier than
the other. The rules are:

(1) The main symbol is an upper-case Roman
letter indicating the heavier quark as follows:

s—+K ¢—-»D b—>B t>T.

(2) If the lighter quark is not a ¥ or a d quark,
its identity is given by a subscript.

(3) If the spin-parity is in the “normal” series
JE = 0%, 17, 2%, -, a superscript “«” is
added.

(4) The spin is added as a subscript unless the
meson is a pseudoscalar or a vector (L =0 states
in the quark model).

Thus the pseudoscalar and vector X, K*, D, D*, and B
mesons do not change names. Established mesons whose
names do change are:

Old name  New name Old name New name
Q(1280) K (1280) L(1770) K,(1770)
k(1350) KO‘(1350) K*(1780) K3'(1780)
0,(1400) X,(1400) K*(2060) K;(2060)
K*(1430) K2‘(1430) F Dy

i:Two different conventions exist in the literature for the sign of the
flavor of b quarks. We have adopted the convention that the sign
of the flavor of a quark is the same sign as its charge, which is true
for all flavors. Thus the strangeness of the § quark is negative, the
charm of the ¢ quark is positive, and the bottom of the b quark is
negative. In addition, /3 of the # and d quarks is positive and
negative, respectively. The effect of this convention is as follows:
Any flavor carried by a charged meson has the same sign as its
charge. Thus the K*, DT, and B™, have positive strangeness,
charm, and bottom, respectively, and all have positive /3. The
DS+ (formerly the F*) has positive charm and strangeness. Furth-
ermore, the A(flavor) = AQ rule, which is best known for the
kaons, applies to every flavor.

The most notable change is that of the F (the ¢5 state) to a
D. However, with the prospect of B, B, T, and similar
mesons, there is no consistent and economical alternative.
The rules can lead to cumbersome symbols, such as a DS"Z,
but such particles are unlikely to be often seen.

D. Baryons

The symbols N, A, A, Z, =, and Q have been used for 20
years for the baryons made of light quarks (#, d, and s
quarks), and no change is made to these symbols here.
They tell the isospin and quark content, and the same infor-
mation cught to be conveyed by the symbols used for the
baryons containing one or more heavy quarks (c, b, and ¢
quarks). The following system was invented earlier and
independently by Hendry and Lichtenberg (1978) and by
Samios (1980). The rules are (see also Fig. 1):

(1) Baryons with three u and/or d quarks are
N’s (isospin 1/2) or A’s (isospin 3/2).

(2) Baryons with two u and/or d quarks are
A’s (isospin 0) or Z’s (isospin 1). If the third
quark is a heavy quark (not an s quark) its identity
is given by a subscript. This nomenclature is
already used for the A (2281), Z.(2450), and
4, (5500).

(3) Baryons with one u or d quark are =’s
(isospin 1/2). One or two subscripts are used if
one or both of the remaining quarks are heavy:
thus ., = ., &}, etc. The possible but not
established A4(2460) is renamed the =,(2460).

(4) Baryons with no u or d quarks are @’s
(isospin 0), and subscripts indicate any
heavy-quark content. The possible but not
established 7°(2740) is renamed the Q -(2740).

In short, the total number of ¥ and d quarks together
with the isospin determine the main symbol, and subscripts
indicate any content of heavy quarks. A Z always has isos-
pin 1, an Q always has isospin 0, etc. The only baryons
whose names change are the 4 and the 7.

Note in Fig. 1 that the SU(4) 20-plet that contains the
basic SU(3) octet has an @, and an Q. although it has no Q.
It has rwo = _’s, which would be distinguished by mass (they
might also be distinguished by a prime on the heavier of the
two).

Fig. 1. SU(4) multiplets ot baryons made of u, d, 5, and ¢ quarks.
(a) The 20-plet with an SU(3) octet. (b) The 20-plet with an SU(3)
decuplet.



IV. PROCEDURES

A. Selection and treatment of data

The Full Listings contain a complete record of all
relevant data known to us. As a general rule, we do not
include results from preprints or conference reports. It is
our experience that preprinted results often change before
publication. In some cases, such results may be cited but
not used in computing the estimates given in the Summary
Tables. There are a few exceptions to this exclusion, which
we decide on a case-by-case basis after consultation with the
experimenters.

As mentioned earlier, we no longer attempt to maintain
an archival record of data of historical importance only.
We do, however, quote the references of discoveries, even
when the data are no longer useful.

If data are included in the Full Listings but not used in
the final average given in the Summary Tables, they are
enclosed in parentheses. We give explanatory comments in
many such cases. If no comment is given, the reason the
data were excluded is one or more of the following:

« The data are superseded or included in later results.

» No error was given.

« The data were contained in a preprint or conference
report.

= The result involves some assumptions we do not
wish to incorporate.

» The measurement has poor signal-to-noise ratio, low
statistical significance, or is otherwise of much
poorer quality than other data available.

» The measurement is clearly inconsistent with other
results which appear to be highly reliable (see discus-
sion in Section IV Part D below).

» The measurement is not independent of other
results, €.g., it is from one of several partial-wave
analyses, all of which use the same data, rendering
averaging meaningless.

In some cases, none of the measurements is entirely reli-
able and no statistically meaningful average is quoted. For
example, the masses of many of the baryon resonances,
obtained from partial-wave analyses, are quoted as a range
thought to probably include the true value rather than as an
average with error. This is discussed in more detail in some
of the mini-reviews in the Baryon Full Listings.

For upper limits, we normally quote in the Summary
Tables the strongest limit available from a single experi-
ment. We do not average or combine upper limits except in
a very few cases where they may be re-expressed as meas-
ured numbers with Gaussian errors.

For quantum number assignments, we indicate in the
Summary Tables those which are either well established or
probable. In the Meson Summary Table, we underline
those we consider well established; the others are inferred
from whatever experimental evidence is available. In the
Stable Particle Summary Table, nearly all quantum
numbers are well established and we do not underline; those
which are not well established are indicated by a footnote.

As is customary, we assume that antiparticles are the
result of operating with CPT on particles, so both share the
same spins, masses, and mean lives. There is an entry in
the Miscellaneous Section, Tests of Conservation Laws, list-
ing tests of CPT and other conservation laws.

B. Criteria for new states

An experimentalist who sees indications of a new state
will of course want to know what has been seen in that
region in the past. Hence, we include in the Full Listings all
reported states which have not been, in our opinion,
disproved by better (e.g., more reliable) data.

For the Summary Tables we are much more conserva-
tive. We include only those reported states which we feel
have a large chance of survival. One’s betting odds for sur-
vival are of course subjective; therefore no precise criteria
can be defined. For more detailed discussions, see the
mini-reviews in the Full Listings. In what follows we shall
attempt to specify some guidelines.

(a) When energy-independent partial-wave analyses are
available (mostly for #N resonances), approximate Breit-
Wigner behavior of the amplitude appears to us to be the
most satisfactory test for a resonance. We can check that
the Argand plot follows roughly a left-hand circle, and that
the “speed” of the amplitude also shows a maximum near
the resonance energy; further, there should be data well
above the resonance, showing that the speed again
decreases. Indeed, proper behavior of the partial-wave
amplitude often establishes a resonance even if its elasticity
is too small to make a noticeable peak in the cross section.

(b) When there are insufficient data to perform energy-
independent analyses, one often resorts to energy-dependent
partial-wave analyses. In this case Breit-Wigner behavior is
an input. We usually require that resonance solutions be
found by several different analyses, preferably in different
channels (KN — KN, nZ, etc.), before putting the claim in
the Summary Tables.

(c) Stable particles, most meson resonances, = reso-
nances, and high-mass N, A, A, and Z resonances fall into a
category for which no partial-wave analyses exist. In gen-
eral, we accept such states if they are experimentally reli-
able, of high statistical significance (4.5¢ or better), or
observed in several different production processes.

(d) Partial-wave analyses of three-body final states (w N
- mwN) are also available. While these analyses are based
on the isobar model (xN — pN. A, etc.) and are subject to
theoretical objections of varying importance, they provide
increasingly reliable information on inelastic decay modes
of otherwise-established resonances.

C. Statistical Procedures

We divide this discussion on obtaining averages and
errors into two sections:

1. The unconstrained case, or “simple averaging;” and

2. The constrained case.

In what follows, the term “error’” means one standard
deviation (1o); that is, for central value X and error X, the
range X + 0X constitutes a 68.3% confidence interval.

1. Unconstrained averaging

We use a standard Gaussian procedure with a “scale fac-
tor” applied to the errors as our method of averaging the
data. The Student’s t-distribution, the basis of an earlier
experiment of ours in data averaging, would give more con-
servative (and perhaps more realistic) errors at the two-
standard-deviation (2¢) and higher level, but we do not
choose to quote such errors. It is worth bearing in mind,



however, that a 2¢ error might more realistically be some-
what larger than twice a lo error, owing to the non-
Gaussian character of some sets of real measurements. This
is a persistent problem in data averaging arising from the
existence of mildly discrepant measurements.

We begin by assuming that measurements of a given
quantity are uncorrelated, and thus we calculate a weighted
average and error

X +86x = [Z.foi/zwi] + [EW'[]"/Z,

i
w = [1/6x)?] , (1)

where X; and (5xl- are the value and error, respectively,
reported by the /th experiment, and the sums run over N
experiments. We also calculate x“ and compare it with its
expectation value; assuming that the measurements obey a
Gaussian distribution, this is ¥ — [.

If x“/(N — 1) is less than or equal to 1, and there are no
known 2problems with the data, we accept the above results.

If x“/(N — 1) is very large, or if there is prior knowledge
of extremely large inconsistencies among experiments, we
may choose not to average the data at all. Alternatively, we
may quote the calculated average, but then give an educated
guess as to the error; such a guess is generally a quite con-
servative estimate designed to take into account known
problems with the data.

Finally, if xz/(N — 1) is greater than 1, but not greatly
s0, we still average the data, but then also do the following:
(a) We plot an ideogram to display the pattern of the
data. Sometimes only one or two data points lie apart from

the main body; other times the data split into two or more
roughly equal-sized groups. The reader may use this infor-
mation in deciding upon an alternative average, but caution
is urged. as “‘outlying” data points are sometimes the
“correct” ones. An example of such an ideogram is given in
Fig. 2 below. Each experiment appearing in the plot is

WEIGHTED AVERAGE
2281.2 1 3.0 (ERROR SCALED BY 1.9}

2
X

© ALEEY 84 BIs2 4.8
+ ADAMOVICH 84 EMUL
- KITAGAKI 82 DBC 0.6

""" * *BO3ETT] 82 HBC 04
* RUSSELL 81 SPEC 03
- KITAGAKI 80 DBC 04
"""" CALICCHIO 80 HYBR a7
"""" * ALLASIA 80 EMUL
* ABRAMS 80 SMK2 0.4
* GIBON] 78 SPEC 37
 CNOPS 79 DBC 5.1
- BALTAY 79 HLBC 58
KNAPP 76  SPEC 4.5
+ + CAZZOLI 75 HBC

34.6
(Confidence Level ~ 0 001}

2300

2340
:\: mass

Fig. 2. Ideogram of measurements of the A T mass. The “data
point” at the top shows the position of the weighted average, while
the width of the error bar (and the shaded pattern beneath it) shows
the error in the average after scaling by the SCALE factor. Only
those experiments indicated by + error flags were precise enough to
be accepted in the calculation of the SCALE factor; the column on
the far right gives the x“ contribution of each of these experiments.
The less precise experiments were included in the calculation of the
weighted average, but not SCALE; they have _L error flags.

represented by a Gaussian with central value x;, error dx;,
and area proportional to 1/8x;. The choice of area is some-
what arbitrary; it assumes that an experimenter will work to
reduce the systematic errors until they are slightly smaller
(but seldom much smaller) than the statistical errors. Thus,
as a physicist collects more events, he or she will use them
both to reduce the statistical errors and to study the biases.
Our confidence that a significant systematic error has not
been made in a given experiment, as compared with other
contradictory experiments, then tends to go up as l/éxi.

But why not assign a weight 1/(6xi)2, as is done when
computing a weighted average? We feel that this assign-
ment is equivalent to assuming that large systematic errors
are as infrequent as large statistical fluctuations, and that
this assumption is unrealistic.

We emphasize the difference between least-squares
averaging (where the weighting factor is the inverse square
of the error) and the ideograms prepared for visual display.
The former arithmetic is of course best if one has unbiased
data whose errors are well understood. In particular, the
error analysis assumes that the true error on each datum is
sampled from a Gaussian whose width is correctly reported.
Then we obtain a narrow Gaussian distribution centered at
the weighted mean for the answer. The ideogram (often
multipeaked and certainly not Gaussian) is based on the
opposite hypothesis that some of the input is systematically
in error. The idea behind least-squares averaging is that
experiments 1, 2, 3, etc., are a// valid (so we should multi-
ply their probabilities). Our ideograms are based on the
assumption that 1 or 2 or 3, etc., is valid, ‘‘hedged” with
1/6x; betting odds; we then add their probabilities. Both
approaches cannot simultaneously be right; we allow the

. reader to choose. However, we quote the least-squares

result in the Summary Tables. This is the most precise
value if the data satisfy the appropriate assumptions. A
glance at the ideogram will show that the difference between
the two approaches is usually not severe.

(b) The second way in which we try to take account of
xz/(N — 1) being greater than 1 is to scale up our quoted
error 6x in Eq. (1) by a factor

SCALE = [x*/(N — D]Y/2. e

Our reasoning is as follows. Since we do not know which of
the experiments are more than one standard deviation away
from the correct value, we assume that all experimentalists
underestimated their errors by the same scale factor (2). If
we scale up all input errors by this factor, x“ becomes

N — 1, and of course the output error scales up by the same
factor.

If we are to combine experiments with widely varying
errors, we modify this procedure slightly. This is because it
is the more precise experiments that most influence not
only the average value x, but also the error 6x. Now, on
the average, the low-precision experiments each contribute
about unity to both the numerator and the denominator of
SCALE, hence the x~ contribution of the sensitive experi-
ments is diluted, i.e., reduced. Therefore, we evaluate
SCALE by using only experiments for which the errors are
not much greater than those of the more precise experi-

-ments, 1.e., only those experiments with errors less than 60,

where the ceiling §;, is (arbitrarily) chosen to be

3p = 3%



Here 6X is the unscaled. error of the mean of all the experi-
ments. Note that if each experrment had the same error
bx;, then 8x would be dx; /N2, 50 each individual experi-
mem would be well under the ceiling cn SCALE.

This scaling approach has the property that if there are
two values with comparable errors separated by much more
than their stated errors (with or without a number of other
experiments of lower accuracy), the error on the mean value
06X is increased so that it is approximately half the interval
between the two discrepant values.

We wish to emphasize the fact that our scaling pro-
cedures for errors in no way affect central values. In addi-
tion, if one wishes to recover the unscaled error 6x, one
need only divide the given error by the SCALE factor for
that error.

2. Systematic errors and correlated measurements

Many experimental groups have now adopted the con-
vention of presenting results with statistical and systematic
errors explicitly indicated. Because of a lack of space in the
Full Listings, we usually do not quote the two errors
separately and at present we combine them.® In general we
add the statistical and the systematic errors in quadrature.
A comment is printed whenever this is done. When aver-
ages are calculated as described above in Eq. (1), the weight
w; is based upon the combined error.

It may happen that two measurements have correlated
errors. For example, a group may improve the statistical or
systematic errors by further data-taking or analysis. In this
case we use only the improved result for averaging. The
earlier result may still appear in the Listings (in
parentheses), but in general we omit such obsolete entries.

A second case of correlated measurements is the
occurrence of a common systematic error in experiments
which are statistically independent. If two results
Ayxe; £S5 and 4, + 05 = 5 have completely correlated
systematic errors .S, one must first average 4 1 £ oy and
A4 * 0, and then combine the resulting statistical error with
S. One obtains, however, the same result by a second pro-
cedure, averaging 4, + X-¢, and 4, + X o, where

x =[1+ %0+ 53] 172 &)

The second procedure has the advantage that the modified
entries 4; + X-g; may be averaged with further indepen-
dent data as in Eq. (1). We therefore adopt this second pro-
cedure when appropriate.

3. Constrained fits

Except for trivial cases, all branching ratios and rate
measurements are analyzed by making a simultaneous
least-squares fit to all the data and extracting the partial
decay fractions P;, the width I', the partial widths T;, and
the associated error matrix.

Assume, for a simple example, that a state has only three
partial decay fractions, P, P,, and Py (> P; = 1), which
have been measured in four different ratios, R 127 Ry

§ We are considering a revision of the format of the Full Listings
which would allow separation of these types of error, and also allow
presentation of asymmetric errors.

where, eg., Ry = P|/P,, Ry = P|/P3, etc.”” Further
assume that each ratio r has been measured by N, experi-
ments (we designate each experiment with a subscript x,
e.g.. R|,). We then find the best values of P|, P,, and P
by minimizing x*:

4 | N IR, — R(P,Py.Py)
=33 [= 5% !

r=11x=1 rx

In addition to the fitted values P;, we calculate an error
matrix (BP 6P ). We tabulate the diagonal elements of 6P
(6P OP; )‘l (except that some errors are scaled as dis-

cussed below). In the Full Listings we give the complete
error matrix; we also calculate the fitted value of each ratio,
for comparison with the input data, and list it below the
relevant input, along with a simple unconstrained average of
the same input.

Two further comments on the example above:

(1) There was no connection between measurements of
the width and the branching ratios. But often we also have
information on partial widths T'; as well as total width T".
In this case we must introduce I" as a parameter into the fit,
along with the relations I'; =TP;, 3 T; =T. When
appropriate, we tabulate the T'; along with the P;, and give
error matrices in the Full Listings.

(2) We do not allow for correlations between input data.
We do try to pick those ratios and widths which are as
independent and as close to the original data as possible.

For asymmetric errors, we use a continuous function of
8(P)* and 8(P)” in the fitting. When no errors are
reported, we merely list the data for inspection.

Inconsistent constrained data. According to Eq. (3), the
doubie sum for x~ is first summed over experiments x = 1|
10 N,, leaving a single sum over ratios

- 2
=3 x7
r

We test for SCALE factors after the fit. Knowing the fitted
sz and its expectation value {xf), we form SCALE factors
(just as before), i.c.,

(SCALE)? = x2/(x?) .

and if any (SCALE), is greater than 1, all N, of the meas-
urements of that particular ratio are equally penalized by
having their errors increased by (SCALE) We then recycle
the full fit, yielding new values 5P for the eITors m the par-
tial decay modes, as well as new cemral values P

Because of the constraint (3 P; = 1), some of the new
SCALE factors may still be greater than 1. If this is so, the
whole procedure (i.e., increasing errors by the new SCALE
factors and recycling through the fit) is repeated until the
process converges. _
__, At the end, we have final estimated errors 6Pl’ for the
P;. If SCALE factors have been used, they normally will
have caused a shift in the central fitted values P , as well as
having grven larger errors éPl Often we find lhal the shift
| P; P | due to the SCALE factors is the same size as (or

* We can handle any ratio R of the form > oiP /3 8P, where
o; and 3; are constants, usually | or 0. The forms R = P;-
and R = (PP, /2 are also allowed.



greater than) the 6f_’l-/. We have decided to incorporate this
shift into our errors as a reflection of the uncertainty due to
the introduction of the SCALE factor; we tabulate an error

OP)p, = (6P + (P, —P)2]'/2,

where Pl is the fitted value of the /th partial decay mode
before scahng, P[ is its value after all scaling, and 5P is the
error in P The SCALE factors we finally list in such cases
are deﬁned by

(SCALE); = (8P;) /0P, -

However, in line with our policy of not letting SCALE affect
the central values, we quote the values of P; obtained from
the original (unscaled) fit [whlch are always less than or
equal to one standard deviation from P by construction of
(6P )tab]

D. Discussion

The entire question of averaging data containing
discrepant values is nicely discussed by Taylor (1982). He
considers a number of algorithms which attempt to incor-
porate data which are not completely consistent into a
meaningful average. Problems occur because it is very diffi-
cult to develop a procedure which handles simultaneously
in a reasonable way two basic types of situations: (a) data
which seem to lie apart from the main body of the data are
incorrect (contain unreported errors); and (b) the opposite
(the main body of the data is systematically wrong). Unfor-
tunately, as Taylor shows, case (b) is not infrequent. His
conclusion is that the choice of procedure is less significant
than the initial choice of data to include or exclude.

We place a great emphasis on the choice of data to
include or exclude. Unfortunately, the volume of data pre-
cludes spending as much time on the problem as we would
like. We address this problem by soliciting the help of as
many outside experts (consultants) as possible. In the final
analysis, however, it is often impossible to determine which
(if either) of two discrepant measurements is correct. Our
SCALE factor technique is an attempt to address this
ignorance by increasing the error above that suggested by
least-squares analysis. In effect, we are saying that present
experiments do not allow a precise determination of this
constant because of unresolvable discrepancies, and one
must await further measurements. The reader is warned of
this situation by the size of the SCALE factor; he or she is
then able to go back to the literature (via the Full Listings)
and redo the average as desired.

Our situation with regard to discrepant data is easier to
handle than most of the cases Taylor considers, such as esti-
mates of the fundamental constants like #, etc. Most of the
errors in his case are dominated by systematic effects. In
particle properties data, statistical effects are often at least
as large as systematic effects, and statistical errors are usu-
ally easier to estimate. A notable exception occurs in
partial-wave analyses, where different techniques applied to
the same data yield different results. In this case, as stated
earlier, we often do not attempt an average, but just quote a
range of values.

A brief history of Particle Data Group averages is given
in Rosenfeld (1975). Updated versions of some of
Rosenfeld’s figures are shown in Fig. 3. The least-squares
error is shown by the thick portion of the error bars; the full

error bar exhibits the SCALE factor extension.

Some cases of rather wild fluctuation are shown; this
usually represents the introduction of significant new data
or the discarding of some older data, Older data are some-
times discarded in favor of more modern data if it is felt
that the newer data had fewer systematic errors, had more
checks on their systematic errors, made some corrections
unknown at the time of the older experiments, or some such
reason. Near the time at which a large jump takes place,
the SCALE factor sometimes becomes large, reflecting the
uncertainty introduced by the new existence of partly incon-
sistent data.

By and large, a full scan of our history plots shows a
rather dull progression toward greater precision at a central
value completely consistent with the first data point shown.
These plots are available on request from the Berkeley Par-
ticle Data Group.

We conclude that the reliability of the combination of
experimental data and Particle Data Group averaging pro-
cedures is usually good, but it is important to realize that
fluctuations outside of the quoted errors can and do occur,
perhaps with more frequency than expected for truly Gaus-
sian errors.
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Stable Particle Summary Table

(stable under strong decay)

For additional parameters, see Addendum to this table.

Quantities in italics are new or have changed by more than one (old) standard deviation since April 1984.

b
Mean life .
Mass b 7 (sec) Partial decay modes
Particle 197 ¢ (Mev) er (em) Mode Fraction © P (MeV/e) €

GAUGE BOSONS

Y 01(17T)  (<3x10733 stable
J=1 81.8 I'<6.5 GeV ev seen 40.9 GeV/c
+1.5 GeV wy seen 40.9
yA 92.6 I'<4.6 GeV ete” seen 46.3 GeV/c
+1.7 GeV wtu scen 46.3
LEPTONS
Ve J =% <46ev¥ stable stable
[r> 3x108m  sec(m  in MeV) |
Ve Ve
e J=3 0.5110034 stable stable
+0.0000014 MeV (> 2x10%2years)
v, J=—;— <0.25 stable stable
[r>1.1x10°m  sec (m_ in MeV)]
v v
. © u
uo — (or £ —chg. conj.)
1] J=1 105.65916 2.19703x1078 e (100 )% 53
+0.00030 +0.00004 e wy € 1.4 = 04)% 53
S=1.1* eV, (<5 )% | LF 53
cT=6.5865x10* o Jyete g 34 = 0.4)x1075 53
ey (<17 =100 4 F 53
e"ete” (<24 10712 LF 53

e vy (<8.4 *107%  LF 53
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Stable Particle Summary Table (cont’d)

i b
Mass b I\'ie?:egfe Partial decay modes
Particle  I9JFG 7 (MeV) er (cm) Mode Fraction ? P (MeV/c)
v, J=% <70
T - (or 7 —»chg. conj.)
T J=1 17842 (3.320.4)x107 '3 particle™ neutrals (865 = 0.3 )%
+3.2 uw (17.6 + 0.6 )% 889
c7=0.010 e~ (174 £ 0.5 Y% 892
hadron™ =07 (51.6 = 0.7 Y%
hadron™ » (108 = 11 Y%
s (101 = 1.1 )% 887
K™y ( 0.67x 0.17)% 824
hadron~ =17% (408 = 1.3 Y%
L (or 7F —>chg. conj.) o v (218 + 20 )% 726
e~ ched.parts. 7r_7rg (non-res) v ( 0.3 = 0.3 )% 881
+ u” chgd.parts. (<4 )% 7 70 ( 60 % 35 )% 866
Wy (<5.5)<107% LF 889 7 a0 % ( 30 =27 )% 840
ey (<6.4)x10™4 LF 892 K™ =12y ( + 03 )%
wute (<4.9)x107% LF 876 o a b =0n% (134 £ 03 %
e utp (<33)x107% LF 886 a7t =17l ( 53 08 Y
nete (<4.4)x107% LF 889 " ( 81 07 )% 865
e ete” (<4.0)x10™% LF . 892 7 p% ( 54+ 17 )% 718
w0 (<82)x10™% LF 884 w7 " (non-res.) v (<I.4 )% 865
e 0 (<21)x1073 LF 887 a7 KO =0y (<027 Y%
4 KO (<1.0)x1073 LF 819 K~ 2charged =0n"y (<0.6 )%
e K° (<13)x1073 LF 823 K mtr” =0n%y ( * 02 Y%
po° (<44)x107% LF 72 KK n ( 02+ 02 )% 690
e p? (<3.7)x107% LF 726 3r7 2" =000 ( 0.15+ 0.04)%
3r 2"y ( 0.07x 0.03)%
3r 20 0 ( 0.07+ 0.03)%
1| K*(892) v ( L7 =07 )% 669
K3(1430) v (<09 )% | 323

Searches for massive neutrinos and lepton mixing
v bounds from astrophysics and cosmology

Heavy

lepton searches

} See Addendum and the Stable Particle Full Listings

LIGHT MESONS ¢

7 = ud, x° = (uit - dd)/ V2, x  =wd, n = eq(uit + dd) +co(s5) )

+*
x

n

17(07)

139.5685

+0.0010

S=

, =33,
S=

17(07%)

1.5*

9093

+0.0011

1.6*

134.9642

© +0.0038

m
T

LMo =4.6043
+0.0037

t - (or #~ —chg. conj.)

2.6030x1078  pty 100% 30
+0.0023 ety ( 1.228+0022)x10™% S=1.8% 70
Hutvy € 1.24 025 )x1074 30

c7=780.4 ety 4 5.6 =07 )x1073] 70
etva® ( 1.025+0.034)x10™8 5

etvete™ (<5 )x1079 70

v, (<15 yx1073 30

wy, (<8 1073 LF 30

0.87x10716 v ( 98.799 4 0,030 )% 67
+0.04 S=18* ~eTe~ ( 1198 )% 67
i eteeTe” 324 )x1073 67
cT=2.6x10 Yy (<3.8 <1077 ¢ 67
YYYY (<4 )><10‘6 67

ete” ( 1.8 =07 )x1077 67

vy (<24 )x1073 67

wre™ +u"e” (<7 <1078 LF 26




Stable Particle Summary Table (cont’d)

o b
b Mean life Partial decay modes
Mass 7 (sec)
Particle IG(JP Cye (MeV) cr (cm) Mode Fraction * p(MeV/c) ¢
] 070" %) 5488 I=(1.05=0.15)keV [ yy (389 + 0.4 )% 274
0.6 S=1.7* 3750 ( 31.90% 0.35 )% 180
= * +
S=14 Neutral decays/ :,;{7 E<g'078_0'012;??10—4 c ;;i
(710.9£0.6)%  +p-p0 (237 + 0.5 )% 175
tr Ty ( 491+ 0.13 )% 236
ete Ty ( 050% 0.12 )% 274
piuTy ( 31 +04 )x107% 253
ete” (<3 <1074 274
whp” ( 65+ 21 )x1076 253
Charged decays § v x ete” ( 0.13% 0.13 )% 236
(29.1+0.6)% T vy (<0.21 )% 236
e wly (<6 )x1074 175
A (<0.15 % P,CP 236
lete (<5 1073 ¢ 258
wgp.:;z: (<5 )xlo:g c 211
TRy (<3 )x10 211
STRANGE MESONS ¢ [K* =us, K°=d§, K’ = ds, K™ = iIs |
K" ! (or K~ —chg. conj.)
K* 107) 493.667 1.2371x1078 47y ( 63.51 0.16)% 236
+0.014 +0.0026 $=1.9* xtx° ( 2117+ 0.15)% 205
e ( 559+ 0.03)% S=IL.1* 125
c7=370.9 N ( 1.73% 0.05)% S=1.4* 133
outy ( 3.18% 0.10)% S=1.9* 215
Mgo— Mg +=4.05 ety ( 482+ 005)% S=11* 228
+0.07 Hautvy & 54 + 03 )x1073 236
u vy (SD+)E (<3.0 <1073 236
a0y he 275+ 0.16)x1074 205
atata Ty 4 1.0 £ 0.4 )xl0~ 4 125
7%ty <6 1073 215
wletuy 9 37 = 14 x1074] 228
w"f"e*i ( 18124 )x1072 207
ey ( 3.90% 0.15)x10 203
atate v (<12 <1078 sq 203
e uty ( 14 = 09 )x1073 151
A T (<3.0 x1076 S0 151
ety ( 1.54% 0.07)x1077 247
ety (SD+)% ( 152+ 0.23)x1073 247
e vy (SD—)8 (<16 yx1074 247
atete™ ( 27 + 05 10”7 FC 227
x etet (<1 x1078 ¢ 227
rtutp” (<2.4 w1078 FC 172
vy o <8 )x1076 227
T yyy <10 yx1074 227
atuw (<1.4 x10™7 FC 227
a¥etu* (<7 %107 LF orL 214
rte ut (<5 1072 LF 214
etow (<6 yx1073 247
utvow (<6 )x1078 236
utyete” (11 =3 )xto~7 236
prete* (<20 <1078 LF 236
etvete (2 *% ! 247
wr, (<4 >1073 (F 236
£, (<33 1073 L 236
LAY (<3 x1073 L 228

LY
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Stable Particle Summary Table (cont’d)

e b
b Mean life Partial decay modes
Mass T (sec)
Particle I()2  (MeV) er (cm) Mode Fraction 2 7 (MeV/o) €
K Lo 4mm
x =007 50 % K, 50% K,
1 S=14v 10 +
0o Lo 0.8923x10~ ata” ( 68.61 Y% 206
Ks = +0.0022 270 (310" O S—LIx 209
Ty € 1.85% 0.10)x1073] 206
cT=2.675 whu™ (<32 <1077 FC 225
ete” (<34 )x1074 FC 249
Ny (<4 yx1074 249
rta a® (<4.9 yx1073 133
707070 (<3.7 )x1073 139
K9 0 5.183x10™8 w0r0x0 (215 £ 10 )% S=L7* 139
L £0.040 S ( 12.40% 020 )% S=13* 133
tuy (271 = 04 Y S=14* 216
cT=1554 nEey (387 + 06 )% S=15* 229
w;n(')_ (1 0.203£0.005)% S=1.1* 206
B _ 10 - 0 i 0.094+0.019)% S=1.5% 209
MK, K ”+g'gg‘2‘g“0 h sec t{mevy 4 13 = 08 )% 229
e tr Ty € 441% 032 )x1077] 206
= 3.521x107 12 MeVv 70y (<24 )x10~4 231
+0.014 vy ( 49 = 04 )Hxi074 249
e J(<6 <1078 LF 238
whtu” ( 9.1 =19 1072 FC 225
phuy ( 28 =28 WI077 fFC 225
oty T (=12 x1076 FC 177
ete” J(<20 w1077 FC 249
ete Ty ( 1.7 =09 )xi073 fFC 249
7O te” (<23 1076 FC 231
rtrTete” (<25 <1076 FC 206
wr ey ( 62 + 20 )x1073 207
(wu atom) v ( 1.05+ 0.11 )x10~7 216
wruTete” (<5 1076 FC 225
ete"ete” (<26 1078 FC 249
CHARMED MESONS ¢ [p* = cd,D°=c,D° =, D" =7d; Ds+ =&,D, =0
kp+ — (or D™ —chg. conj.)
D* lo7) 18693 (9251Hx10713  e* anything (182 = L7)%
+0.6 c7=0.028 K™ anything (16 =4 %
K* anything ( 6.0 = 33)%
mp x—mpo= 4.7 Klany + K%any (48 = 15 )%
+0.3 7 anything (<13 Y%
ety (<2.5 )% 935
wty (<2 Y% 932
atad (<0.5 % 925
atrta” ( 05 = 02)% 908
K wta?t (114 £ 1.1)% 345
K ntatx® ( 64 = 15)% 816
K xtnbtrtn” (<6 Y% 772
Kot ( 41 = 0.6)% 862
Kor* 70 (134 + 33)% 845
Kor*atn™ (152 + 5.8)% 814
K°k~ ( 12 £ 04)% 792
K*K~=?t (<16 )% 744
K*a*n~ (<06 )% 845
[ k*(892)°x* (<66 % 713
KY*K 7" (non-tes.) ( 0.7 = 0.3)% 744
or ( 1.0 = 0.3)% 647
K*(892)°K " ( 05+ 03)%] 613




Stable Particle Summary Table (cont’d)

o b
Mass b N:'ea(l:e;fe Partial decay modes
Particle I (JP 2 (MeV) ¢7 {cm) Mode Fraction * p(MeV/e) ¢
I‘DO—l (or D® —chg. conj.)
DY 307 18646 (43729x10713 ¢ anything (70 £ L1 )%
D—O +0.6 c7r=0.013 K~ anything (44 =+ 10 )% S=1.3*
. !
|mpyo—m <6.5x10710 Mev ™ Igo anythmog (8 =3 )
pp~mpg| <6 Koany+ Klany (33 £ 10 )b
_ m 7 anything (<13 1%
|7pp ~7py/average <0.55 Tt ( 0.18= 0.05)% 922
+ 4 - -
0 R0, - o =+ et ( 15 £ 06 Y% 880
[(D°—+D"spu™ any)/T(D°—u~ any) <0.044 Wt (<34 x10~4 FC 926
ot ( 11 = 04 % 907
k o 70 . HKw" ( 54 =04 )% 861
D orD chg. conj.
o (2_ e ”7 , K™n"x® (173 £ 17 Y% 844
*[_(()8%) ™ ( 71 =25)% 711 K ntata™ (109 = 1.0 Y% 812
K*n (23 = 21)% 711 1£‘7r+ﬂ—07,-0 ( seen ) 815
K~ p* (9.9 = 35)% 679 K°r0 ( 40 = 1.8 )% 860
K%° (01280 )% 677 K'n*a™ ( 85+ 14 )% 842
K- n"n® (non-res.)  (<4.3 % 844 KK ( 064x 011)% 791
K% " r~ (non-res) ( 2.0 = 1.7)% 842 KK (<06 % 788
K*(892)%° ( 16 = 16)% 423 KKK ( 16 =05 )% 544
— 40 15 KK~ n™" (non-res.)
Kmwop (9325 )% 613 +ec (<16 % 739
K(892)°r " (<2.9 Y 685 K*(892°K%+cc. (<07 )% 607
K ~a,(1320) (<19 % 198 K*(892)"K* +cc. ( 1.1 % 05 )%] 609
K° (15 = 04)% 520
K°KTK™ (non-res.) ( L1 = 0.5)%] 544
Dt — (or D" —chg. conj.)
DSi 007)"  1970.5" Q83 9x10713  gr? ( seen ) 713
. %25 P A Ak ( seen ) 641
was F = S=1.2* ¢7=0.008 mt ( possibly seen ) 903
AR A ( possibly seen ) 857
7;’11'+1r+7r_ ( possibly scen ) 679
oot ( possibly seen ) 411
BOTTOM MESONS ¢ [B* = ub, B®=db, B"= b, B~ = b |
i BT — (or B~ —»chg. conj.)
B* 1oy sz port ( L1+ 06)% 2303
£3.0 D*2010) " w ¥t (27 = L7)% , 2243
_ _ J 309K T (<26 <10~ 1678
B0 ’”Ba‘;‘-ﬁ oot (<6 )x 104 2578
0 Lamp BO_l (or B? —»chg. conj.)
B 3007 52132 Dot (7 =5 )% 2299
B *238 D*(2010)" 7 ( 17 = 07)% 2253
D*(2010) p™* 8 T7 2180
J/WB09NK T ( <63 yx1073 1649
xta” (<5 yx1074 2634
ete” (<3 1074 FC 2638
wtu” (<2 <1074 Fe 2635
etu” +cc. (<3 X104 LF 2637
=0
B*, BO, B (14.222.7x10™!3 ¢ *p hadrons (123 + 0.8)%
t ted) 9 u~v hadrons (11.0 £ 0.9)%
(not separated)” c7=0.043 D anything (80 28 )%
I'(B—B—¢" any) <0.12 K anything ( seen )
I(B—¢7 any) ' p anything (>36 )%
A anything (>22 %
2y )
+ e” e anything ( <0.6 Y%
T'(B—e uno+ncharm-hadrons) <0.04 “+#_ anything ( <06 )
I'(B~>e ~v hadrons) J/W(3097) anything ( 1.2 = 0.3)%
D*(2010)% anything ( 23 = 9 %
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Stable Particle Summary Table (cont’d)

e b
Mean life .
Mass ? 7 (sec) Partial decay modes
Particle I (JP )4 (MeV) c7 (cm) Mode Fraction ? p{(MeV/c) ¢
NUCLEONS ¢ [p = uud, n = udd
)4 %(%*) 938.2796 stable Partial mean lifetimes of Partial mean lifetimes of
+0.0027 {(>1.6x10% yr or protons (units 10°” yr)  bound neutrons (units 10°* yr)

1031 = 3x1032 yr)”

—21 e™ anything > 0.6 v >11
lqp|—|q"[ <1072 lq"ls ut anithini > 12 ez-rr_ >25
ety > 360 aE > 38
uty > 280 eTK~ > 13
et > 250 wt K~ > 0.4
/.l,+7l’0 > 100 pr® > 7
e K > 77 vK® >10
ut KO > 40 etp” >12
vt > 58 wto > 9
vK* > 96 vK*(892)° > 7
etw > 37 vy > 0.0005
phe > 23 etnlany > 06
etp® > 17 ¥y > 18
;ﬁpo = 16 vp® > 2
etete™ > 510 v > 16
wTutuT > 190 eTe Ty >26
vK*(892)* > 96 wrey >19
e rV any > 06 e’ >25
ety =200 gt =27
wty > 46 e p” >12
vp* > 84 wpt > 9
n 13N 9395731 898+ 16 pe v 100% 12
+0.0027 s=24* pw (<9 )x10724 @ 1.3
m,, —m,=1.293323 cr=2.7x10
+0.000016
|qnl < 10 leqels
STRANGENESS —1 BARYONS ¢ [A = uds, =% = uus, 20 ~ uds, =~ = dds |
A 0d") 111560 2632x10710  px” ( 64.2 )% 100
+0.05 0020 S=1.6* na° (358 = 03 ) 104
S=1.2* pe” v ( 835+ 0.14)x10™4 163
. cT =789 puy ( 157+ 0.35)x10™4 131
m0—m ,=76.86 oy € 85 = 1.4 )x1074] 100
+0.08
s+ 1GH 118937 0.800x10710  pa? (5164 0% 189
+0.06 +0.004 nw ( 4836 VU 185
S=1.8* Py ( 122+ 0.10)x1073 S=1.1* 225
¢7=2.40 Harty 4 45 x 05 )x1074) 185
Ae:u ( 20 £ 05 )xlo“: 71
Me_ —mg, =197 . 4 nuty (<3.0 <1075 sQ 202
R L& =>67n0) 604 net (<5 )x10"6  sQ 224
S=1.3* TE™—¢"ny) pete” (<7 x107¢ FC 225
0 13D 119246 5.8x10720 Ay 100% 74
+0.08 +1.3 Aete” 545 *1073 74
cr=1.7x10~"9 Avy (<3 % 74
5 12 119734 1.482x10710 nw” 100% 193
+0.05 +0.011S=13*  ne w ( 1.022+0.034)x1073 230
npv ( 45 = 04 )x107¢ 210
My —m =488 cr=4.44 Ae"w ( 5.74% 027 )x1073 79
+0.06 tnr~y 4 46 = 0.6 )Hx107%] 193




Stable Particle Summary Table (cont’d)

e b
Mass © l\/:_e?sl::i;fe Partial decay modes
Particle I0H e  (Mev) er (cm) Mode Fraction ¥ p(MeV/c) ¢
STRANGENESS —2 BARYONS ¢ [2° = uss, £~ = dss |
=0 1l 13149 2.50x107 10 Ax® 100% 135
- +0.6 +0.10 Ay ( 05 + 0.5)% 184
20 (<7 )% 117
c7=8.69 pr” (<36 )x1073 AS 299
ey (<13 )x1073 AS 323
e — =64 Ei’e'u (<I.1 )x1073 120
G- STe"r (<09 )x1073 s@ 112
= Tty (<l1 yx1073 65
Suty (<0.9 )x1073 50 49
puTy (<13 x1073  AS 309
= %(%*)’ 1321.32 1.642x107 10 An~ 100% 139
+0.13 +0.015 Ae v ( 5.5 * 0.6)x107% §=20* 190
3%y ( 87 = 1.7)x1073 123
c7=4.92 App ( 35 =+ 3.5)xt07¢ 163
0y (<8 yx1074 70
nw” (<1.9 )x107%  AS 303
ne v (<3.2 )x1073 A8 327
nuy (<15 <1072 A8 313
=y (<12 y<1073 118
pr o (<4 )x10™4 AS 223
pr ey (<4 )x1074  AS 304
pr Y (<4 x1074  AS 250
=0~y (<23 1073 6
STRANGENESS —3 BARYON ¢ [@7 = sss ]
Q- 03! 167245 0.822x10710 Ak~ (678 = 0.7)% 211
+0.29 +0.013 =0r~ (236 £ 0.7)% 294
e ( 86 + 0.4)% 290
cr=2.46 =0y ( 56 = 2.8)x1073 319
2(1530)°7" ( 64 F3 o4
Ax~ (<19 )x1074 AS 449
Ty (<22 )x1072 314
Ewta” ( 4373 xi074 190
CHARMED BARYON ¢ (A = ude]
AT 0GHT 22812 23%¢%x1071% pKat (2210 )% 820
c +3.0 pK° ( L1 =07 )% 870
S=1.9* c7=0.007 pKontx™ ( <4, seen )% 751
A anything (33 +29 %
tlar™ ( 06+ 05 )% 861
Artrta” ( <3.1,seen )% 804
05 ( seen ) 822
K0 ( 0.48x 0.30)% 681
ATk ( 045+ 027 )% 706
pK* 1™ ( seen )] 575
e* anything ( 45 = 1.7 Y%
w‘[pe+ anything ( 1.8 £ 0.9 Y%
Ae™ anything ( L1 x 08 )%]
Ec+ [was 47 ]
Q CO Not established; see the Stable Particle Full Listings

Ay

Searches for top hadrons, free quarks, magnetic monopoles, See Addendum and the Stable Particle Full Listings
axions, supersymmetric particles, and other stable particles
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ADDENDUM TO

Stable Particle Summary Table

Magnetic moment
et 1001159652209 R
+0.000 000 000 031  2m,¢ v
4 decay parameters
u eh p = —0.752+0.003 7 = —0.007+0.079
u 1.001 165923 == = 8 = 0.755+0.009 £ = 0.998x0.042
+0.000 000 009 H £ = 0.65+0.36 EP8/p > 0.9966"
_ /A = (04+4.3)x1073  a’/A4 = (—0.2x4.3)x1073
T Michel parameter , B/4 = (3.926.)x1073  §/4 = (1.5+6.3)x1073
p = 0.71x0.08 7 = 0.016+0.076
Mode Left-right asymmetry Sextant asymmetry Quadrant asymmetry
n xtx 70 (0.12£0.17% (0.19£0.16)% (-0.17x£0.17)%
atr Ty ( 0.88+0.40)% B=0.047+0.062 S=1.5*
K Slope parameters for K — 3x* Form factors for K ,3 decays *
= = —1 2%
K*sr*rtn™ g=—021540004 S=14% . Ay 0.02210.004 e v Ay = 0.0300+0.0016 S=1.2
T, K5y |fs/f+] =0132004 S=1.3* K% 3 |fg/f+| <0.04
K on 7 n" g=—0217+0.007 S=2.5*% € [F7if ] =022+0.14 € [£7/f+] <0.23
K* %% % g= 0.607+0030 S=13* r T
KLO_,WJ“.”—WO g= 0.670=0.014 S=1.6* Ay = 0.033x0.008 S=1.6* Ai = 0.034+0.005 S=2.3*
See Full Listi K‘B Ag = 0.004=0.007 S=1.6* K’% Ao = 0.025+0.006 S=2.3*
€€ Full Lisungs =0.02+0.12 =0.12 + 0.12
for quadratic coefficients. lfT M+ lfT/f+ ‘
AS = ~AQ in K, decay CP-violation parameters ¥
Rex = 0005+0020 S=1.4* |74_| = (2:275£0.021)x1073 i{ = (=3+4)x1073
Imx = —0.004+0.026 S=1.1* B €
Im00] = (2.29920.036)x1073
b_ = (44612 bog = (5415) Re € = (1.621i0.088)><10_3
|14 _ol3<0.12 [ m000] 2<<0.1 § = (0.330=0.012)%
Magnetic Decay parameters %
moment Measured Derived Coupling constant ratios
(eh/2Zm,c) « ¢(degree) v A(degree)
u 2.7928444
p +0.0000011
nu ~1.91304308 ) pe” v gA/gV=—1.254t0.006
+0.00000054 b4 p=(180.11+0.17)°
Au -0.613 pw_ +0.642+0.013 —-65+35 0.76 7.7x4.1
+0.004 nw®  +0.646+0.044
pe v 84/8y=—069410.025 S=1.3*
Z+ 2.379 1)7r0 —0.980+0.015 36+34 0.16 1876
+0.020 nw” +0.068+0.013 167+20 -0.97 —73f{34
S=1.1*
py =072 £0.29
s— ~-ll4 nx~ —0.068=0.008 10£15 0.98 249112
+0.05 ne v lg4/8y|=0.362£0.043 S=1.7*
S=1.9* Ae7v 8y/84=0.01£0.10 S=1.5% 8wy /84=24%1.7
=0 —1.250 Ar®  —0413+0022 2112 0.85 218%12
= +0.014 §=2.0*
— -0.69 Anr” -0.455+0.015 4+5 0.89 187%9
= +0.04 S=1.8*
Ae™v gA/gV=—0.2510.05
Q - AK™ —-0.024+0.028
2rT +0.09 £0.14
2770 +0.05 +0.21
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ADDENDUM TO

Stable Particle Summary Table
SEARCH LIMITS

Search limits usually are critically dependent on assumptions. Further details and other limits are given in the Full Listings. For complete
information, the original literature should be consulted. All limits given below are for CL=0.90, except those marked with an asterisk (*),
which are for CL=0.95.

Leptons )
L* — charged lepton M > 22,5 GeV* if 7 < 10 nsec
E® — neutral paralepton M > 22.5 GeV* if ECeW vertex is V ~ 4
> 24.5 GeV* if EOeW vertex is V + 4

e** — excited electron M > 72 GeV* ifA=1
u** — excited muon M > 25 GeV* itA=1
v oscillation v, >V, (f = mixing angle) sin?20 < 3.4x1073 if AM? is large

AM? <0.2eV2 if sin®20 = 1
Number of Light Neutrino Types (including »,, Vs and »)

N <7 from Z width in standard model

(cosmological limits are lower)

Additional W Bosons
W right-handed M
W with standard couplings decaying to ey M
Additional Z Bosons

[First four are not in Full Listings; see L.S. Durkin and P. Langacker, Phys. Lett. 166B, 436 (1986), and V. Barger et al., Phys. Rev.
Lett. 56, 30 (1986). |

75 GeV* assuming light right-handed neutrino

o
=]
o

5)

<

Z' of SU(2); xSUR)g xU(1) M = 275 GeV if magnitudes of L & R coupling constants are equal
Zx of SO(10) - SU(5)xU(1) M = 220 GeV coupling constant derived from G.U.T.
Z‘p of Eg — SO(IO)xU(l)‘p M = 114 GeV coupling constant derived from G.U.T.
ZT7 of Eg —~ SU(3)><SU(2)><U(1)><U(1)'7 M =126 GeV -coupling constant dcri,v_eg from G.U.T.;
charges are Q, - \/3/8QX - \/%Q,;
Z with standard couplings decayingto e e~ M = 160 GeV
Z right-handed M = 150 GeV* Rizzo-Senjanovic formalism
Higgs Bosons (or Technipions)
H* M = 17 GeV* ifBH® - 1) = 025
M = 13 GeV* from hadronic decays, if B(H * — bc) is small
HO No substantial limits
Axions (including nonstandard axions)
A — axion with mass < 100 MeV M = 1MeV assuming 7, > 1071 gee

Supersymmetric Particles
Assumptions include: 1) photino is lightest supersymmetric particle; 2) R-parity is conserved; 3) mass of exchanged particles is
less than about 250 GeV; 4) unless otherwise stated, M{(f;) = y(fR ), and u, d, s, c, and b scalar quarks are degenerate in mass.
_ When two lir~nits are quoted, the parenthetical number has M (fg) => M(f}).
v — photino (v limits are from cosmology) M < 100 eV

{ M > 0.5 GeV if Myggyy = 20 GeV
or = 2 GeV = 40 GeV
= 5 GeV = 100 GeV
¥ — scalar neutrino [M(;T) + M(T]e,#)] z 1.7 GeV
€ — scalar electron M = 51 (42) GeV if M; = 0GeV
= 33 (26) GeV = 10 GeV
= 22 (21) GeV* < 19 (15) GeV
§ — scalar muon M > 21 GeV* ifM;r < 15 GeV
7 — scalar tau M > 18 GeV* ifM:/ < 13 GeV
g — scalar quark M > 60-70 GeV depending on M
g — gluino M > 50-60 GeV depending on M-~
M = 0-4 GeV ifM; > 330 Ge
or = 2-4 GeV = 300 GeV
= 3-4 GeV = 150 GeV
Low mass not allowed < 65GeV
Whether M = 0-0.5 GeV is allowed is the subject of dispute.
x™ — chargino (mixtures of W'* and H,5) M z 22 GeV* if M, < 18 GeV and if BX™ — €7) = 100%
M > 16.5 GeV* if hadronic decays dominate

x? — neutralino (mixtures of ;, 7% and # io) Limits are extremely model dependent. Reported limits based on a
set of very specific assumptions may exclude M = 6-33 GeV.
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Stable Particle Summary Table (cont’'d)

S = Scale factor = V xz/(N~ 1), where N = number of experiments. S should be =1, If S > 1, we have enlarged the
error of the mean, dX; i.e., 6X — S8x. This convention is still inadequate, since if S >> | the experiments are prob-
ably inconsistent, and therefore the real uncertainty is probably even greater than Séx. See the Introduction, and ideo-
grams in the Full Listings.

Square brackets indicate subreactions of some previous unbracketed decay mode(s). Reactions in one set of brackets
may overlap with reactions in another set of brackets. A radiative mode such as w -» upy is a subreaction of its parent
mode 7 - uv.

. The strangeness .S, charm C, and bottom B of the hadrons which appear in the Summary Table are given in the Nonre-

lativistic Quark Model section.

Quoted upper limits correspond to a 90% confidence level. Masses, mean lives, and partial rates are evaluated assum-
ing equality for particles and antiparticles. Decays which are forbidden by a conservation law are indicated by the fol-
lowing abbreviations: LF = lepton family number, L = total lepton number, B = baryon number, @ = electric
charge, C = charge conjugation, P = parity, AS = (AS =2), SQ = (AS =AQ), FC = flavor-changing neutral
current. See the Tests of Conservation Laws section for further details.

For a 2-body decay mode, this is the momentum of the decay products in the decay rest frame. For a 3-or-more-body
mode, this is the maximum momentum any of the products can have in this frame.

. 99% confidence level. See footnote in the Full Listings.

See the Full Listings for energy limits used in this measurement.

Theoretical value; see also the Full Listings.

Structure-dependent part with positive (SD+) and negative (SD—) photon helicity.

The direct emission branching fraction is (1.56 +.35)x 1075, For interference terms in X — uvy, see the Full Listings.
The K¢ O o 7 and Ky O _» 7x branching fractions are from our branching-fraction and rate fits and do not include
results of K/ 0_g0 s 1nterference experiments. The wx rate results are combined with the interference results to obtain
the |74 _| and [mop} values given in the Addendum.

The stronger limit <2X10~ 9 of Clark et al., Phys. Rev. Lett. 26, 1667 (1971} is not listed because of possible (but un-
known) systematic errors; see the Full Listings.

Many of the D* and D° hadronic branching fractions have been rescaled to reflect the cross section for charm produc-
tion determined in a recent experiment. See the Full Listings for details.

This is a weighted average of D * (44%) and D° (56%) branchmg fractions.

. D? — DY limits inferred from limit on D® = D°® — u~ anything.
. D; mass determined from ¢7 mode. See note on conflicting D, meson results in the Full Listings. Quantum numbers

shown are favored but not yet established.
Quantum numbers not measured. Values shown are quark model predictions.
Except for the neutral-current decay modes (¢*¢~ anything), only data from 1(10575) decgys are used. Behrends et al.
[Phys Rev. Lett. 50, 881 (1983)] estimate the T(10575) - BYB~ and 1(10575) — BBP branching fractions to be
60+ 2 and 40+ 2%.
First limit is geochemical and independent of decay mode. Second limit assumes that the dominant decay modes are
amo; ; those investigated. For antiprotons the best mean life limit, inferred from observation of cosmic ray p’s, is T
> 107 yrs, the cosmic ray storage time.
Limit from neutrallty-of-matter experiments. Assumes |4, |=|g,| ~ |4, |-
P for Z, JP for @ and =9 and J for A+ not yet measured. Values shown are quark model predictions.
For limits on electric dipole moment (forblddcn by P and T invariance), see the Tests of Conservation Laws section.
For more details and definitions of parameters, see the Full Listings.

is muon longitudinal polarization from = decay. In standard V-4 theory, P =1land p = § = 3/4.
Tﬁe definition of the slope parameter of the Dalitz plot is as follows [see also note in the Full L1st1ngs]

M[ =14+ g(s3—50)/m7r+.
The definition for the CP-violation parameters is as follows [see also note in the Full Listings]:

,¢.+_ A(KL—>7r T)
AKQsmTxT)

ibon _ AK ] O 7070
AWK 97070
O)CP viol.

M- = [ne-]e Moo = [Too €

F(K 0__7|. 71.0 O)CP viol.
(K f>nn"7

DK=M) -T(K P>t7)
(K P61 +T(K p—e7)

F(KSO—>7T+7\'_1r
F(KLO—wr+1r_7r0)

(140 = . [mo0)? =

The definition of these quantities is as follows [for more details and sign convention, see note in the Full Listings]:

2 A N
a = ZELE LS B=Vi-asing g4, gy, gy defined by By | 7,8y —84Y)+(@pas /mp )7V, | B;)
s |2+ Ip |2 S i v

-2 inaA B i
- \STZ+17|pS|1; v=Vl1-d%cosdp ¢4y defined by g,/gy = lg /gy le Y



Meson Summary Table

April 1986

In addition to the entries in the Meson Summary Table, the Meson Full Listings contain all
substantial claims for meson resonances. See Contents of the Meson Full Listings at end of this Summary Table.

Quantities in italics are new or have changed by more than one (old) standard deviation since April 1984.

Partial decay modes

Mass Full b
°gre a M widthT Fraction(%) »
Particle ——estab. (MeV) (MeV) Mode [Upper limits (%) are 90% CL| (MeV/c)
NONFLAVORED MESONS
+ —n—+
:0 1707 };Z; é 9](5)7 See Stable Particle Summary Table
+0.32 eV
n 070" %) 548.8 1.05 Neutral 70.9 See Stable Particle
+0.6 +0.15 keV Charged 29.1 Summary Table
A770) 171~ 770 153 T ~ 100 358
+38 2 MeV Ty 0.046 +0.005 372
P 0.0067 =0.0012¢ 370
T, = (6.9%0.3) keV e*e © 0.0045+0.00029 384
Y seen 189
M and T from neutral mode. For upper limits, see footnote ¢
w(783) 07(177) 782.6 9.8 taal 89.6+0.5 327
+0.2 +0.3 Oy 8.7+0.5 380
S=1.1* te” 1.7£0.2 366
outu” 0.010 £0.002 349
ete” 0.0067 + 0.0004 S=1.2* 391
T, = (0.66+0.04) keV S=1.2* v seen 199
For upper limits, see footnote
7°(958) ot~ h) 957.57 0.24 T 65.2% 1.6 231
+025  +0.03 %y 30.0+1.6 170
wy 2.7+0.5 159
vy 1.9+0.2 479
370 0.17£0.04 430
ptuy 0.009 +0.002 467
For upper limits, see footnote g
S(975) 0r* ) 975¢ 33¢ Led 783 467
was S(975) +4 +6 KK 22+3
S=1.4*
a(980) 1-(0*") 983" 54% . seen 320
was 6(980) +2 +7 KK seen
#(1020) 07(177) 1019.5 4.22 K*K~ 49.5+1.5 S=1.9* 127
+0.1 +0.13 K_,FKS 343%09 S=1.3* 110
$=1.2% a7 (incl. pm) 149+14 S=2.3* 462
my 1.3+£0.1  S=1.1* 362
Oy 0.131£0.013 501
ete” 0.031 +0.001 510
utu™ 0.025 +0.003 499
r,, = (1.31£0.06) keV Fr 0.02£0.01 490
For upper limits, see footnote {
h,(1190) 0-(1t7) 1190 320 o seen 327
was H(1190) +60 +50
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Meson Summary Table (cont’d)

Mass

Full

Partial decay modes

b
J9FC) a M widthT Fraction(%) 4
Particle ____estab. (MeV) (MeV) Mode {Upper limits (%) are 90% CL| (MeV/c)
b,(1235) 17+t 1233 150 wr dominant 350
was B(1235) =108 2108 np <10
[D/S amplitude ratio = 0.29+0.05]
For upper limits, see footnote j
£(1270) 0 2+ 1274 176 T 84312 622
was f(1270) x5y 208 2wt o 29404  S=12* 559
KK 2.9+0.2 398
m 0.31+0.08 S=13* 323
vy 0.0015 +0.0002 637
i 270 seen 562
For upper limits, see footnote &
a,(1270) 1N 1275 316 ow dominant 389
was A ,(1270) +28 +45 w(rm)e < 0.7 599
: g 0 vave 0.20+0.08 630
Ty .20 0.
f,(1285) otatn) 1283 25 KKx 11x3 302
was D(1285) £5 =38 - 496 482
ta(980)r 3617 236
4r (prob. pwm) 40+7 564
£(1300) 0 (0" %) ~1300  150—400 T ~90 635
was ¢(1300) KK ~10 418
m seen 348
#(1300) 17(0"*) 13005 200-600 o seen 407
_ =+ 100 T(TT)S — wave seen 612
Not a well-established resonance.
a(1320) 1—2" 1318 110 o 70.1£2.2 419
was A(1320) =58 +53 nm 145+1.2 534
W 10.6+2.5 361
KK 49+08 434
Ty 0.27 +0.06 652
Yy 0.0008 = 0.0001 659
n'r < 2 (CL=97%) 286
f1(142§ ot 1422 56 KK (incl. K*K + KK*) seen 423
was E(1420) * 10§ +3 T possibly seen 565
+[ay(980)r possibly seen | 348
M1440F 070"  1440° 76 KK (incl. K*K+KK*)  seen 441
was 1(1440) +20 *8 T seen 579
§=1.3* tag(980yr seen | 366
£5(1525) 0r2h) 1525 70 KK dominant 578
was f'(1523) * S§ + lO§ T possibly seen 750
Yy 0.00016 + 0.00007 763
J(1590) 0*(* ) 1587 287 7’ dominant 246
+16 +50 m large 575
Seen by one group only.
2(1600) -y 15908 2608 4 (incl. prtn,a,(1270)m) 60+ 73 733
=205 =100 o 23278 783
K*K + K*K 942 377
ULk 72 669
Tpe = (752 1.5) keV KK 1205 623
eTe” 0.0029 +0.0011 795




Meson Summary Table (cont’d)

Mass

Full

Partial decay modes

b
16JPC) @ M widthT Fraction(%) p
Particle ____ estab. (MeV) (MeV) * Mode [Upper limits (%) are 90% CL] (MeV/c)
w3(1670) 07 (3" 7) 1668 166 3 seen 806
was w(1670) x5 x158 tlom seen] 648
S=1.1* ST seen 740
_ t[wmrm (prob. b (1235)r) seen | 616
x,(1680) 1-2~%) 1680 250° 151270} 53+5 336
was A 4(1680) +30 + 50§ o 34+6 656
T(TT) ¢ —wave 9=+3 813
K*K + K*K 4+14 459
For upper limits, see footnote ¢
#(1680) 0°(1"7) 1685 1308 K*K + K*K seen 466
+75% =508 wrT seen 624
—15 KK seen 683
ete” seen 842
Not a well-established resonance. a0 possibly seen 814
p3(1690) 1*(3=7) 1691 2008 2 238=1.3 834
was g(1690) +s8 20 4r (incl. Tmp,ppa,Twm) 70.9% 1.9 787
_ KK (incl. K*K + KK*) 38+1.2 625
JP, M, and T from the 2r and KK modes. KK 15203  S=13* 684
f2(1720) 0t 1716 134 m_ seen 660
was #(1690) *8 +19 KK seen 699
6,(1850)  07(377) 1853 96 KK seen 784
was ¢(1850) +10 +32 K*K + K*K seen 601
f4(2030) OGN 2026 200 T 172 1004
was h(2030) +12 *13 KK 07194 883
nm 0.22+0.10 852
cc MESONS

7,.(2980) 0% (0~ F) 2981 11 Decay modes into hadronic resonances
2 =4 T 4117 1321
KK ~x +ce 20+0.7 1275
K*K* 0.9+£0.5 1194
(010} 0.8+0.3 1087
ao(980)m <20 1324
a5(1320)w < 2.0 1194
PO < 1.4 1277
£5(1270) <11 1144
ww < 0.3 1269

Decay modes into stable hadrons
KK« 54+18 S=L.1* 1377
nrw 4.7x15 1426
K*K™x* x~ 1.7£0.6 1343
2Axtw7) 1.30+0.47 1458
o 0.12+0.06 1158
nKK < 3.1 1261
Tt pp < 1.2 1025
Radiative decay modes

Yy < 0.06 1491

23
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Meson Summary Table (cont’d)

Partial decay modes

Mass Full b
°uf6) a M widthT Fraction(%) P
Particle ____estab. (MeV) (MeV) Mode [Upper limits (%) are 90% CL| (MeV/c)
J YA3097) 0"(1™ ) 3096.9 0.063 e e 6.9+0.9 1548
+0.1 +0.009 wtu™ 6.9+0.9 1545
hadrons + radiative 86.2+2.0
T, = (47+0.3) keV
(assuming I, = FW) Decay modes into hadronic resonances
t[om 1.27 0.09 1449
w2rt2r” 0.85+0.34 1392
pa»(1320) 0.84+0.45 1126
KK*{892) 0.75+0.09 S=1.8* 1373
Decay modes into stable hadrons wrte” 0.74+0.12 1435

-'-[2(.,r - )7r 3.4+0.3 1496 K*(892)OK (1430 +c.c. 0.67+0.26 1011
3(71. - ),n, 29+0.6 1433 1(1235) zt 0.29 £0.07 1298
e 1302015 1533 wf (1270) 023+0.08 S=1.2* 1143
7r+7r_7rOK+K~ 1.2+0.3 1368 [ 4 0.21 £0.09 1365
4 7 )0 0.9+0.3 1345 wn _ 0.19x0.04 1394
rtrTKYK” 0.72+0.23 1407 ®KK 0.18=0.08 1176
KETI’ 0.61+0.10 1440 A(1232)++_ 0.160.05 1030
|t 0.60+0.05 S=1.3*1107 wKK 0.16=0.10 1265
E_E_ 0.45+0.07 988 wpp 0.13+0.03 S=1.3* 768
JYSEE 0401 1517 A(123D)73(1232)7 7 0.11+0.03 938
ArtrT) 0.4+0.2 1466 n'pp - _ 0.09 £ 0.04 S=1.7* 596
it 0.38 £0.36 1106 2(1385)*3(1385) 0.09=0.03 692
Hrtn KK 0315013 1320 PN (1440—1535)" 0.09+0.04 979
EE 0.25+0.04 818 om 0.067 £0.008 1320
ppr T 0.23+0.09™ S=1.9* 1033 wr . 0.0670.013 1446
I 0.22 +0.01 1232 pK 2(1385) 0.05+0.03 643
o 0.21+0.02 948 o’ 0.037 +0.006 1192
pin~orpn  0.20+0.01 1174 wry 0.040+0.011 1279
ni 0.18 +0.09 1231 d)f2(1525) 0.037+0.013 871
ASEF 0.15+0.04 1332 2(1385) bohd 0.03£0.01 1234
AK 0.13+0.02 S=1.7* 1074 (}.”f0(975) 0.026 +0.006 1184
IJEWO 0.11 +0.01 1176 pr) 0.018 +0.004 1398
pK~A 0.09+0.02 876 a3 (1320) < 0.43 1263
AKTKT) 0.07 £0.03 1131 KKz(143%) o U 1159
pK—EO 0.03+0.01 820 K2(1430) Kz (1430) < 0.29 606
K K™ 0.024 +0.003 1468 $2m 2w < 0.15 1318
tr 0.015+0.002 1542 K*(892)0K*(892)0 < 0.05 1266
KK 0.010+0.002 1466 ®/ 5(1270) < 8-3;; 133(7)

s ' pPp <0
Az < 0.015] 1032 wf 5(1525) < 0.016 1003
o < 0.01 1283
o < 0.0013] 1377
Radiative decay modes Radiative decay modes (cont’d)

T[‘yn'lr-rr 0.62+0.11 1486 ¥1,(2980) 1.27+0.36 114
y2Axt w7y _ 0.49+0.13 1517 Y/ 5(1720) seen 1073
vn(1440) > yKK7 0.46=0.07" 1214 N 0.038 +0.010 1232
yn' 0.42 +0.05 1400 ‘yfz/(1525) 0.016 =0.005 1173
Yoo 0.18£0.05 1336 ya? 0.004 = 0.001 1546
v/ 5(1270) 0.16 £0.02 1286 Yf(1285) < 0.6 1283
02" 0.13+0.05 1344 yopm T~ < 0.08 1107
b} 0.086 + 0.008 1500 2y < 0.05 1548

3y < 0.006] 1548
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Meson Summary Table (cont’d)

Partial decay modes

Mass Full b
19JFC) a M widthT Fraction(%) I
Particle ___ estab. (MeV) (MeV) Mode [Upper limits (%) are 90% CL] (MeV/c)
x¢(3415) 0t (0t 34149 2r*w7) (incl wrp)  3.8=0.8 1679
was x(3415) +1.1 a r KK (incl. 7KK*) 2.9+0.8 1580
rTrT) 1.520.5 1633
P 0.8+0.2 1702
+J /(3097) 0.7+0.2 S=1.3* 303
KYK™ 0.7£0.2 1635
pprtn” 0.5+0.2 1320
vy <0.15 1707
P <0.09 1427
x1(3510) 01t 3510.7 <10 +J 13097) 25.8+25 389
was x(3510) 0.5 3xtx7) 2.2+0.9 1683
S=1.4* Ax*x7)(incl wrp) 17205 1727
a¥x KK~ (incl. #KK*) 0.9+0.4 1632
T pp 0.14 +0.09 1381
T +KYK™ <0.2 1749
Yy <0.15 1755
P <0.12 1483
%5(3555) 0t 3556.3 2.9 vJ /¥(3097) 148+1.7 429
was x(3555) +=0.4 +1.8 2(r "7 7) (incl. wxp) 22205 1750
~1.1 wtx KK (incl. TKK*) 1.9£0.5 1656
3t wT) 1.1£0.8 1706
p 0.76 +0.30 1510
' pp 0.33£0.13 1410
P 0.19+0.10 1772
KYK™ 0.15+0.11 1708
It w0 <1.5 185
vy <0.06 1778
Y(3685) 0" 3686.0 0.215 ete +utu” 1.8+0.3 1843
+=0.1 +0.040 hadrons + radiative 98.2+0.3
T, = (2120.2) keV
Decay modes into hadrons
(assuming T,, =T )
mp HJ Hmm 50x4 477
Jdm 2.7+0.4 S=1.6* 196
3wt w0 0.35+0.16 1746
2(1r+7r*)+7r° 0.31+0.07 1799
L atr T KYK” 0.16 £0.04 1726
Radiative decay modes Jpad 0.10=003 528
[ vxo(3415) 9.4+0.8 261 gt 0.08 £0.02 1491
¥x,(3510) 8.7+0.8 172 K*892)°K 7% +cc. 0.067£0.025 1674
¥x5(3555) 7.8+0.8 128 2 wT) 0.05+0.01 1817
¥1,.(2980) 0.28 +0.06 638 platr™ 0.042+0,015 1751
0 <0.5 (CL=95%) 1841 122 0.019 +0.005 1586
v <0.02 1802 YrtaT) 0.015 £0.010 1774
v <0.02 1719 ppa® 0.014+0.005 1543
yn(1440)>vKKx  <0.012] 1562 KK~ 0.010+0.007 1776
atr 70 0.009 = 0.005 1830
atx” 0.008 +0.003 1838
AA <0.04 1467
o <0.008 1760
K*K~x® <0.003 1754
K*K*892)F <0.002) 1698
W(3770) =) 3769.9 25 ete” 0.0011 +0.0002 1885
+2.4 +3 DD dominant 242

S=1.8*
T,, = (0.26=0.15) keV S=1.3*
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Meson Summary Table (cont’d)

Mass

Full

Partial decay modes

b
6rCy a M widthT Fraction(%) p
Particle ____ estab. (MeV) (MeV) Mode [Upper limits (%) are 90% CL] (MeV/c)
Y(4030) (1=70) 40308 52 eTe” 0.0014 +0.0004 2015
+5 +10 DD seen 752
DD*(2010) + c.c. seen 559
Top = (0.75£0.15) keV D*(2010)D*(2010) seen 177
W(4160) (=) 4159 78 ete” 0.0010 +0.0004 2079
+20 +20
T,, = (0.77£0.23) keV
$(4415) (1= 4415 43 ete” 0.0011+0.0006 2207
+6 +208
T,, = (0.4720.10) keV
bb MESONS
T(9460) T 9460.0 0.043 I 32404 4381
or 1(1S) +0.2  %0.003 T 2.8+0.2 4729
S=1.5% ete” 2.8+03 4730
Ty = (1‘22:0.05.) keV o < 0.21 4698
J /¥ + anything < 2
Xp0(9860) (*H 98598 1(9460)y <6 392
or Xpo(1P)° x13
Xp1(9895) (**r) 98919 T(9460)y 35+8 422
of xp4(1P)° £0.7
Xp2(9915) (*hH 99133 1(9460)y 24 443
or x,5(1P)’ +0.6
1(10023) 1= 10023.4 0.030 utu” 1.8+0.4 5011
or 1(25) =03 +0.007 T 1.7+16 4683
Y(9460)r "7~ 18.7+1.0 476
1(9460)%x" 8611 481
1(9460)n < 0.2 124
Xp9860)y 43=10 162
Lee = (0.5420.03) keV Xp1(9895)y 6.7£0.9 131
Xpp2(9915)y 6.6 09 109
Xp1(10255) (*5) 10255 Y1(9460) seen 763
or x;,(2P)° +2 YI(10023) seen 228
Seen in one experiment only.
Xp(10270) (™5  102n YT(9460) seen 779
or x#2P)° %2 YT(10023) seen 245
Seen 1n one experiment only.
T(10355) (1I”7) 103555 0.012 whue 33+1.5 5177
or T(3S) =05 +0.010 T(9460)r 7~ 45+0.8 814
—-0.004 1T(10023)yx ™ 3£2 177
Tge = (0.4020.03) keV Xp1(10255)y 15.6+4.2 101
Xp2(10270)y 127+4.1 84
T(10575) (1-7) 10577 24
or T(45) +4 *2
T,, = (0.2420.05) keV
T(10860) (1"7)y 10865 110
or T(5S) +8 =13
T,, = (0.31£0.07) keV
T(11020) (1"7) 11019 79
or T(6S) +9 +16

Fpp = (0.1320.03) keV




Meson Summary Table (cont’d)

Partial decay modes

Mass Full b
1JH M widthT Fraction(%) r
Particle ____estab. (MeYV) (MeV) Mode [Upper limits (%) are 90% CL] (MeV/c)
STRANGE MESONS [K* = us, KO = d5s. K® = ds, K~ = us|
T -
ﬁo 1/207) :g;g; See Stable Particle Summary Table
K*(892) 1/2(17) 892.1 511 Kr ~ 100 288
0.3 +0.8 KO 0.23+0.02 309
S=1.4* S=1.1* K*y 0.10+0.01 307
Knm < 0.05 216
M and T from charged mode: M0 = §96.5+0.4 S=1.6*
K,(1280) 120t 12700 903 Kp 42+6 45
was Q(1280) =108 =208 K§(1350)r 28+4
K*(892)m 16£5 298
Kw 11+2
Kf ((1300) 3+2
K3(1350)  1/20%)  ~1350  ~250 K seen 574
was x(1350)
K (1400) 1/2(1%) 1406 184 K*(892)m 946 403
was Q(1400) *+10 +9 Kp 3+3 299
Kf o(1300) 22
Kw 1=1 285
K;(1430) 1/2(2%) 1426 99 Kr 44927 S=3.2* 618
was K*(1430) +2 +3 K*(892)m 23.6+1.8 417
S=1.1* K*(892)mw 13.5x2.7 S=1.2* 366
Kp 8.6+0.8 S=1.1* 324
Kn 5229 S=1.3* 485
Kw 43=x1.6 S=1.1* 310
Ky 0.24 =0.05 627
M and T from charged mode: M0 = 1423+2 S=1.1*
K100 1200 <1708 ~2008 K3(1430)7 dominant 286
was L{1770) K*(892)r seen 651
Kf,(1270) seen
K¢ seen 438
K30780F 17237 1780 150 K large 796
was K*(1780) +4 +17 T Kp large 620
S=1.4* HK*(892)r large 657
K 1745 815
K3(060) 1724 20608 2108 K 721 966
was K*(2060) =30 +40 K*(892)yrn seen 809
oKm seen 751
wKkT seen 744
Not a well-established resonance. K*892)yrmr seen 775
CHARMED, NONSTRANGE MESONS [D* =cd, D% = cit, D® = 7u. D™ = °d|
ry -
ID)O L2001 ;ggzz See Stable Particle Summary Table
D*(2010)" 1/2(17) 2010.1 < 2.0 D™ 49+8 39
0.7 D*x? 34+7 38
Dty 17x11 136
Mpysse T Mpo = 145.45+0.07 MeV
D*(2010)° 1/2(17) 2007.2 < § D0 51.5+£7.6 44
2.1 D% 5+7.6 137

27
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Meson Summary Table (cont’d)

Partial decay modes

Mass Full »
15 M widthT Fraction(%) 2
Particle ___ estab. (MeY) (MeV) Mode [Upper limits (%) are 90% CL] (MeV/c)
CHARMED, STRANGE MESON [0, =& 0 =)
D;r 007y 1971 See Stable Particle Summary Table
was F
BOTTOM MESON [B" =ub,BY=db, B®=db, B~ = ub|
T =
go 1/207) g%;; See Stable Particle Summary Table

Seec Meson Full Listings.
Quoted error includes scale factor S = xz/ (N =1). See footnote to Stable Particle Summary Table.
Square brackets indicate a subreaction of the previous (unbracketed) decay mode(s).

This is only an educated guess; the error given is larger than the error on the average of the published values. (See the Meson
Full Listings for the latter.)

Charge conjugation C applies only to neutral states,

. For a 2-body decay mode, this is the momentum of the decay products in the decay rest frame. For a 3-or-more-body mode,

this is the maximum momentum any of the products can have in this frame. The momenta have been calculated by using
the averaged central mass values, without taking into account the widths of the resonances.

From pole position (M -~ iT/2).

. The e*e ™ branching fraction is from e "¢~ — 7 7~ experiments only. The wp interference is then due to wp mixing only,

and is expected to be small. The u” p~ branching fraction is compiled from 3 experiments, each possibly with substantial wp
interference. The error reflects this uncertainty; see notes in the Meson Fuil Listings. If ex universality holds, I'(o? —
ey =T" = eTe™) x 0.99785.

Empirical limits on fractions for other decay modes of p(770) are # =7 < 0.8% (CL=84%), v 7 x 7~ < 0.15%. 7 7 n "7
< 0.2% (CL=84%).

Empirical limits on fractions for other decay modes of w(783) are 7~ 7~ v < 5%, 7r07ro'y < 1%, 7 + neutral(s) < 1.5%, p~u~
< 0.02%.

Emp1r1cal limits on fractions for other decay modes of 7(958) are =« 7r* < 2% (CL=84%), "7~ a° < 5% (CL=84%),
' 7r T < 1% (CL=05%), 7 w T w T w < 1% (CL=84%), 67 < 1% Tr ete” < 0.6%, % e” < 1.3% (CL=84%),
nete” < 1.1%, 7rp < 4%. nu # < 1.5 X 107 51rou o< 6 X107

0

The mass and width are from the nm mode only. If the KK channel is strongly coupled, the width may be larger.

Empirical limits on fractions for other decay modes of ¢(1020) are =7~ v < 0.7%, wy < 5% (CL=84%), py < 2% (CL=84%),
27725770 < 1% (CL=95%), 27" 27~ < 0.1%.

Empirical limits on fractions for other decav modes of b1(1235) are T < 15% KK < 2% (CL=84%), 47 < 50% (CL=84%),
ém < 1.5% (CL=84%), nm < 25%. (KK)*7° < 8%, KSKSTF < 2%, KSKLTI' < 6%.

Empirical limits (CL=95%) on fractions for other decay modes of f,(1270) are nrr < 1%, K%K 7% + ce. < 0.4%.

Empirical limits on fractions for other deqay modes of m,(1680) are 7w < 10%, 57 < 10%.

. Includes ppr~ ™~ and excludes ppn, ppw, ppy.

See f(1420) minij-review.

. Spectroscopic labeling for these states is theoretical, pending experimental information.



Meson Summary Table (cont’d)

Table of Contents of Meson Full Listings

o Indicates particle appears in Meson Summary Table above. We do not regard the other entries as established resonances.

Nonstrange (S =0; C,B =0)

Strange (| S | = 1; C,B =0)

entry 16(gFCya entry 1G(PCy e entry 16(JPC) 9 entry 1%
o7 17(0™%) ep (1600) 1T(177) ete™ (1100—2200) 1= o K 1/2(07)
e 0™ e wy (1670) 07(377) NN (1200—3600) o K* (892) 1/2(17)
ep (770) 1*(177) e, (1680) 17(27%) X (1900—3600) e Ky (1280) 1/21%)
ew (783) 07(177) e¢ (1680) 0O7(177) | em,  (2980) 0707 H | e kg (1350) 1/2(0%)
ey (958) 0F(0™Y) ®py (1690) 17(377) | eJ/¥y (3097) 07(177) { e K, (1400) 1/2(17)
e fy (975) 07 (0" ) X (70 * o xg (3415 070" ™) K* (1410) 1/2(17)
®ay (980) 17(0*™) o f, (1720) OY(2%") | ex;  (3510) ota*y | e K3 (1430) 1/202%)
e ¢ (1020) 07(177) fo (1730) 07 (0% ") | ex;  (3555) 0t(2*h) K (1460) 1/2(07)
ey (1190) 07(177) ™ (1770) 17(0™%) n.  (3590) " K, (1580) 1/2(27)
e by (1235) 17(1"7) fy (1810) 07 (27%) | ey (3685) 07T [ ek, (1770) 1/2(27)
fo (1240) 0%(0*™) ® ¢, (1850) O ey (3770) A= | ek} (1780) 1/2(37)

p (1250) 1%(177) X (1935) oy (4030) (1= K* (1790) 1/2(17)
® /5 (1270) 0*(2*™) o fy (2030) 0T(4™Y) | ey  (4160) ) K (1830) 1/2(07)
e ay (1270) 1—(1*%) ay (2040) 174 ") | ey (4415) a7 | e kj (20600 1/2(4%)

7 (1275) 070" ay (2050) 17(3%%) [ @1  (9460) (1) K, (2250) 1/2(27)
e [y (1285 o*t(1*h) ™y (2100) 17(27%) | e x, (9860) (™ K3 (23200 1/2(37%)
e fo (1300) 0F(0*™) p o (2150) 1T(1ITT) | exp, (9895) (™ K, (2500) 1/2(47)
ex (1300) 17(077) fy (2150) 0°Q2*7) | exp, (9915) (*h Charmed (|C| = 1)
®a; (13200 17(2%%) X (2220 0 (**) | eT  (10023) (17| eD 1/2(07)

£ (1410) 07(2*™) fy (22400 0T (2% Xpo (10235) ("™ | eD* o10) 1/2(17)
o /1 (14200 07(1%™) p3 (2250) 17(377) | e xp (10255) (* D* (2420) 1/2( )
o7 (1440) 01(0™™) fq (2300) 0*(47*) | e xp, (10270) (™| eb, 0 (07)
e f3 (1525) 0%@2*™) ps (2350) 17(577) | e T  (10355) 1= D! (2110)
f1 (1530) 0*F(1*+) ag (2450) 17(6%™) | e T  (10575) (1= Bottom (| B | = 1)
® fg (1580) 0%(0*™) fg (2510) 0*(6%™) | eT  (10860) =) | eB

oT (11020 (1) B* (5325)
Exotics
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Baryon Summary Table

April 1986

The first, short table gives the name, the quantum numbers (where known), and the status of every entry in the Baryon
Full Listings. Only the baryons with 3- or 4-star status are included in the main Baryon Summary Table. Due to
insufficient data or uncertain interpretation, the other entries in the short table are not established as baryons.

N(939) P11 ¥**=  A(1232) P33 ****  Z(1780) POl * T(1193) P11 *%k  T(]318) P11 *wxx
N(1440) P11 ¥ \(]550) P31 * Z(1865) D03 * T(1385) P13 ®*%%  =(1530) P13 Hwex
N({1520)D13 **  A\(1600) P33 ** Z(1725) P11 * T(1480) * Z(1630) *
N(I535)S11 **x  A(1620) S31 ***  Z (1900) P13 * 2(1560) b Z(1680) *
N(1540) P13 * A(1700) D33 **** 7 (2150) * T(1580) D13 ** Z(1820) 13 %
N(1650)S11  ***  A(1900) §3] *** Z,(2500) * T(1620) S11  ** Z(1940) *x
N(L6T5) D15 ***%  A(19(5) F35 *xex T(1660) P11 *** Z(2030) 1w
N(L680) F15 %% A(]19]10) P31 *¥*  A(]116) POl *¥**  3(1670) D13 ****  =(2120) *
N(1700) D13 *** A(1920) P33 *+* A(1405) SO1  =*  $(1690) o =(2250) ¥
NT10) P11 A(1930) D35 %+ A(1520) D03 *#%*  3(1750) S11  *** Z(2370) 1 **
N(1720) P13 ***  \(1940) D33 * A(1600) P01 *** 2(1770) P11 * Z(2500) *
N(1960) 7 * A(1950) F37 ***  \(1670) SO1 *¥*  T(1775) D15 ***
N(1990) F17 ** A(2000) F35 ** A(1690) DO3 ****  3(1840) P13 * 1672) PO3 e
N(2000) F15 ** A(2150) S31 * A(1800) SO1  *#* T(1880) P11 ** A (2281) —_——
N(Q2080) D13 ** A(2200) G37 * A(1800) POL  *** S(1915) F15 *wx 20(2450) -
N(Q090)S11 * A(2300) H39 ** A(1820) FO5 ***  3(1940) D13 *** = (2460) *
NQIOOPIT * A(2350) D35 * A(1830) D05 *x*  3(2000) S11 * 90(2740) .
N@2190) G 17 ***  A(2390) F37 * A(1890) P03 *%xx  $(0030) F17 *%ax ¢
N{(2200) D15 ** A(2400) G139 ** A(2000) * F(2070) F15 * 4, (5500) *
N(2220)H19 ***  \(2420) H311 ***  A(2020) FO7 * 3(2080) P13 ** i
N(2250) G 19 ***x  A\(2750) [313 ** A(Z100) GO7 ***  (2100) G17 * Dibaryons
N(2600) 1111 *** A(2950) K315 ** A(2110) FO5 *+* 2(2250) *hx NN(2170) 1D2**
N(2700) K113 ** A(~3000) A(2325) D03 * (2455) b NN(2250) 3F3**
N (~3000) A(2350) i 5(2620) il NN(?) *
A(2585) i 2(3000) * AN(2130) 351 **
2(3170) * ENO) *
Hrkx Good. clear, and unmistakable.
ek Good, but in need of clarification or not absolutely certain.
** Not established; needs confirmation.
* Evidence weak: likely to disappear.
b Mass © Full d Decay modes
Pheam (GeV/<) width T Fraction/ p%
Particle ¢ J¥ Lyray g =47AY (mb) (MeV) (MeV) Mode ¢ (%)  (MeV/c)
N RESONANCES (S=0, I=1/2) N = uud, NO — udd |
? /2% gggé See Stable Particle Table
N(1440) 2t Py P ~0.61 1400 to 120 to N7 50-70 397
=310 1480 350 Nwr 30-50 342
(200) Am 10-20 143
Np 10-15 t
N(zmyg  5-20 342
DY 0.08-0.10 414
ny 0.01-0.06 413
N(1520) 3/27 D, P =074 1510 1o 100 to N7 50-60 456
=235 1530 140 N7y ~0.1 149
(125) Nrw 40-50 410
AT 20-30 228
Np 15-25 t
Namg <5 410
0y 0.43-0.57 470
ny 0.34-0.51 470




Baryon Summary Table (cont’d)

b Mass ¢ Full d Decay modes
Pbeam (Gev/) M width T’ Fraction/ p¥

Particle * Lyjay 0= arA2 (mb)  (MeV) (MeV) Mode ¢ (%)  (MeV/c)
N(1535) 1727 5 P =076 1520 to0 100 to N= 35-50 467
og=225 1560 250 Ny 45-55 182

(150) Nrrm ~10 422

AT <5 242

Np ~ 5 T

N(m)g ~ 5 422

Py 0.1-0.2 481

ny 0.15-0.35 480

N(1650) 1727 Sy P =096 1620 to 100 to N 55-65 547
g =164 1680 200 N7 ~1.5 346

(150) AK ~ 8 161

Nrm 20-35 511

Am <10 344

Np 5-30 +

N(rmyg <I5 511

Py 0.04-0.16 558

ny 0-0.17 557

N(1675) 5/27  Dys P =1.01 1660 to 120 to Nw 35-40 363
o=154 1690 180 N7y ~ 1 374

(155) AK ~0.1 209

Nnm 60-65 529

Am 55-60 364

Np <10 *

N(mms <5 529

oY ~0.01 575

ny 0.07-0.12 574

N(1680) 5727 Fis P =101 1670 to 110 to Nm 55-65 567
o=152 1690 140 Ny <1 379

(125) AK not seen 218

Nrm 35-45 532

Am 10-15 369

Np 10-20 ¥

N(rm)g 1520 532

Py 0.21-0.30 578

ny 0.02-0.05 577

N(1700) 3/27 D3 P =105 1670 to 70 to Nm 5-15 580
o =145 1730 120 Nnq ~ 4 400

(100) AK ~0.2 250

N=#m 80-90 547

AT 15-70 385

Np <20 ¥

N(mm)g <70 547

Py ~0.01 591

N(1710) 172+ Py P =1.07 1680 to0 90 to N7 10-20 587
o=14.2 1740 130 Ny ~25 410

(110) AK ~15 264

ZK 2-10 138

Nzw <50 554

AT 10-20 393

Np 5-35 48

N(mm)g  5-35 554

N(1720) 32t Pi3 P =1.09 1690 to 125 to Nm 10-20 594
o=139 1800 250 Nnp ~3.5 420

(200) AK ~ 5 278

K 2-5 162

Nz <75 561

Am <15 401

Np <75 104

N(rm)g <20 561
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Baryon Summary Table (cont’d)

b Mass © Full d Decay modes
GeV,
Pbeam (GeV/e) M width T’ Fractionf pé
Partice ¢ J¥ Lyjay 0= 47A (mb) (MeV) (MeV) Mode ¢ (%)  (MeV/c)
N(2190) 727 Gy P =207 2120 to 200 to N7 ~14 888
=621 2230 500 Ny ~ 3 790
(350) AK ~0.3 712
N(2220) 92" Hg P =214 2150 o 300 to NT ~18 905
i o =597 2300 500 N7 ~0.5 811
(400) AK ~0.2 732
N(2250) 9/27 Gy P =221 2130 to 200 10 N7 ~10 923
o =574 2270 500 N7 ~ 2 831
(300) AK ~0.3 754
N(2600) 11/27 Iy, P =3.12 2580 to >300 N7 ~5 1126
o =3.86 2700 (400)
A RESONANCES (S=0, I=3/2) [A"Y = wuu, a7 = uud, A® = udd, A™ = ddd)
A(1232) 32t Pa3 P =030 1230 to 110 to N7 99.4 227
o=948 1234 120 Ny 0.56-0.66 259
(115)
A(1620) /27 Sq P =091 1600 to 120 to NT 25-35 526
o=177 1650 160 Nrw 65-75 488
(140) AT 60-70 318
Np 10-20 +
Ny ~0.03 538
A(1700) 3/27 Dsy P =105 1630 to 190 to N=m 10-20 580
g=145 1740 300 Nrurm 80-90 547
(250) A 50-90 385
Np <35 T
Ny 0.14-0.33 591
A(1900) /27 85 P =144 1850 to 130 to N7 5-15 710
g=971 2000 300 K ~10 410
(150)
A(1905) 5727 Fs P =145 1890 to 250 to N7 5-15 713
0 =9.62 1920 400 K < 3 415
(300) Nmw <75 687
AT ~25 542
Np <50 421
- Ny 0.01-0.05 721
A(1910) 172+ Pqy P =1.46" 1850 to 200 to N7 15-25 716
0 =954 1950 330 =K 2-20 421
(220) Nrw <75 691
AT small 545
Np small 426
N(1440)7 large 393
A(1920) 327 P33 P =148 1860 to 190 to NT 15-20 722
o =938 2160 300 K ~ 3 431
(250)
A(1930) 5/27 D5 P =150 1890 to 150 to Nm 5-15 729
g =921 1960 350 K <10 441
(250) N not seen 704
A(1950) 721 Fqy P =154 1910 to 200 to N 35-45 741
o =891 1960 340 K < 1 460
(240) Nrr <40 716
A ~30 574
Np <10 469
Ny 0.08-0.17 749
A(2420) 11727 Hapy P =264 2380 to 300 to Nm 5-15 1023
g =468 2450 500

(300)




Baryon Summary Table (cont’d)

b ) Mass ¢ Full ¢ Decay modes
\
Ppeam (GEV/) Ty width T Fraction/ p%
Particle ¢ JP L 12y = 47r7\2 (mb) (MeV) (MeV) Mode (%) (MeV/c)
A RESONANCES (S=—1, I=0) [49 = uds|
A 12+ 1115.6 See Stable Particle Table
A(1405) 127 Sy Below KN 1405 40 107 S 100 152
threshold *5
A(1520) 3/27 Dy, P =0.395 1519.5 15.6 NK 45+1 244
o =823 +1.0% £1.0% bl 42+1 267
Anw 10£1 252
rr 0.9+0.1 152
Ay 0.8+0.2 351
A(1600) 127 Py, P =058 1560 to 50 10 NK 15-30 343
=416 1700 250 = 10-60 336
(150)
A(1670) 1727 Sy, P =0.74 1660 to 25 to0 NK 15-25 414
=285 1680 50 = 20-60 393
(35) Ap 15-35 64
A(1690) 3/27 Dy, P =0.78 1685 to 50 to NK 20-30 433
7 =261 1695 70 s 20-40 409
(60) Anw ~25 415
Zrmw ~20 350
A(1800) 1727 Sy P =101 1720 to 200 to AK 25-40 528
=175 18350 400 b d seen 493
(300) (1385)r seen 345
NK*(892) seen t
A(1800) 172 Py, P =101 1750 to 50 to NK 20-50 528
c=175 1850 250 = 10-40 493
(150) Z(1385)r seen 345
NK*(892) 30-60 ¥
A(1820)  5/27  Fy P =106 1815 to 70 to NK 55-65 545
o =165 1825 90 s 8-14 508
(80)  =(1385)r 5-10 362
A(1830) 5/27  Dgs P =1.08 1810 to 60 to NK 3-10 553
o =160 1830 110 T 35-75 515
(95) 331385 . >15 371
A(1890)  3/27 Py, P =121 1850 to 60 to NK 20-35 599
c=136 1910 200 sr 3-10 559
(100) Z(1385)r seen 420
NK*(892) seen 233
A(2100) 727 Gy P =168 2090 to 100 to NK 25-35 751
o = 8.68 2110 250 s ~5 704
(200) An <3 617
=K <3 483
Aw < 8 443
NK*(892) 10-20 514
AQLI0)  5/27 Fyg P=170  2090to 150 to NK 5-25 757
o =853 2140 250 = 10-40 711
(200) Aw seen 455
(1385)w seen 589
NK*(892) 10-60 524
A(2350) 9/2F P =229 2340 to 100 to NK ~12 915
6 =585 2370 250 T ~10 867

(150)
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Baryon Summary Table (cont’d)

c
P (Gev/o) MA‘;SS

Partice®  J¥ Ly, o=drki(mb) (MeV)

Full ¢
width T
(MeV)

Decay modes

Mode

Fraction I
(%)

p?
(MeV/c)

Z RESONANCES (S=—1,1=1)

[2+ = uus, 30 = uds, 37 = dds |

st 2% 1189.4 See Stable Particle Table
=0 1192.5
=~ 1197.3
(1385t  3/2% Py Below 1382.8+0.4 36x1 A 82 208
KN $=2.0¢ r 1242 127
2(1385)0 threshold  1383.7+1.0 36+5
S=1.4/
(1385) 13872206 39+2
§=2.2! S=1.7
3(1660) 12t Py P =072 1630 to 40 10 NK 10-30 405
=299 1690 200 AT seen 439
(100} r seen 385
=(1670) 327 Dy, P =074 1665 1o 40 1o NK 7-13 414
o =285 1685 80 Az 5-15 447
(60) = 30-60 393
=(1750) 127 S, P =091 1730 10 60 to NK 10-40 486
o =207 1800 160 A seen 507
(90) r < 8 455
= 15-55 81
(1775) 5/27 D5 P =096 1770 10 105 to NK 37-43 508
o=19.0 1780 135 AT 14-20 525
(120) T 2-5 474
=(1385)r 8-12 324
A(1520)T 17-23 198
21915)  5/27  Fis P =126 1900 to 8010 NK 5-15 618
=128 1935 160 Am seen 622
(120) Zr seen 577
2(1385)r <5 440
=(1940) 3/27 Dy, P =132 1900 to 150 to NK <20 637
o=12.1 1950 300 Am seen 639
(220) I seen 594
Z(1385)r seen 460
A(1520)m seen 354
A(1232)K seen 410
NK*(892) seen 320
220300 12t F P=152 2025 1o 150 to NK 17-23 702
o =993 2040 200 An 17-23 700
(180) Er 5-10 657
zZK <2 412
5(1385)w 5-15 529
A(1520)m 10-20 430
A(1232)K 10-20 498
NK*(892) <5 438
(2250) 2 P =204 2210 to 60 to NK <10 851
o =676 2280 150 A seen 842
(100) pod seen 803




Baryon Summary Table (cont’d)

Mass € Full d Decay modes
P M width T Fraction p¥
Particle ¢ J L2 13 (MeV) (MeV) Mode (%) (MeV/c)
E RESONANCES (S=—2, I=1/2) [EO = uss. 2~ = dbss]
= 12+ 1314.9 See Stable Particle Table
= 1321.3
5(1530)0 3/2+ Pis 1531.8+0.3 9.1+0.5 = 100 148
S=1.3
E(1530)" 1535006 10.1+1.9
- +1 Sh =
E(1820) 3/2 1822 26" 10 AK ~45 396
6" =K ~10 306
= small 413
E(1530)r ~45 231
+1 Sh rz
E(2030) ? 2025 207 5 AK ~20 587
+6h K ~80 524
T small 573
=(1330) small 418
OTHER BARYONS [27 = sss, A: = ude]
Q- 327 1672.4 See Stable Particle Table
Az,' 1/2+ 2281 See Stable Particle Table

Only the established baryons are included in this Baryon Summary Table. See the short 1able at the front of this
main Table for a list of a// the barvons for which there is evidence. See also the Notes on N and A resonances, on A
and = resonances. on E resonances, and on dibarvons, introducing those sections of the Baryon Full Listings. In par-
ticular, there are Argand diagrams of all the #N and KN elastic partial-wave amplitudes, and lengthy discussions of
the main analvses of elastic and inelastic channels.

. This mode is energetically forbidden when the nominal mass of the decaying resonance (and of any resonance in the
final state) is used, but is in fact allowed due to the nonzero width(s) of the resonance(s).

. The nominal mass here (in MeV) is used for identification; see column 5 for the actual mass.
. The quantities here are calculated using the nominal mass of column 1.

Usually a conservatively large range of masses rather than a statistical average of the various determinations of the
mass is given. In these cases. the mass determinations are nearly entirely from various phase-shift analyses of more
or less the same data. It is thus not appropriate to treat the determinations as independent measurements or to
average them together. The masses. widths, and branching fractions in this Table are Breit-Wigner parameters. The
Barvon Full Listings also include pole parameters when they are available, and there is a table of pole parameters
for N and A resonances in the “Note on N and A Resonances™ in the Listings.

. Usually a conservatively large range of widths rather than a statistical average of the various determinations of the
width is given (see note ¢ for the reason). The nominal value in parentheses is then simply a best guess.

The indented modes are subreactions of the N#w mode. The (7m)g is the isospin-0. S-wave state of two pions (this
used to be called the ¢).

Most of the inelastic branching fractions come from partial-wave analyses, and these determine (xx 92 where x

and x’ are the elastic and inelastic branching fractions, not .x” directly. Thus any uncertainty (and it is often consid-
erable) in x carries over into x’. When x’ so determined is really poorly known. we here simply note that the
mode is seen. The values of (xx')!/? are given in the Baryon Full Listings.

For a 2-body decay mode, this is the momentum of the decay products in the decay rest frame. For a 3-or-more-
body mode. this is the maximum momentum any of the products can have in this frame. The nominal mass of
column ! is used, as is the nominal mass of any resonance in the final state.

. The error given here is only an educated guess. It is larger than the error on the weighted average of the published
values (the error on the weighted average is given in the Barvon Full Listings).

The error given here has been scaled up by an **S factor” (see the * footnote to the Stable Particle Summary Table
for how S is defined) because the various measurements disagree more seriously than one would expect from statis-
tics.
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PHYSICAL CONSTANTS*

Quantity Symbol, equation Value Uncert. (ppm)
speed of light c 2.997 924 58(1.2)x 108 m s~ ! (see note™) 0.004
Planck constant h 6.626 176(36)x10734 I s 5.4
Planck constant, reduced h=h/2n 1.054 588 7(537)x107 3% J s 54

= 6.582 173(17)x 10722 MeV 5 2.6
electron charge magnitude e 1.602 189 2(46)< 10~ 19.C = 4803 242(14)x 10 10 ogy 29,29
conversion constant he 197.328 58(51) MeV fm 2.6
conversion constant (hc)2 0.389 385 7(20) GeV2 mbarn 5.2
electron mass m, 0.511 003 4(14) MeV/c2 =9.109 534(47))(10_31 kg 2.8,5.1
proton mass m, 938.279 6(27) MeV/c? = 1.672 648 5(86)x 10727 kg 28,51
= 1.007 276 470(11) amu = 1836.151 52(70) m, T 0.011,0.38
deuteron mass my 1875.628 0(53) MeV/c? 2.8
atomic mass unit (amu) (mass C12 atom)/12 = (1 g)/N,, 931.501 6(26) MeV/c? = 1.660 565 5(86)x10 727 kg 2.8, 5.1
permittivity of free space & 3 8.854 187 818(71)x10 712 C2 N 7! m ™2 0.008
permeability of free space uoi € = 1/e 4rx1077 = 1.256 637 061 4x10"O N A~2 —
fine structure constant a= 6’2/41r60h£‘ 1/137.036 04(11) t 0.82
classical electron radius e = e2/41r60mec2 2.817 938 ()(70)><10_15 m 25
electron Compton wavelength ?\e =h/m,c = re,a-1 3.861 590 5(64)><10‘13 m 1.6
Bohr radius (M yyeys = ) @ = 4Tegh?/m,e? = r,a”? 5.291 770 6(44)x10™ ' m 0.82
Rydberg energy heR o, = m e/ 24meg)*h? = m,c2a?/2 13.605 804(36) eV 2.6
Thomson cross section ar = 87rr22/3 0.665 244 8(33) barn 4.9
Bohr magneton ug =eh/2m, 5.788 378 5(95)x 107 1! Mev T™! 1.6
nuclear magneton uy = eh/2m, 3.152 451 5(53)x10™ 14 Mev T™! 17
electron cyclotron freq./field wfyd/B =e/m, 1.758 804 7(49)><1011 rads”! T ! 2.8
proton cyclotron freq./field wé’yd/B = e/mp 9.578 756(28)><107 rads” ! T™! 2.8
gravitational constant Gy 6.672 O(4l)><10'11 m3 kg~ ! s72 615
= 6.7065 (41)x1073% he (GeV/c?)2 615
grav. accel., sea level, 45° lat. g 9.8062 ms 2 —
Fermi coupling constant GF/(hc‘)3 1.166 37(2)><10—5 Gev™2 17
Avogadro number Ny 6.022 045(31)><1023 mol~ Lt 3.1
Boltzmann constant k 1.380 662(44)x 10723 y K ! 32
=8.617 35(28)x107 3 ev K ™! 32
molar volume, ideal gas at STP N, k(273.15 K)/(1 atmosphere) 22.413 83(70)><10—3 m3 mol ™! 31
Stefan-Boltzmann constant o = wrk3160n3c2 5670 327)x10" 8 Wm™2 K4 125
7™ = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 v = 0.577 215 664 901 532 861
lin = 0.0254m 1barn = 1072 m? lev = 1.602 189 2x107 197 1 gauss (G) = 1074 tesla (T)
1A =10"9m 1dyne = 1075 newton (N) 1eV/c? = 1782 676x10 3 kg 1 atmosphere = 1.013 25 x10° N/m?
1fm = 1075 m lerg = 1077 joule (J) 2.997 924 58x10% esu = 1 coulomb (C) 0°C = 273.15K

ST units take as their base: length (m), mass (kg), time (s), electric current (A), themodynamic temperature (K), amount of a substance (mot),
and luminous intensity (candela, cd), and the two supplementary units plane angle (rad) and solid angle (sr).

* Revised 1985 by B.N. Taylor. Based mainly on the “1973 Least-Squares Adjustment of the Fundamental Constants,” by E.R. Cohen and
B.N. Taylor, J. Phys. Chem. Ref. Data 2, 663 (1973). The figures in parentheses after the values give the 1-standard-deviation uncertainties
in the last digits; the uncertainties in parts per million (ppm) are given in the last column. The uncertainties of the values from a least-
squares adjustment are in general correlated, and the laws of error propagation must be used in calculating additional quantities. The set of
constants resulting from the 1973 adjustment has been recommended for international use by CODATA (Committee on Data for Science and
Technology), and is the most up-to-date, generally accepted set currently available.

T Since 1973, new experiments have yielded better values for some of the constants: N, = 6.022 097 8(63)x 1023 mol ™" (1.04 ppm); o=
137.035 963(15) (0.11 ppm); and mp/me = 1836.152 701(100) (0.054 ppm - error increased by us pending final determination). However,
since a change in the value of one constant usually leads to changes in the adjusted values of others, caution is required in using together the
values from the 1973 adjustment and the results of more recent experiments,

** In 1983, the Conf. Générale des Poids et Mesures adopted a new definition of the meter: it is the distance traveled by light in vacuum in
1/299 792 458 s. Thus the speed of light is defined to be 299 792 458 m/s. For a discussion, see B.W. Petley, Nature 303, 373 (1983).
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ASTROPHYSICAL CONSTANTS*

Quantity Symbol, equation Value Quantity Symbol Value
Planck mass M planck 1.221 10(37)x10'? GeVv/c? cosmological constant A |A] < 31072 m ™2
=(he/Gy)'? =2.176 83(66)x 10" 8 kg age of the universe! 7y 1.5(5)x10!0 years
Hubble parammcr1 Hy 10044 km 571 Mp«:"l solar mass Mg 1.989(2)x 1030 kg
= hgx1.0x107 10 year ! solar luminosity Le 3.826(8)x10%67 57!
normalized Hubble parameter! &, 04 < hy <1 solar radius Rg 6959 9(7)x108 m

density parameter of the universe! Q = po/e,

critical density of the universe! P = 3H(§ /8mwGp, 1.88x 10726 hg kg m~3
=2.8x10" 13 Mg Mpe™3

005 <@y =<4

1 tropical year ~ 3.155 69 %107 s
1light year = 9.460 528 x10*3 m
1 parsec (pc) = 3.261 633 light years
1 astro. unit = 1.495 979 x10! m

* Compiled with the help of K.A. Olive, J. Primack, and S. Rudaz. Some values are taken from C.W. Allen, Astrophysical Quantities

(Athlone Press, London, 1973).

! Subscript 0 indicates present-day values.

BIG BANG COSMOLOGY*

All observational evidence to date indicates that our universe is
very nearly homogeneous and isotropic. The most general space-
time interval with these properties is the Friedmann-Robertson-
Walker metric (with ¢ = 1):

2
ds? = dr? - Rz(t)[—dr—z +rdo? + sin20d¢2)] ,
—&r
where k = +1, —I, or 0 corresponds to closed, open, or spatially

flat geometries; R(t) is a scale factor for distances in comoving
coordinates. Einstein's equations lead to the Friedmann equation

=32
pro |[R|TB"ON ko A
R 3 R 3
as well as to

R 53,
where H(¢) is the Hubble parameter, p is the total mass-energy
density, p is the isotropic pressure, and A is the cosmological con-
stant, (For limits on A, see the Table of Astrophysical Constants;
we will assume here A = 0.) The Friedmann equation serves to
define the density parameter @ (subscript 0 indicates present-day
values):

K/R§ = HE @~ 1), 2 = py/p,
and the critical density is defined as

3¢
- - —26 42 -3
P, = 87Gy = 1.88x10 hq kgm™ 7,

with
Hy = 100/, km s~ Mpe™!.

Observational bounds give 0.4 < kg < 1. The three possible
values of x, +1, —1, and 0O, correspond to Qp >1, <l,and =1, i.e,
to closed, open, and flat (critical) universes. The value of Q is
inferred from velocity measurements on scales greater than 100
kpc, which are all consistent with 0.1 < 23 < 0.4. Conservative
bounds are 0.05 < @ < 4. The portion of @ in luminous matter is
much smaller, 0.005 < @, < 0.02. The excess of ¢y over Q.
leads to the inference that most of the matter in the universe is
nonluminous “dark™ matter.

Energy conservation implies that p = —S(R /Rg (p + p), so that
for a matter-dominated (p = 0) universe p oc R ~ 2, while for a
radiation-dominated (p = 1/3p) universe p cc R~ " Thus the less
singular ¢urvature term «/R < in the Friedmann equation can be
neglected at early times when R is small. Energy conservation also
implies that the universe expands adiabatically, R”°s = constant,
where the entropy density s = (p + p)/T and T is temperature.

The energy density of radiation can be expressed as

2.4
oy = T N(DITY,
with h = 1, where N(7T) counts the effectively massless degrees of
freedom of bosons and fermions:

M(T) = Sep+ § 2er -
B F

For example, for m > kT > m,, N(T) = gy +7/8(g, + 3gv) =
2+7/8[4+3(2)] = 43/4. For m_> kT > ", N(T)=57/4.

In the early universe when p ~ p,, then R ~ 1/R,sothat R
t'/“and Ht — 1/2; the time-temperature relation then follows:

2

_ , ~172 { 1MeV
t 2.4[}V(T)] [————kr ]
Today, the energy density in photons is p_ = (1r2k4/ 1 S)T(‘;' , where
the present temperature of the microwave background is Ty =
2.73+0.05K, and the number density of photons »_ is
4OO(T0/2.7K)3 em 3. For nonrelativistic matter (such as baryons)
today, the energy density is pp = mpgnp with np o R"'3, so that
for most of the history of the universe ng/s is constant. Today,
the entropy density is related to the photon density by s ~ 7n_.
Big Bang nucleosynthesis calculations limit n = ng/n_ to 3x10 10
< 1 =< 1077, The parameter 7 is also related to the gonion of @
in baryons

Qp = 3.6x1079hy 2(T/2.7K),

so that 0.01 < QBhé < 0.04 and hence the universe cannot be
closed by baryons.

* Written December 1985 by K.A. Olive and S. Rudaz.
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ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS*

Material Z A Nuclear? Nuclear? Nuclear® Nuclear® dE/dx min 9 Radiation length ¢ Density” Refractive
total inelastic c<l)llisit(}3‘n intlerac‘tkilon AE AE o1 em Liag g/cm? index 1n 106
cross cross en en, i is (n-1)x
section  section Ai }\f MeV_ 0 [)?f?rl]ga s [E/szl() : s[%’o’:_] as 0 1igf/<;r]gas 0 f(()r gag
g [barn] o) [barn]| |g/em?]  [g/em?] g/cm? [keV] &
H, 1 1.01 0.0387 0.033 433 50.8 4.12 (0.19) 61.28 865 0.0708(0.090) 1.112(140)
D, 1 201 0.073 0.061 45.7 54.7 2.07 (0.17) 122.6 757 0.162(0.177) 1.128
He 2 4.00 0.133 0.102 499 65.1 1.94 (0.16) 94.32 755 0.125(0.178) 1.024(35)
Li 3 694 0.211 0.157 54.6 734 1.58 0.70 82.76 155 0.534 —
Be 4 9.01 0.268 0.199 55.8 75.2 1.61 2,61 65.19 35.3 1.848 —
C 6 12,01 0.331 0.231 60.2 86.3 1.78 3.57 42,70 18.8 22658 —
N, 7 1401 0379 0.265 61.4 87.8 1.82 (0.93) 37.99 47.0 0.808(1.25) 1.205(300)
0, 8 1600 0.420 0.292 63.2 91.0 1.82 (1.31) 34.24 30.0 1.14(1.43) 1.22(266)
Ne 10 20.18 0.507 0.347 66.1 96.6 1.73 (0.75) 28.94 24.0 1.207(0.90) 1.092(67)
Al 13 2698 0.634 0.421 70.6 106.4 1.62 3.81 24.01 8.9 . 2.70 —
Si 14 2809 0.660 0.440 70.6 106.0 1.66 - 3.36 21.82 9.36 2,33 —
Ar 18 3995 0.868 0.566 76.4 117.2 1.51 (1.30) 19.55 14.0 1.40(1.78) 1.233(283)
Fe 26 55.85 1.120 0.703 82.8 131.9 1.48 10.7 13.84 1.76 7.87 —
Cu 29 6354 1.232 0.782 85.6 134.9 1.44 11.85 12.86 1.43 8.96 —
Sn S0 118,69 1967 1.21 100.2 163 1.26 8.3 8.82 1.21 7.31 —
Xe 54 131.30 2.120 1.29 102.8 169 1.24 3.57) 8.48 2.77 3.057(5.89) (705)
w 74 183.85 2.767 1.65 110.3 185 1.16 21.1 6.76 0.35 19.3 —
Pb 82 207.19 2.960 1.77 116.2 194 1.13 11.7 6.37 0.56 11.35 —
U 92 238.03 3.378 1.98 117.0 199 1.09 19.3 6.00 =0.32 =18.95 —
Air, 20°C, | atm, (STP in paren.) 62.0 90.0 1.82 (1.12) 36.66 (30420) 0.001205(1.29)  1.000273(293)
H,0 60.1 84.9 2.03 1.72 36.08 36.1 1.00 1.33
Shielding concrete h 67.4 99.9 1.70 3.68 26.7 10.7 2.5 —
SiO, (quartz) 67.0 99.2 1.72 328 27.05 123 2.64 1.458
H, (bubble chamber 26°K) 43.3 50.8 4.12 0.20 61.28 =1000 ~0.063" 1.100
D, (bubble chamber 31°K) ) 45.7 54.7 2.07 0.22 122.6 =900 0,140’ 1.110
H-Ne mixture (50 mole percent)’ 65.0 94.5 1.84 0.59 29.70 73.0 0.407 1.092
Ilford emulsion GS 82.0 134 1.44 4.79 11.0 2.89 3.815 —
Nal 94.8 152 1.32 4.13 9.49 2.59 3.67 1.775
BaF, 92.1 146 1.35 5.72 9.91 2.05 4.89 1.56
BGO (BiyGey0,) - 97.4 156 1.27 8.07 7.98 L12 7.1 215
Polystyrene, scintillator (CH)k 58.4 82.0 1.95 1.72 43.8 424 1.032 1.581
Lucite, Plexiglas (CsHgO,) 59.2 83.6 1.95 1.98 40.55 =344 1.16-1.20 ~1.49
Polyethylene (CH,) 56.9 78.8 2.09 1.68 44.8 =479 0.92-0.95 —
Mylar (CsH,0,) 60.2 85.7 1.86 2.24 39.95 28.7 1.39 —
Borosilicate glass (Pyrex)f 66.2 97.6 1.72 3.32 28.3 12.7 2.23 1.474
CO, 62.4 90.5 1.82 (1.92) 362  (18310) (1.977) (410)
Methane CH, 54.7 74.0 2.41 (0.91) 46.5  (64850) 0.423(0.717) (444)
Isobutane C4H,, 56.3 77.4 2.22 (3.43) 452 (16930) (2.67) (1270)
Freon 12 (CCl,F,) gas, 26°C, 1 atm.™ 70.6 106 1.62 4.49 23.7 4810 (4.93) 1.001080
Silica Aerogel” 65.5 95.7 1.83 0.28 2985 =150 0.1-0.3 1.0+0.25p
G10 plate® 62.6 90.2 1.87 2.7 33.0 19.4 1.7 —

*

a0

>0

SR FNAT~

Table revised April 1986 by W. Carithers. o, o, Ay, and A; are energy dependent. Values quoted apply to high energy range given in footnote a
or b, where energy dependence is weak.

. Oyo1a) 8t 80-240 GeV for neutrons (= o for protons) from Murthy et al., Nucl. Phys. B92, 269 (1975). This scales approximately as AL7T,
- Ginelastic=Ctotal ~ Telastic ~ Tquasielastic for neutrons at 60-375 GeV from Roberts et al., Nucl. Phys., B159b g? (1979). For protons and other parti-

cles, see Carroll et al., Phys. Lett. 808, 319 (1979); note that a,(p) = o;{n). o scales approximately as A
Mean free path between collisions (A ) or inelastic interactions (), calculated from A = 4 /(N X¢), where N is the Avogadro number.

. For minimum-ionizing protons and pions. AF is energy loss per g/cm* from Barkas and Berger, Tables of Energy Losses and Ranges of Heavy

Charged Particles, NASA-SP-3013 (1964). For electrons and positrons see: M.J. Berger and S.M. Seltzer, Stopping Powers and Ranges of Electrons
and Positrons (2nd Ed.), U.S. National Bureau of Standards report NBSIR 82-2550-A (1982). AE mp is the most probable deposited energy in one
cm, in MeV for solids and liquids, in keV for gases. E, _ varies with depth in a nenproportional manner. [See Sect. (1) of Passage of Particles
Through Matter.| Parentheses refer to gaseous form at S%‘P (0°C, 1 atm.).

. From Y S. Tsai, Rev. Mod. Phys. 46, 815 (1974). L, data for all elements up to uranium may be found here. Corrections for molecular binding

applied for H,, and D,. Parentheses refer to gaseous form at STP (0°C, 1 atm.).
Values for solids, or the liquid phase at boiling point, except as noted. Values in parentheses for gaseous phase at STP (0°C, 1 atm.). Refractive
index given for sodium D line.

. For pure graphite; industrial graphite density may vary 2.1 - 2.3 g/cm3.
. Standard shieldingzblocks‘ typical composition O, 52%, Si 32.5%, Ca 6%, Na 1.5%, Fe 2%, Al 4%, plus reinforcing iron bars. The attenuation length,

€ =115 + 5 g/cm*, is also valid for earth (typical p = 2.15), from CERN-LRL-RHEL Shielding exp., UCRL-17841 (1968).
Density may vary about + 3%, depending on operating conditions.
Values for typical working conditions with H, target: 50 mole percent, 29°K, 7 atm.

. Typical scintillator; e.g., PILOT B and NE 102A have an atomic ratio H/C = 1.10.

Main components: 80% SiO, + 12% B,0; + 5% Na,O.

. Used in Cerenkov counters. Values at 26°C and 1 atm. Indices of refraction from E.R. Hayes, R.A. Schiuter, and A, Tamosaitis, ANL-6916 (1564).
. n(8i0,) + 2n(H,0) used in Cerenkov counters, p = density in g/cm3. From M. Cantin et al., Nucl. Instr, Meth. 118, 177 (1974).
. G10-plate, typical 60% SiO, and 40% epoxy.



EXPECTED PARAMETERS OF FUTURE HIGH ENERGY COLLIDERS

The numbers shown here were received from authorized representatives of each collider in November 1985. All numbers are subject to
change, and many are only estimates.
H = horizontal direction,

V = vertical direction,

s.c. = supercounducting
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TEVATRON [ TRISTAN SLC LEP HERA UNK SSC
(Fermilab) (KEK) (SLAC) (CERN) (DESY) (Serpukhov) | (unknown)
Sept. Nov. March Early Spring
Start date 1986 1986 1987 1989 1990 1993 1994
Particles collided )7 ete” eTe” ete” ep D p
Max. beam energy (TeV) 0.8-1.0 0.03 0.05 0.06 0.026/0.82 e/p 3 (Stage II) 20
Injection energy (TeV) 0.15 0.008 0.05 0.02 0.014/0.040 e/p 0.4-0.6 1
Luminosity (1030 em =2 571 1 20 6 (0.6 17 yr) 16 15 100 1000
Circumference (km) 6.28 3.02 1.45 +1.47 26.66 6.336 20.77 82.9
No. of interaction regicns 2 high :7 4 1 4 3 4 4
2low ¥
No. of particles per bunch 6 32 726 15 yr) 4L6 3.48/10 e/p 5 0.73
{units 10*)
No. of bunches per ring 3 2 1 4 220 12,000 17,280
per species
Average beam current 1.4 10 0.0014 3 58/163 e/p 1400 73
per species (mA)
Beam-beam tune shift | 17 300 - 300 250/20 e/p 2 9
per crossing (units 107 %)
Filling time (min) 2-3 20 - 0.25 mA/min 10/20 e/p 5 30
Luminosity lifetime (hr) 10—-20 3-4 - 5 >3 1 73
Crossing angle (1 rad) 0 0 0.00 0 0 0-500 75
Energy spread (units 10_3) 0.12 1.64 0.2 0.82 0.91/0.4 ¢/p 0.13 0.5
Transverse emittance . H: 56 H:345/86 e/p
Al H: 180 0.42 47 0.047
(107 x rad-m) 42 V. 2.2 V' 6.90/4.3 e/p
RF frequency (MHz) 53 508 - 352.2 499.7/208.2 e/p 200 375
Acceleration period (sec) 50 300 - 80 100 1000
Bunch length (cm) 50 1.2 0.1 1.6 0.78/15 e/p 50 7
Repetition rate (Hz) 180 (120 1% yr)
B*, amplitude function at 1 H:08 0.01 H:1.75 H: 2/10 ¢e/p 3 H:0.5
interaction point (m) V:0.05 X V: 0.0 V:0.70/1.0 e/p V:0.5
Free space at interaction + +65 +25 “22 £15 £5.5 +9 £20
point {m) - +4.5 (initial) - : - - -
B : -6 H: 367 17 (21 15 H:312 H:263/293 e/p 375 48
eam radius (102 m) 65 V. 23 ¢ O Y a5 | v 69/66 elp
No. of utility insertions 4 8 - 2 4 4 4
Length of standard cell (m) 59.5 16.1 5.2 79 23.5/47 e/p 91.8 192
Phase advance per cell (deg) 65 60 108 60 60/90 e/p 82.5 60
Magnetic length of dipole (m) 6.12 5.86 2.5 11.66/pair 9.2/89 e/p 5.8 16.5
. - 3280+ 24 inj. H: 38402
. 7 272 460+ 44 00/4 2176
No. of dipoles in ring 74 0+ 440 - 64 weak 400/416 e/p 1 5.c)
- 520+288 920 (1 ring)
. 1 - 42 4
No. of quadrupoles in ring 216 400 L Bse 568/242 e/p 45 1808 (2 r.Xs.c.)
5.C. AGF in arcs iron domin. C-shaped ¢ 5.C.,
Magnet type cosfl rooCm temp. cold bore + 5.c., collared, s.C. collared,
warm iron type cold iron 8 s.c. quads cold iron p cold iron
nonsat.
Peak magnetic field (T) 4.4 0.406 0.597 0.135 0.165/4.65 ¢/p 5 6.6
P source accum. rate (hr*]) 4x1010 - - - - - -
Max. no. p in accum. ring 4x 10! - - - - - -
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PERIODIC TABLE OF THE ELEMENTS
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ELECTRONIC STRUCTURE OF THE ELEMENTS
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Electronic Configuration

Electronic Configuration

At Chem. |[K| L M N (6] At. Chem. [K| L M N 10 P |Q
no- Name Symbol\s |5 pls p d |s p d |s p| [Po- Name Symboll s plsp dlsp d flsp d flspd|s
1 Hydrogen H 1 55 Cesium Cs 212626 10[26 10 26 1
2 Helium He |2 56 Barium Ba 212626 102 6 10 26 .. 2
3 Lithium Li 2 1 57 Lanthanum La 2126261012610 .. |26 1 2
4 Bervllium Be 212 58 Cerium Ce (226[2610{2610 2*]26 . 2
5 Borbn B 2121 59 Praseodymium Pr 2126261012610 3|26 . 2
6 Carbon C 2122 60 Neodymium Nd {2]12626102610 4|26 . 2
7 Nitrogen N hl23 61 Promethium Pm [2|26[26 102610 5|26 . 2
8 Oxygen o) 2124 62 Samarium Sm 226261012610 626 . 2
9 Fluorine F 2125 63 Europium Eu 226261002610 726 . 2
10 Neon Ne 12l26 64 Gadolinium Gd |2 |26l26 10[2610 7 (26 1 2

: 65 Terbium T 226261002610 9%26 . 2
11 Sodium Na [2]2 6]l 66 Dysprosium Dy 2626 10[26 1010 (26 . 2
12 Magnesium Mg (2 {2 6|2 67 Holmium Ho 22626 10{126 1011 |26 . 2
13 Aluminum AL 2|2 6}2 1 68 Erbium E l2helswhserozpes . 2
14 Silicon Si |226{22 69 Thulium ™m 2262610261013 26 2
15 Phosphorus P 2|2 6[23 70 Ytterbium vyb 262610261014 26 . 2
16 Sulfur 5§ 2126124 71 Lutetium L [2hshée1o2e1014 26 1 2
17 Chlorine Cl 226125 72 Hafnium Hf [2pel2610261014 26 2 .. |2
18 Argon Ar 2126126 73 Tantalum Ta 2262610261014 26 3 2
19 Potassium K 2126126 1 74 Tungsten w 2262610126 1014 [26 4 2
20 Calcium Ca 2126126 .. |2 75 Rhenium Re 212626101261014 (26 5 2
21 Scandium Sc 212626 1 |2 76 Osmium Os 21262610126 1014 26 6 2
23 Titanium i bklhehes 21 77 Iridium r [lef2610261014 26 7 2
23 Vanadium A% 2126l26 312 78 Platinum Pt 212612610126 1014 [26 9 1
24 Chromium Cr [2 12626 5*[i 79 Gold Au 2|26l2610261014 [2610 1
25 Manganese Mn [2]26[26 5|2 80 Mercury Hg [2]26{2610[26 1014 |2 6 10 2
26 Iron Fe 226l26 6 |2 81 Thallium T 2262610261014 2610 21
27 Cobalt co hlaslhs 71 82 Lead Pb 2262610261014 2610 22
28 Nickel Ni 2l2sle 8|2 83 Bismuth Bi [2]26fz2610261014 2610 23
29 Copper ca b 126l26 1041 84 Polonium Po 2262610261014 |2610 24
30 Zinc zZn hl2sl26 10 85 Astatine At 2262610261014 |26 10 25
31 Gallium Ga 1212612610 |21 86 Radon Rn [2126[2610261014 |26 10 26
32 Germanium  Ge 2126126 10 |22 87 Francium Fr 2helerofstorafpeto . 261
33 Arsenic As[2126/2°6 10 123 88 Radium Ra 2262610261014 2610 .. [26 .2
34 Selenium  Se 212 6/2610 24 89 Actinium Ac [2P6l2610261014 2610 . [261]2
35 Bromine  Br 1212 6)26 10 123 90 Thorium Th 2262610261014 2610 .. [262]2
36 Krypton Kr [2]262610 26 91 Protactinjum  Pa (2 (2 6(2 6 1026 10 14 [26 10 2%|26 1|2
37 Rubidium Rb PR P2 6l2610 |26 1 92 Uranium U [2Pelz61oj261014 2610 31261(2
38 Strontium Sr 202612610126 .. 12 93 Neptunium Np [2|2626 1012611014 2610 4 (2612
39 Yttrium Y 212612610 126 1 |2 94 Plutonium Pu 21262610126 1014 2610 6 (26.]2
40 Zirconium Zr 2126l26 10126 2 |2 95 Americium Am 212612610126 1014 2610 7126 ..]2
41 Niobium Nb l2sl2610 26 a1 96 Curium cm 2 6lz6tol261014 2610 7(261]2
42 Molybdenum Mo [2 |2 6|26 10 [26 5 |1 97 Berkelium Bk 21262610126 1014 |26 10 9%|26 ..|2
43 Technetium Te |226l2610 26 6 |1 98 Californium  Cf 2|2 6]2 6 1026 10 14 [26 10 10 |26 ..|2
44 Ruthenium Ru [2126l261026 711 99 Einsteinium Es |2 |2 6|26 1026 1014 |26 10 11 |26 .{2
45 Rhodium Rh 2126l2610 126 8 (1 100 Fermium Fm (2262610261014 (26 1012 |26 ..|2
46 Palladium Pd 2126126 10 |2 6 10%|0 101 Mendelevium Md [2 |2 6]2 6 10{2 6 10 14 [26 10 13 (26 ..|2
47 Sijlver Ag 2126026 10 126101 102 Nobelium No (226|126 10126 1014 261014 126 ..|2
48 Cadmium Cd 2126261012610 ]2 103 Lawrencium Lr 2126[26 101261014 |26 1014 |261]2
49 Indium m 212626102610 (21| LI04 - - 226[26100261014 261014 [262]2
50 Tin Sn [2]2612610 2610 (22
51 Antimonv Sb [2[26[2610 (2610 (23 “Note irregulari
52 Tellurium Te [2[262610 2610 |24 ote irregulanty
53 lodine I 2262610261025
54 Xenon Xe 2262610261026
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PARTICLE DETECTORS*

In this section we give various parameters for common detec-.
tors. The quoted numbers are usually based on some typical
apparatus, and obviously should be regarded as rough approxima-
tions, valid only for preliminary design when applied to other
cases. A more detailed introduction to detectors can be found in
“A Consumer’s Guide to Particle Detectors,” by D.J. Miller, Ruth-
erford Lab Report RL-76-072, July 1976.

(1) Scintillators: The photon vield in the frequency range of
practical photomultiplier tubes is = 1 per 100 eV of charged parti-
cle 101121zat10n energy loss in plastic scmullatorI and = 1y/25eV in
Nall

?) Cerenkov:> The half-angle 6, of the Cerenkov cone aperture
in terms of the velocity 8 and the index of refraction » is:

oo () [20- 3]
C—al‘CCOS EI_ = ——ﬂ; .

The threshold velocity is: 8, = 1/n; v, = 1/(1 — BH1/2.
Therefore, 8,v, = 1/(28 + 62)'/2, where § = n—1. Values of é for
various commonly used gases are given as a function of pressure
and wavelength in Ref. 4; for values at atmospheric pressure, see
the Table of Atomic and Nuclear Properties.

The number of photons N per cm of path length is given by:

e e E T e

622

2rdy

= 500 sinzﬂc /em (visible spectrum) .

(3) Photon collection: In addition to the photon yield, one should
take into account the light collection efficiency (5 10% for typical
{-cm-thick scintillator), the attenuation length (=1 to 4 m for typi-
cal scintillatorss), and the quantum efficiency of the photomulti-
plier cathode (525%).

(4) Typical detector characteristics:

Resolution  Dead
Detector Type Accuracy (rms) Time Time
Bubble chamber =+10t0 =+150um = 1ms =~1/20s?
Streamer chamber +300um =~ 2us =100ms
Proportional chamber > + 300um b ~ S0ns ~200ns
Drift chamber +5010300um = 2ns? %100ns
Scintillator — =150 ps ~ [0ns
Emulsion +1lum — —_
Silicon strip +2.5um € €

2 Multiple pulsing time.
300um is for | mm pitch.
¢ Delay line cathode readout can give +150um
parallel to anode wire.
For two chambers.
€ Limited at present by noise and readout
time of attached electronics.

(5) Shower detectors: We give below typical energy resolutions
(FWHM) for an incident electron in the 1 GeV range; E is in GeV.
For a fixed number of radiation lengths, FWHM in the last three
detectors would be expected to be proportional to VI for t (= plate
thickness) = 0.2 radiation lengths.

For all detectors, operational resolution may be up to 50%
worse due to dead areas, non-normally incident tracks, and other
effects.

Nal (20 rad. lengths):” 2%
El/4
10 — 12%
Lead glass (14 rad. lengths):8 ——==2
glass ( gths) 75
Lead-liquid argon (15.75 rad. lengths):5 16%
(42 cells: 1.1 mm lead, 2 mm liquid argon, VE

2.3 mm lead-G10, 2 mm liquid argon)

Lead-scintillator sandwich (12.5 rad. lengths):9 17%

(66 cells: 1 mm lead, 5 mm scintillator) VE

Proportional wire shower chamber (17 rad. lengths):10 40%
(36 celis: 0.474 rad. length type-metal + Al, VE
9.5 mm 80% Ar - 20% CH, gas)

(6) dE /dx resolution in argon: Particle identification (relativistic,
Q =1 incident particles) by dE /dx is dependent on the width of
the distribution:

Multiple-sample Ar gas counters (no lead):ll

dx most probable) =‘ 0.96N—0'46(tp)_0'32 .

N = no. samples, ¢ = thickness per sample (cm), p = pressure
(atm.); most commonly used chamber gases (except Xe) give
approximately the same resolution.

(7) Proportional chamber wire instability: The limit on the vol-
tage V for a wire tension T, due to mechanical effects when the
electrostatic repulsion of adjacent w1res exceeds the restoring force
of wire tension, is given by (MSKA)

S
V‘lC

where 5, €, and C are the wire spacing, length, and capacitance per
unit length. An approximation to C for chamber half-gap ¢ and
wire diameter d (good for s < t) gives

V559T!/2[i+—’—¢’ [—S—]]
¢ "7 " nd

where V is in kV, and T is in grams-weight equivalent.

4reOT ,

(8) Proportional and drift chamber potentials: The potential dis-
tributions and fields in a proportional or drift chamber can usually
be calculated with good accuracy from the exact formula for the
potential around an array of parallel line charges ¢ (coul/m) along
z and located aty =0, x =0,%xs,%25...,

2o { o] =) e [22] ]}
dre, 5 s

Errors from the presence of cathodes, mechanical defects, TPC-type
edge effects, etc., are usually small and are beyond the scope of this
review.

Vix,y)=—
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(9) Silicon strip detectors and photodiodes: These are silicon
diodes operated with a reverse bias voltage V (typically 30-300
volts) sufficient to deplete the sensitive volume of most mobile
charge carriers (electrons and holes). The active (depletion layer)
thickness ¢ (cm) is given in a simple model by

t = \/2—;;=\/2pyel/,

where

= number of impurity centers/c:m3

electron charge

dielectric constant = 1 pF/cm = 11.9 ¢
resistivity ~ 1-20 kQ-cm

= majority charge carrier mobility

~ 1300-1500 cmz/volt-sec (electrons)
~ 450-600 cmz/volt-sec (holes).

([

T AN X
I

A minimum-ionizing particle has a Landau energy-loss distribution
with average energy loss 39 keV/100 um, most probable energy loss
26 keV in 100 um (which scales within ~ = 10% from ~20 to
~300 pum), and full width at half-maximum of roughly O.It/ﬁ2 keV,
where ¢ is the detector thickness in microns and 8 = Vipe/C- The
width is usually increased further by electronic noise (¢ ~1-10
keV) and for thin layers by a Gaussian contribution due 1o atomic
effects [o ~ (0.3-0.4)\V1 keV]. The average energy required to
produce an electron-hole pair 1s 3.6 eV, from which one can esti-
mate total charge of either sign released. Silicon detectors can
tolerate integrated charged-particle fluxes of up to ~10'0.10"/cm?
and still operate as efficient detectors.

Typical photodiodes are sensitive (quantum efficiencies greater
than ~ 10%) to wavelengths from ~ 200 nm to 1100 nm.
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COSMIC RAY FLUXES*

The fluxes of particles of different types depend at the ~10%
level on the latitude, their energy, and the conditions of measure-
ment. Some typical sea-level values® for charged particles are given
below:

I, flux per unit solid angle per unit horizontal area

about vertical direction

= j(6=0, ¢) [# = zenith angle, ¢ = azimuthal angle] ;

‘]1 total flux crossing unit horizontal area from above

= f J(0, d)cosf dQ [da =sinfdfdg];

a<<r/2

5 total flux from above (impinging on a sphere of unit
cross-sectional area)

= f Jj(, ¢)yda.
f=<x/2
Total Hard Soft
Intensity Component Component
I, LIx102  08x102  03x102 m™2sec™! sterad !
Jy o 18x102 13x102  05%x102 m”Zsec”
Jy 24x10%  17x10°  0.7x102 m~2sec”!

Very approximately, about 75% of all particles at sea level are
penetrating, and are muons (the dominant portion of the hard com-
ponent at sea level). The sea-level vertical flux ratio for protons to
muons (both charges together) is about 3%2% at 1 GeV/c, decreas-
ing to about %% at 10 GeV/c.

The muon flux at sea level has a mean energy of 2 GeV and a
differential spectrum falling as £ ™2, steepening smoothly to £ —36
above a few TeV. The angular distribution is cos“8, changing to
secd at energies above a TeV, where # is the zenith angle at produc-
tion. The + — charge ratio is 1.25-1.30. The mean energy of
muons originating in the atmosphere is roughly 300 GeV at slant
depths =z a few hundred meters. Beyond slant depths of ~10 km
water-equivalent, the muons are due primarily to in-the-earth neu-
trino interactions (roughly 1/8 interaction ton ! year—l for E. >
300 MeV, ~ constant throughout the «:arth).2 Muons from this
source arrive with a mean energy of 20 GeV, and have a flux of
2x107% m ™2 sec ™! sterad ! in the vertical direction and about
twice that in the horizontal,3 down at least as far as the deepest
mines.
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(1) Energy loss rates for heavy charged projectiles: A heavy pro-
jectile (much more massive than an electron) of charge VASS
incident at speed B¢ (8 >> 1/137) through a slowing medium, dis-
sipates energy principally via interactions with the electrons of the
medium. The mean rate of such energy loss per unit path length x,
called the stopping power, is given by the Bethe-Bloch equation:l

2
[@_] _ D Zneq Prmea [ Zing ]
dx inc Amed g

om 2526'2
< n [ oY a2 6 C

7 L2 __t

2 Z,a {1 + v},
where D = 47N rezmec2 = 0.3070 MeV cmz/g (see Physical
Constants Table). Mean range and energy loss figures appear at the
end of this section.

Here, Z ;4 and 4 .4 are the charge and mass numbers of the
medium and p, .4 is the mass density of the medium; 7, 8, C, and
v are phenomenological functions. Frequently, the values of 4, C,
and v are negligibly small; the parameter I characterizes the binding
of the electrons of the medium. As a rule of thumb, we may esti-
mate [ for an idealized medium as / = 16 (Z med)d'g eV when
Z eq > 1. For realistic media the value of I will vary at the 10%
level from this estimate. Variations of this order occur due to
atomic effects such as completion of a shell, also due to chemica!
binding, and even due to the phase of the substance. Hydrogen,
perhaps the most sensitive, has I of about 15 eV in the atomic
mode, rising to about 19.2 ¢V as H, gas and to 21.8 ¢V as H,
liquid.“ For many substances, the transition from gas to solid is
accompanied by a 20-30% increase in 12 We may approximately
treat media which are chemical mixtures or compounds by comput-

ing
£~§[@]
ax = < Udx },
with (dE /dx),, appropriate to the n'® chemical constituent (using
p‘(,'l’c{i as the partial density in the formula for dE /dx ).3 For many
chemical compounds, small corrections to this additivity rule may
be found in Ref. 2.

The function 8 represents the density effect upon the energy loss
rate; it is non-negligible only for highly relativistic projectiles in
denser media.® For ultra-relativistic projectiles, 6 approaches 26n~y
+ constant, where the value of the constant depends upon the den-
sity of the medium as well as its chemical composition.

The function C represents shell corrections to the energy loss
rate.! These effects are non-negligible only for projectiles with
speeds not much faster than the speeds of the fastest electrons
bound in the medium.

The function v represents corrections due to higher order elec-
trodynamics.’ These effects become important when 1Z;ne/B) is
comparable to 137. For relativistic unit-charge projectiles, |v| is
of the order of 1%; positively charged progectiles lose energy more
rapidly than do their charge conjugates.s’

For nonrelativistic projectiles, our formulae above are inapplica-
ble. At the very slowest speeds, total energy loss rates are believed
10 be proportional to 3, rising through a peak at projectile speeds
comparable to atomic speeds (3 on the order of ac), after having
passed through a smaller peak (due to elastic Coulomb collisions
with the nuclei of the slowing medium7) at intermediate speeds.
For example, for protons in Si, dE /dx = 61.23 8 GeV/(gm cm ™)
for 8 <0.005; the peak occurs at 8 = 0.0126 where dE /dx = 522
MeV/(gm cm_z). In some cases, energy loss rates depend signifi-
cantly upon the relation of the projectile trajectory to the crystalline
structure of the slowing medium.

For relativistic projectiles, (dE /dx ), falls rapidly with increas-
ing § until reaching a minimum around 8 = 0.96 (almost indepen-

dent of medium), followed by a slow rise. Because of the density
effect, the quantity in square brackets approaches én+vy + constant
for large v.

The quantity (dE /dx);; 0x is the mean total energy loss via
interactions with electrons of the medium in a layer of thickness
éx. For any finite éx, Poisson fluctuations can cause the actual
energy loss to deviate from the mean. For thin layers, the distribu-
tion is broad and skewed, being peaked below (dE /dx )éx, and
having a long tail toward large energg losses.’ Only for a very
thick layer [(4E /dx)éx >> Zmeﬂz'y 62] will the distribution of
energy losses become nearly Gaussian. The large fluctuations of
the total energy loss rate from the mean are due to a small number
of collisions involving large energy transfers. The fluctuations are
greatly reduced for the so-called restricted energy loss rate,
described in Section (4).

{2) [lonization yields: Physicists frequently relate total energy loss
to the number of ion pairs produced near the projectile’s track.
This relation becomes complicated for relativistic projectiles due to
the wandering of energetic knock-on electrons whose ranges exceed
the dimensions of the fiducial volume. For a qualitative appraisal
of the nonlocality of energy deposition by such modestly energetic
knock-on electrons in various media, see Ref, 10. Furthermore, the
mean local energy dissipation per local ion pair produced, W,
while essentially constant for refativistic projectiles, increases at
slow projectile speeds.!! The numerical value of W for gases can
be surprisingly sensitive to trace amounts of various contam-
inants.”' Of course, in addition to the preceding effects, practical
ionization yields may be g[reatly_ influenced by subsequent recombi-
nations and other factors.!2

(3) Energetic knock-on electrons: For a relativistic point-charge
projectile, the production of high energy (kinetic energy 7 >> I)
electrons is given by:

2
a’N _ 1 Z med Zin 1
arax 27 | d, | T ) Pmea2E:
T

4 med
for [ << T < Tmax , where
r ~ zme 6272(:2
max 2
m m
1+2y 5+ £
M inc M inc
M, is the mass of the incident projectile, and all other quantities

except F are asin Sec. (1). F (= 1for T << T ax) 1s a factor
dependent upon the spin of the projectile.
For spin-0 projectiles,

T
F=1-f7—="—;
Tmax
for spin-1/2 projectiles,

12T ,1
F16T+[

max 2

T ]2
2| -
Tinc +M inc®
where T';,,. is the kinetic energy of the projectile;
for electrons incident,
T 2
_ q292 in¢ 1 ,
F=p5T nr..-T) T, ’

mnc nc

and for positrons incident,

T T 2R
F=[32[1————+[ ]]
Tinc Tinc
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For incident electrons, the indistinguishability of projectile and tar-
get means that the range of T is only up to T;,./2. For additional
formulas see Ref. 14. Our formula is inaccurate for T close to [;
for 2 < T < 10/, the l/T‘2 dependence above becomes = 7 7
with3 < 7.5 5.}

(4) Rates of restricted energy loss for relativistic charged projec-
tiles: The variability of energy loss for heavy projectiles is due pri-
marily to the variability in the production of energetic knock-on
electrons. Bremsstrahlung and pair-production processes make this
variability even greater for electrons than for heavy particles as pro-
jectiles (see, e.g.. the figure Fractional Energy Loss for Electrons
and Positrons in Lead). If an instrument, such as a bubble
chamber, is capable of isolating these high-energy-loss interactions,
then it is appropriate to consider the rate of energy loss excluding
them, i.e., a restricted energy loss rate. The mean energy loss rate
via all collisions which have energy transfer T such that

T < E oy << Tax is:!

2
[EE ] 15 Z medPmed [ Zinc ]
dx ) <E .. 2 A ed 8

A o (M]_ﬁz_a_i
12 Zmed

Notice the overall factor of 1/2. See Sec. (1) above for definitions
of the quantities in this equation.

The density effect causes the restricted energy loss rate to
approach a constant, the Fermi plateau value, for the fastest projec-
tiles.

(5) Mulitiple scattering through small angles: As a charged parti-
cle traverses a medium it is deflected by many small-angle elastic
scatterings. The bulk of this deflection is due to elastic Coulomb
scattering from the nuclei within the medium, hence the usual iden-
tification as multiple Coulomb scattering (note, however, that
strong interactions do contribute to the total multiple scattering for
hadronic projectiles). For both Coulomb and strong interactions,
the Central Limit Theorem provides little useful guidance in estab-
lishing the precise nature of the distribution of the total deflections
resulting from multiple scattering. The true distribution is roughly
Gaussian only for small deflection angles. while it shows much
greater probability for large-angle scatterings (= a few ;. see
below, depending on absorber) than the Gaussian would suggest.
These tails on the distribution (a few per cent of peak height in the
region where the Gaussian part becomes negligible) are more pro-
nounced for hadrons than for muons as projectiles. The large-angle
behavior of these distributions is best estimated by computing the
exact distribution for the vectorial sum of the largest deflections
based upon the true elastic scattering cross section of the projectile
against the medium.'® or. when applicable. by interpolation from
tabular data.!” An easier alternative which may suffice for noncrit-
ical applications would be to use a Gaussian approximation with
the following width:!

14,1 MeV .
by = —pTeﬁ Zine VITER L1 + Loyt /Lg) ] (radians),

where p, 8, and Z; . are the momentum (in MeV/c). velocity, and
charge number of the incident particle, and L /Ly is the thickness.
in radiation lengths, of the scattering medium. Ly for certain
materials is given in the Table of Atomic and Nuclear Properties of
Materials. See also Sec. (7) below. The angle, 69, is a fit to
Moliere!® theory, accurate to about 5% for 107~ < L/LR < 10
except for very light elements or low velocity where the error is
about 10 to 20%. In this Gaussian approximation, §, has the
meaning :

1
6 — 8 —_ rms
0 planem,ls

\/_2' Gspace .

The nonprojected {space) and projected (plane) angular distribu-
tions are given approximately1 by the Gaussian forms:

2

4
exp | — _space dQ,
2 2
2xf 26
2
1 eplane
=T Y% 204

where 8 is the deflection angle.
Other quantities are sometimes used to describe the amount of
multiple Coulomb scattering: the auxiliary quantities \,bp]ane,

¥ plane: and S plane (see the figure) obey:
Yime = 5 e~ 5%
IR = 5 L O = 5t
and S;lTa]xsme = 4_]\/‘3 L 9;’]':;6 = Z—l\/—iLHO.

All the quantitative estimates in this section apply only in the limit

of small B;{;’;e and in the absence of large-angle scatters.

(6) Longitudinal distribution of electromagnetic showers: A pho-
ton of energy E = 0.1 GeV converting in a semi-infinite medium
produces an electromagnetic cascade whose intensity initially
increases with depth and then falls off. The average number of e x
with kinetic energy above 1.5 MeV, crossing a plane at a depth of
L radiation lengths from the beginning of the medium, in a
material of atomic number Z, calculated using the Monte Carlo
program EGS. % can be fit by the empirical formula

N = NoLee oL

where N = 5.51 E(GeV) VZ b2 *I(g +1)and b = 0.634
—0.0021 Z. For Z = 26,a=2.0 — Z/340 + (0.664 — Z/340)¢n
E. For Z =13, a = 1.77 — 0.52¢n E£. The maximum intensity,
Nmax, occurs at the depth L = a/b. The maximum error of the fit
occurs in the vicinity °E))fthis depth and is less than 0.15 N ... The

integral of the tail, f N dL is fit to better than 2.5%. The total

1.5a/b -
longitudinally projected ¢ = path length, {N dL =551 E VZ . is

less than the total ¢ = path length due primarily to multiple
Coulomb scattering.

(7) Radiation length: For the passage of electromagnetically
interacting particles through a medium it is convenient to measure
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thickness in terms of radiation length.2! For most electromagnetic
processes {Bremsstrahlung, Coulomb scattering, showering, pair
production, etc.), over large energy intervals, some or all of the
dependence upon the medium is contained in the radiation length.

The radiation length may be defined as the distance Ly over
which a high energy electron (= 1 GeV for most materials) loses all
but a fraction 1/e of its energy to Bremsstrahlung, on average. For
a homogeneous monoatomic medium, Z = §,

dar2N, 22
L _ dargNy {gn[ls"'“]+lgn[”94]—1.2ozazz2

LR 1 21/3 ya 22/3
4,4 10080878 22{ }
+1.0369a"Z2% — |+ o272 T 716.4054 °

where a, ro»and N, are found in the Physical Constants Table,
and Z and 4 are the atomic number and weight of the medium.
For Z << 5, a more complex numerical calculation is required.
Radiation lengths for many substances are tabulated in the Table of
Atomic and Nuclear Properties of Materials. For media which are
chemical mixtures or compounds,

LS

R
where f; is the fraction by mass of atoms of type /. radiation
length Lp. Chemical binding can lower Ly from this, typically by
a few per cent.

For electrons of energy below about one GeV, the average frac-
tional energy loss per unit length decreases as the energy decreases
(see Fractional Energy Loss for Electrons and Positrons in Lead fig-
ure). With distances measured in units of L. dependence of the
Bremsstrahlung fractional energy loss upon Z of the medium in the
low energy region {z 10 MeV) is of order a few percent or less.

For photons of infinite energy, the total pair-production cross
section is

¢ = TA/LgN ).

This is accurate to within a few per cent down to ~1 GeV for most
materials. For energies below about [ GeV, the cross section varies
in 2 manner which may be determined from the Photon Mass
Attenuation figures. See also Contributions to Photon Cross Sec-
tion in Carbon and Lead figure.

(8) Electron practical range: The electron “practical range” — a
common measure of straight-line penetration distance — is shorter
than the total path length because of multiple Coulomb scattering,
which becomes increasingly important as the electron siows down.
E.g.. for a fast electron the rms projected angle due to multiple
Coulomb scattering reaches 1 radian by the time the electron has
slowed to 0.4 MeV in hydrogen, 1.5 MeV in carbon, 9 MeV in
copper, and 24 MeV in lead. Electrons which have energy less than
0.2 MeV in Ar, 1.5 MeV in Cu, 3.5 MeV in Sn, and 5 MeV in Pb
are likely to deposit 10% of their energy behind their starting plane.
The practical range, R_, is defined as that absorber thickness
obtained by extrapolating to zero the linearly decreasing part of the
curve of penetration probability vs. absorber thickness. Data for Al
in the 7 range up to about 10 MeV are available, and fit (to
~+10%) R, = AT[I—B/(1+CT)] m cm”z, a form suggested in
Ref. 22, with 4=0.55 mg cm ™2 keV ™[, B = 0.9841, and C =
0.0030 keV ™ L. At this penetration depth, 90 - 95% of the incident
electrons have stopped. Data for other elements are sketchy, but
suggest that higher-Z (< 50) elements have 1 < Rp/Rp(Al) < 1.4
below ~10 keV, and 0.6 < Rp/R (Al) < 1 above ~ 100 keV.
The *“critical energy” (above whicﬁ the energy loss due 10

bremsstrahlung exceeds that due to ionization, and showering
becomes important) is 400 MeV for hydrogen, 100 MeV for car-
bon, 25 MeV for copper, and 10 MeV for lead. The mean positron
range may differ from the mean electron range by several percent.
See Refs. 23 and 24. Electron energy deposition and penetration
probability vs. range are discussed in Refs. 10, 25, and 26.
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COMMONLY USED RADIOACTIVE SOURCES

Principal emissions
E(keV)/Intensity (%)

Decay

Nuclide 1) /5(y) mode a s Y

22 + (511)
Na 2602 g7EC 546/90 1275/100

54 5.4/22 X
Mn 0.854 EC 835/100

55 5.89/25 X
Fe 268 EC 6.49/33'x

14.4/10

STco 0742 EC 122/86

136/11

60 < - 1173/100
Co  5.271 i 318/100 1332%100

8Ge 0742 EC-g* 1899/88 Pl v

. 4/44 X
(68Ga) /
90g, 285 BB 546/100
- 22847100
%) /

106 - - 39/100 512/21
Ru 1.020 B =8 4177 622/10
(106Rh) 3541/79 /

62/42 22/83 X

19cd 1.267 EC 84/44 e~ 2517 X

87/10 88/3.7

13 364/28 - 2479 X
Sn 0315 EC 3887 } e 3307

137 ~ 512/95
Cs 3017 8 i 174/5 662/85

81/33

13382 10.54 EC 138 } e 303/18

/ 356/60

482/2 570/98

207gi 322 EC 976/7 } e~ 1064/75
1048/2 17707

(5341 334/85 239745

28TH 1913 6028 -8785)  1794/18 583/30
(224Ra, 220Rp 216p,, 212pp, 212p; 2121%2)46/48 2613736

14/;(3) X

241 5443/13 18/20 X

Am 4322 @ 5486/85 60/36 X
14/4 X

244 5763/24

Cm  18.10 P 3805776 18/4 X

e 2,638 0.12 fission neutron, 0.6 v (<1 MeV)/decay of Cf
432.2 6x107 7 neutron, 4x1073 v (4.43 MeV)/decay of Am

Am/Be

EC denotes electron capture, X an atomic X-ray. Maximum 8%
energies are listed, unless followed by ¢~ indicating monoenergetic
conversion electrons. (511) indicates annihilation radiation, where
intensity depends on the number of stopped positrons. In some
cases, the y-ray values are approximate weighted averages of two or
more close-together lines. Daughter isotopes, the actual sources of
some lines, are listed in parentheses where appropriate.

E. Browne and R.B. Firestone, Table of Radioactive Isotopes (John
Wiley & Sons, New York, 1986).

Half-lives from J.K. Tuli, Nuclear Wallet Cards (1985), National
Nuclear Data Center.

Energies and intensities from D.C. Kocher, Radioactive Decay
Data Tables (1981), DOE/TIC-11026.

Neutrons from Neutron Sources for Basic Physics and Applications
(Pergammon Press, 1983).
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RADIOACTIVITY & RADIATION PROTECTION

The International Commission on Radiation Units and
Measurements (ICRU) recommends the use of SI units. There-
fore we list SI units first, followed by cgs (or other common)
units in parentheses, where they differ.

Unit of activity = becquerel (curie):

1 Bq = 1 disintegration/sec | = 1/(3.7x1010 Ci].

Unit of exposure, the quantity of X- or y- radiation at a point in
space integrated over time, in terms of charge of either sign
produced by showering electrons in a small volume of air
about the point:
= 1 coul/kg of air (roentgen; 1 R = 2.58x107¢ coul/kg
= | esu/cm” = 87.8 erg released energy per g of air); impli-
cit in the definition is the assumption that the small test
volume is embedded in a sufficiently large uniformly irradi-
ated volume that the number of secondary electrons entering
the volume equals the number leaving.

Unit of absorbed dose = gray (rad):
1Gy =1 joule/kg (= 10% erg/g = 102 rad)

= 6.24x10! MeV/kg deposited energy.

Unit of dose equivalent (for biological damage) = sievert [= 102
rem (roentgen equivalent for man)]:

Dose equivalent in Sv = grays x @, where Q (quality factor)
expresses long-term risk (primarily cancer and leukemia)
from low-leve! chronic exposure; it depends upon the type of
radiation and other factors. For v rays and § particles, @ =~
1; for protons, Q = I at ~10 MeV, rising gradually to =~ 2
at ~1 GeV; for thermal neutrons, Q =~ 3: for fast neutrons,
Q@ ranges up to 10; and for « particles and heavy ions
(assuming internal deposition — skin and clothing are usu-
ally sufficient protection against external sources), @ = 20.

Natural annual background, all sources: Most world areas,
whole-body dose equivalent rate ~ (0.4-4) mSv (40-400 mil-
lirems). Can range up to 50 mSv (5 rems) in certain areas.
U.S. average = 0.8 mSv. The lungs receive an additional =
0.1 mSv (= 10 mrem) from inhaled natural radioactivity,
mostly radon and radon daughters (good to =~ factor of 2 in
open areas; can range an order of magnitude higher in build-
ings and up to 1000x in poorly ventilated mines).

Cosmic ray background in counters (Earth’s surface):
~104/min/m /ster. For more accurate estimates and more
details, see Cosmic Rays section.

Fluxes (per m2) to deposit one Gy in one kg of matter, assum-
ing uniform irradiation:
=~ (charged particles) 6.24x 1012/(dE/dx). where dE /dx
{MeV m*/kg), the energy loss per unit length, may be
obtained (after conversion of units) from the Mean Range
and Energy Loss figures.

= 3.5x1013 minimum-ionizing singly charged particles in

carbon.
~ (photons) 6.24x 1012/[E(MeV)/(}\f)(mz/kg)], for photons
of energy E, attenuation length X (see Photon Attenuation
Length figures), and fraction /* << 1 expressing the fraction of
the photon’s energy deposited in a small volume of thickness
<< A but large enough to contain the secondary electrons.

= 2x101% photons of 1 MeV energy on carbon.
(Quoted fluxes good to about a factor of 2 for all materials.)

U.S. maximum permissible occupational whole-body dose:

50 mSv/year {5 rem/year).

Lethal dose: Whole-body dose from penetrating ionizing radia-
tion resulting in 50% mortality in 30 days (assuming no med-
ical treatment), 2.5-3.0 Gy (250-300 rads) as measured inter-
nally on body longitudinal center line; surface dose varies
due to variable body attenuation and may be a strong func-
tion of energy.

For a recent review, see E. Pochin, Nuclear Radiation: Risks
and Benefits (Clarendon Press, Oxford, 1983).
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MEAN RANGE AND ENERGY LOSS

Mean Range and Energy Loss in Lead, Copper, Aluminum, and Carbon
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Mean range and energy loss due to ionization for the indicated particles in Pb, with scaling to Cu, Al, and C indicated, using Bethe-Bloch
equation [See Sec. (1) of Passage of Particles Through Maner] with corrections. Calculated by M.J. Berger, using ionization potentials and
density effect corrections as discussed in M.J. Berger and S.M. Selizer, “Stopping Powers and Ranges of Electrons and Positrons,” (2"d ed.),
U.S. National Bureau of Standards Report NBSIR 82-2550-A (1982). The average ionization potentials (/) assumed were: Pb (823 eV), Cu
(322 eV), A1 (166 eV), and C (78.0 eV). Figure indicates total path length; observed range may be smaller (by ~ 1 % - 2% in heavy ele-
ments) due to multiple scattering, primarily from small energy-loss collisions with nuclei. The functional forms have not been experimen-
tally verified to better than roughly = 1%. For higher energies refer to discussion by Cobb [“A Study of Some Electromagnetic Interactions
of High Velocity Particles with Matter,” University of Oxford Report HEP/T/55 (1973)] and by Turner [“Penctration of Charged Particles
in Matter: A Symposium,” National Academy of Sciences, Washington D.C. (1970), p. 48]. For lower energies both data and theory are
not well understood. Scaling to other beam particles is, to a good approximation, described by the expression on the next page.
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MEAN RANGE AND ENERGY LOSS (Cont’d)
Mean Range and Energy Loss in Liquid Hydrcgen
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Range and energy loss in liquid hydrogen bubble chamber, based on Bethe-Bloch equation [See Sec. (1) of Passage of Particles Through
Matter], using an average ionization potential for H, of I = 20.0 eV, which is an approximate average of the experimental result of Garbin-
cius and Hyman [Phys. Rev. A2, 1834 (1970)] and the theoretical result of Ford and Browne [Phys. Rev. A7, 418 (1973)]. Bubble
chamber conditions are chosen to be those of Garbincius and Hyman: parahydrogen of density = 0.0625 g/cm3 (note: range o I/density),
with vapor-pressure 60.8 Ib/ in2 (absolute) and temperature 26.2°K. The functional dependence of the Bethe-Bloch equation is not experi-
mentally verified to better than about + 1% over large momentum ranges. It should be noted that the number of bubbles per cm of a track
in a bubble chamber is nearly proportional to 1/3“, not dE /dx. For the linear portions of the range curves, R oc p3'6. Scaling law for
particles of other mass or charge (except electrons): for a given medium, the range R), of any beam particle with mass M}, charge z,
and momentum p,, is given in terms of the range R, of any other particle with mass M, charge z,, and momentum p, = p, M, /M, (i.e.,
having the same velocity) by the expression:

Mb/Ma

2

] Ry(Myszy:pg =pp My /M) -
% /za2 »

Ry(My.zp.pp) = [
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PHOTON AND ELECTRON ATTENUATION
Photon Attenuation Length
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The photon mass attenuation length A = 1/(i/p) (also known as mfp, mean free path) for various absorbers as a function of photon energy,
where p is the mass attenuation coefficient. For a homogeneous medium of density p, the intensity / remaining afier traversal of thickness
1 is given by the expressxon I = Iyexp(—tp/N). The accuracy is a few percent. Interpolation to other Z should be done in the cross sec-
tion g =A/AN, cm 2/atom, where A is the atomic weight of the absorber material in grams and N4 is the Avogadro number. For a chem-
ical compound or mixture, use (1/X).g¢ = 2w (1/N);, accurate to a few percent, where w; is the proportion by weight of the i™ constituent.
See next page for high energy range. From Hubbell, Gimm, and @verbg, J. Phys. Chem Ref. Data 9, 1023 (1980). See also J.H. Hubbell,
Int. J. of Applied Rad. and Isotopes 33, 1269 (1982). Data courtesy J.H. Hubbell.
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PHOTON AND ELECTRON ATTENUATION (Cont'd)

Photon Attenuation Length (High Energy)
100 T

Fractional Energy Loss
for Electrons and Positrons in Lead
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T T 1ot
—0.20
Lonization

(Units em?/g)

Moller (e-)
'

Positron
|anninitation

10 100
E (MeV)

1000

Fractional energy loss per radiation length in lead
as a function of electron or positron energy. Elec-
tron (positron) scattering is considered as ioniza-
tion when the energy loss per collision is below

0.255 MeV, and as Moller (Bhabha) scattering
when it is above. Adapted from Fig. 3.2 from
Messel and Crawford, Electron-Photon Shower Dis-
tribution Function Tables for Lead, Copper, and Air
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The photon mass attenuation length, high energy range (note that
ordinate is linear scale). See caption on previous page for details.

Absorbers, Pergamon Press, 1970. Messel and

10° Crawford use L, (Pb) = 5.82 g/cm?, but we have

modified the figures to reflect the value given in the
Table of Atomic and Nuclear Properties of Materi-
als, namely L (Pb) = 6.4 g/cmz. The development
of electron-photon cascades is approximately
independent of absorber when the results are
expressed in terms of inverse radiation lengths (i.e.,
scale on left of plot).

Contributions to Photon Cross Section in Carbon and Lead
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Photon total cross sections as a function of energy in carbon and lead, showing the contributions of different processes.

Atomic photo-effect (electron gjection, photon absorption)
Coherent scattering (Rayleigh scattering — atom neither jonized nor excited)

pe =

°%COH T

oiNcon = Incoherent scattering (Compton scattering off an electron)
Ky = Pair production, nuclear field

Ke = Pair production, electron field

9PH.N. =

Photonuclear absorption (nuclear absorption, usually followed by emission of
a neutron or other particle)

From Hubbell, Gimm, and Qverbg, J. Phys. Chem. Ref. Data 9, 1023 (1980). Figures courtesy J.H. Hubbell.



52

PROBABILITY AND STATISTICS

A. PROBABILITY DISTRIBUTIONS AND CONFIDENCE

LEVELS ) there is no universal convention for the term “confidence level”;
We give here properties of four probability distributions com- thus, explicit definitions that correspond to common usage are
monly encoumered in high energy physics: normal (or Gaussian), given below. We explain below how confidence levels for the first

chi-squared (x ), Poisson, and binomial. We warn the reader that three distributions may be extracted from the following figure.
x2 Confidence Level vs. x2 for np Degrees of Freedom
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PROBABILITY AND STATISTICS (Cont'd)

A.1 Normal distribution
The normal distribution with mean X = u and standard devia-
tion ¢ (variance ¢“) is:

L o—=m¥aeyy

P(x)dx = N
oV 2r
The confidence level associated with an observed deviation +46
from the mean is the probability that |x—u|> 4, ie.,
CL=2 [ dx P(x), @

u+s

since the distribution is symmetric about . The small figure in
Eq. (2) is drawn with § = 2¢. CL is given by the ordinate of the
np = 1 curve in the large figure at x“ = (6/0)2. The odds against
exceeding d in an observation, (1—CL)/CL, for 6 = lo are 2.15:1;
20, 21:1; 30, 370:1; 40, 16,000:1; 5S¢, 1,700,000:1. Other measures
of the width are related to o as follows: probable error (CL = 0.5) =
0.670; mean absolute deviation = 0.80¢0; RMS deviation = ¢; half
width at half maximum = 1.18¢.

The probability that a random observation of x will have
| x —p] < éis (1 - CL). Therefore, for a given measurement x,
the interval x; — 6 to x( + & can be expected to contain u a fraction
(1 — CL) of the time. Refer to Sec. B.1 below to combine multiple
observations and treat them as a single measurement with
appropriate variance. This interval is a (1 — CL) confidence inter-
val for an unknown g when ¢ is known. Frequently used choices
for CL and 6 are:

A.2 2 distribution
The x“ distribution for np, degrees of freedom is:

1

-2
T AT Le T 620, (3)

P,,D(xz)dxz =

where £ (for “half”) = np /2. The mean and variance are np, and
2ny, respectively. In evaluating Eq. (32 one may use Stirling’s
approximation: T(h) = 2.507 ¢~ R =1/2(1 4 0.0833/4), which
is accurate to + 0.1% for all # = 1/2. The confidence level associ-
ated with a given value of n, and an observed value of Xg is the
probability of the xz in a random measurement exceeding the
observed value, i.e.,

0 5 10 15

The small figure in Eq. (4) is drawn with nj, = 5 and CL = 10%.
CL is plotted as a function of x“ for several values of ny, in the
large figure. For large np , x“ becomes normally distributed about
np. Thus,

¥y =63 = np)/A\/2np 6

becomes normally distributed with unit standard deviation and
mean zero. A better approximation is that x, not x“, becomes nor-
mally distributed; specifically,

va= V22 - \/2np -1 (6)

approaches normality with unit standard deviation and mean zero.
For small CL’s in particular, y 5 is much more accurate than y .
Thus, for 77, = 50 and x? = 80, the true CL = 0.45%, but y is 3.0
corresponding to a CL of 0.13%, while y, is 2.7 corresponding to a
CL of 0.35%.

A.3 Poisson distribution
The Poisson distribution with mean g is:

R, 7
P () o (=012 ). 0]

The observed result of a Poisson process is a non-negative integer
n; the parameter u, which is equal to both the mean and the vari-
ance, is any non-negative real number. When u is large (=7 or 8),
one may often usefully approximate the distribution of » by a nor-
mal of mean u and variance ¢“ = g, as though n were a continuous
variable. Two or more Poisson processes (e.g., signal plus back-
ground, with parameters pg and pp respectively) which indepen-
dently contribute amounts ng and ng to a given measurement will
produce an observed number n = ng + ng which is distributed
according to a new Poisson distribution with parameter 4 =

kg +Hp-

When an observed value ng of n is small, one is often
interested in obtaining an upper limit N (not necessarily an integer)
to the parameter u such that one may be, e.g., 90% or 95% confi-
dent that the true value of u lies below N. We define this N to be
that value of u such that it would be exactly 30% (or 95%) probable
that a random observation of n*would lie above the actual observa-
tion nq. That is, if CL = 0.90 or 0.95,

cL
CL= 3 Py 8
n=ng+1 1-cL @
g Py
—1- 3 Py AT
n=0 0 aN 8 12

The small figure in Eq. (8) illustrates the case with n = 2 and

CL = 0.90, for which it may be shown that N = 5.3, We can obtain
N for any desired nj and CL from the lar§e x2 figure, because of a
particular relation between Poisson and x“ confidence levels: at
the level 1-CL on the curve np, = 2(ng + 1), the desired N is 1/2
the x* value of that point. Some useful values are:

Poisson upper limits N for n, observed events

CL- CL= CL- CL-
ng  90%  95% ng  90%  95%
0 230 3.0 6 1053 1184
1 389 474 7 1L77 1315
2 532 630 8 1300 14.44
3 668 7175 9 1421 1571
4 799 915 10 1541  16.96
5927 101

Tables of confidence levels for all three of these distributions,
the relation between Poisson and x“ confidence levels, and
numerous other useful tables and relations may be found in Ref. 1.
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A.4 Binomial distribution

Any process with exactly two possible outcomes is a Bernoulli
process. If the process is repeated »n times independently, and if
the probability of obtaining a certain outcome (a “success”) in each
trial is p, then the probability of obtaining exactly r successes is
given by the binomial distribution:

= In -r . n! n—
Pup= [,]p’q" = r!(n_r)!p’q " &)

where g = 1 — p and the order in which the successes and failures
come is assumed irrelevant. The mean of r is equal to np and the
variance is npq. If r successes are observed in n, Bernoulli trials
with probability p of success, and if s successes are observed in 7,
similar trials, then ¢ = r + 5 is also binomial with n, = n, +n,.

B. STATISTICS

The probability density functions we have shown enable us to
predict the frequency with which a random observation of the vari-
able x (or n or x“) will lie in a certain region, once the parameters
# and o (or np) are known. In statistics (parametric statistics) we
have the opposite problem of estimating the parameters of the dis-
tribution from a set of actual observations.

Suppose one is presented with N independent data, y, to,,
and it is desired to make some inference about the “true” value of
the quantity represented by these data. For this purpose we inter-
pret each datum y, as a single sample point drawn randomly from
a distribution having true mean g, (which we wish to estimate)
and variance o,,. We do not require that they be normally distri-
buted. (Identification of the true o, with the o, datum is often an
approximation which may become seriously inaccurate when o,, is
an appreciable fraction of y,.) Some methods of estimation com-
monly used in high energy physics are given below; see Ref. 2 for
numerous applications. Section B.1 deals with the case in which all
#,, are the same, i.¢., several different measurements of the same
quantity. Sec. B.2 deals with the case in which the true value of
Vs My, is a variable dependent upon another variable x,,; i.e.,

Bp = f(x,). Anexample is the energy deposited in a calorimeter
as a function of the energy of the incident particle, y,, = F(E,).

B.1 Single mean and variance estimates

(1) If the y,, represent a set of values all supposedly drawn from
a single distribution with mean y and variance o” (i.e., the o, are
all the same, but their common value is unknown), then

5 1
’pz (10)

N
22 L _»2=L[ 2_*2]
# =507 2 009 = g Lo =071 an
are unbiased estimates of p and a2 ; the angular brackets denote an
average over the data. The variance of j is ch/N If the parent
distribution is normal and N is large, the variance of ¢ is 26* /N.
(2) If the y,, are independent estimates of the same g, and the
@, are known, then the weighted average
” 1
= 2 YnVns (12)
n
where w, = 1/0'3 andw =2 Wys is an appropriate unbiased esti-
mate of u. This choice of weighting factors in Eq. (12) minimizes
the variance of the estimate, which is 1/w.

B.2 Linear least-squares fit

We wish to determine the best fit of unbiased data y,, meas-
ured at N points x, (assumed known with negligible error), to the
form y(x) = Za,f;(x), where the f; are known, linearly indepen-
dent functions (e.g., Legendre polynomials) which are single-valued
over the allowed range of x, and the sum runs from 1 to k. We
require k < N, and at least k of the x,, must be distinct. We wish
to estimate the linear coefficients g;.

The Method of Least Squares assumes that each measured y,, is
equal to this sum plus an error €,. If the distribution of ¢, has an
expectation value of zero (unbiased) and has a finite, known vari-
ance which is fixed (does not depend on the parameters of the fit),
then the estimates of g; obtained by minimizing the sum of squares

SS = 3 [y, — 3 a;£;(x,)] %/o2 will be unbiased and have the
n

smallest possible variance of all linear unbiased estimates (Gauss-
Markov Theorem). If the point errors ¢, are also Gaussian, then

SS = E ez/a will be distributed, over a large number of similar

expenments, asa X with N —k degrees of freedom. If, more gen-
erally, the measured y,,’s are not independent, then the set of cr
must be replaced by the N XN variance matrix Vy. Then, in
matrix notation, if H is the N Xk matrix with elément H,; =
f;(x,), the vector (all vectors are column vectors) of solutions &,
with k elements, is given by

13

where j is the N-element vector of measured y,,’s. In terms of the
k XN matrix D, the standard variance matrix for the 4 is
estimated by

=HTV, '~ HT Y,y = Dy,

= T
Vé = DVyD . (14a)
If the measured y,’s are independent, V is diagonal with na* h ele-
ment ¢, and

[;qv=§mﬁmmwﬁ (14b)
The estimated variance of an interpolated or extrapolated value
of y atapoint x, § = 3 4,f;(x), is
ém=§Wﬂmmgm, (15)
The same results may be obtained by numerical or other tech~

niques from the sum of squares, SS, directly, if we have a reason-
able first guess & for the solution vector:

soa_|@ss] 7 ass
0 9a2 Jdg oa

2 1
VA=2[—" st]> ,
4 da“ Ja

where 4SS/da is a k-clement vector whose B element is aSS/Ga
asz/aa2 is a k Xk matrix with U'h element aZSS/(aa -0a; ), and
all derivatives are to be evaluated at the points mdlcated IfSSisa
x“, the second-derivative matrix is independent of &, and the shape
of the x“ as a function of & is a parabola; otherwise one may need
to iterate Eq. (16a) to arrive at a solution (Newton-Raphson
method).

1, (16a)

and

(16b)
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Note that the errors on the solution 4 are independent of the
value of SS or x“ at minimum - they depend only upon the shape
about the minimum. Eq. (16b) implies that one-standard-deviation
limits on the elements of 4 are given by the set of @’ such that

SS(3) = SSpin + 1 - (7

This equation, which defines a contour in 4-space, is often con-
venient for estimating errors in applications of least-squares tech-
niques to nonlinear cases, where the second derivative [Eq. (16b)]
may be a rapidly varying function of @. In general, contours at m
standard deviations may be found by replacing the 1 in Eq. (17) by
m~*. If the problem is highly nonlinear, all such contours are at
best only approximations to confidence regions with some given
probability of covering the true value of 4.

IfSSisa x2 with N —k degrees of freedom, its value at
minimum may be used as a test of goodness-of-fit. If the model for
y is correct and the measurements y,, are distributed as Gaussians
with known variance matrix V., then the large figure above will
give the probability that a similar experiment would be expected to
yield the observed x,p;, or larger. If this probability is smaller than
some agreed-upon value, one should question the assumptions
about the data or the validity of the model.

Example — Straight-Line Fit
For the case of a straight line fit, y(x) = a + bx, one obtains, for
independent measurements y,,, the following estimates of @ and b,

& = (8,Syx = SySyy)/D, (18)
b =(S|Sy, —SyS,)/D,
where

— 2 2
S S Sys Ser Sy = Z L Xy Y X Xy VMo 19

respectively, and
- 2
D =55,-S;.
The covariance matrix of the fitted parameters is:
v,V 1 [s -S ]
aa a XX X
= — . (20)
[Vab Vbb] D =S S5 _
The estimated variance of an interpolated or extrapolated value of
y at point x is:

2
S S
- 2 _ 1 L x
@ = Yirwe) |est = _Sl +—D X __Sl . 21

B.3 Limits in the Case of Bounded Physical Regions

In certain statistical problems the true value of the parameter to
be estimated, y, is constrained to lie within a bounded physical
region (g.g., the mass of a neutrino is bounded from below by 0).
However, due to random measurement error, real measured values
may or may not occur inside the physical region. For this case no
completely satisfactory approach exists, but here we suggest a tech-
nique for obtaining approximate limits within the physical region
at specified confidence levels.

We assume a measurement x, which represents one observation
(or the result of combining multiple measurements as in Sec. B.1)
from a normal of true (but unknown) mean u and known, fixed,
variance o°. We estimate u by i = x and attempt to construct a
confidence interval for u from the resultant Gaussian, as in A.1, If

1 or a portion of the accepted region [unshaded in the figure with
Eq. (2)] lies in the unphysical region, the result, while statistically
perfectly correct as stated, is physically unsatisfactory.

If we assume u is bounded from below by p,;, (the argument
for u bounded from above is similar), we may estimate an upper
limit for u at the CL (e.g., 90% or 95%) level by the following pro-
cedure: 1) renormalize the normal probability distribution for x
such that the integral of Eq. (1) with x4 = & over x from Hmin 1O
infinity (i.e., over the physical region) is equal to 1.0; 2) find the
value u; such that the integral over x of the renormalized distribu-
tion from Eemin 10 Hy is equal to the desired value of CL; 3) set I
10 be the desired upper limit with confidence CL. In fact, it can be
shown that this is conservative, in the sense that the probability that
this interval actually covers the true value of p is = CL.

For g — piyiy >> o, this technique, which may be applied for
any measured x (physical or unphysical), converges smoothly to
that of Sec. A.1, since x is then effectively confined to the physical
region.

One should exercise caution for values of x which lie many
standard deviations outside the physical region. It may be that the
particular probability model (normal with variance ¢“) may not be
a correct description of the measurement process (e.g., the true
variance may have unanticipated components and be > ¢, or
there may be a bias), in which case confidence levels of this sort
will not be correct.

C. ERROR PROPAGATION

Suppose one wishes to calculate the value and error of a func-
tion of some other quantities with errors, e.g., in a Monte Carlo
program. Let {y} be a set of random variables with observed
means {y} and covariance matrix V. Then the mean and variance
of a function f of these variables are approximately (to second
order in {y —=¥}):

_ 1 & ]
S=fP+5 2 Van [ >
bz 2 Wmn )y} = 7}

(22)
-z Vn [a_iL] [;%,L] - (23)
mn m Ay} = {7} n 2y} ={}

E.g., the mean and variance of a function of a single variable with
mean ¥ and variance ¢ are

F=t)+ 356, @9

-1 = 2. (25)
If, as is often the case, the observed mean 57:1 differs from the true
mean p, by an amount of order /Vons then the second-order
terms in Egs. (22) and (24) may be small compared with the first-
order errors introduced by the substitution.

1. M. Abramowitz and I. Stegun, eds., Handbook of Mathemati-
cal Functions (Dover, New York, 1972).

2. W.T. Eadie, D. Drijard, F.E. James, M. Roos, and B. Sadoulet,
Statistical Methods in Experimental Physics (North Holland,
Amsterdam and London, 1971); S.L. Meyer, Data Analysis for
Scientists and Engineers (John Wiley and Sons, Inc., New
York, 1975); A.G. Frodesen, O. Skjeggestad, and H. Tdfte, Pro-
bability and Statistics in Particle Physics (Universitetsforlaget,
Oslo, Norway, 1979).
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Magnetic field:

Electron charge:

= (1/299.792) erg/esu
104 gauss = 104 dyne/esu
e = 4.803242x10710 esy

Quantity Gaussian CGS MKSA

Units and
conversions:
Charge: 2.99792x10° esu = 1 coul = | amp-sec
Potential: (1/299.792) statvolt = 1 volt = 1 joule/coul

= 1 tesla = 1 nt/amp-m
= 1.602 189 2x107!° coul

velocity of
primed system
as seen in un-
primed system)

B, =B,

, 1
B, ='y(B_L—?v><E)

Lorentz _ v _
force: F—q(E+?xB) F = g(E+vXxB)
Maxwe.ll VD = 4rp vD=p
equations:
vxE = -1 28 vxE = -8
¢ at ot
VB = vV-B=20
UxH=4m LD o g o D
c c ot at
Materials: D=¢ B=uHH D =¢E, B =uH
Permittivity of €yae = | €yac = €
free space:
Permeability of Byge = 1 Hyae = Hg
free space:
. 1 A JA
: = -vv-=-22 =-vv-£2
Fields Py P
B = VXA B = VXA
Static 1
s V= 4q V= g
potentials: chazries r 4re, Chﬁes r
(coulomb
gauge) i
A= l l A= =0 .I.
¢ currents 47 currents "
Relativistic , _
transforma- E,=E, E, =E,
tions: E, —v(E, +LvxB) |E, = vE, +vxB)
(v is the + L7 1 i

B| =B,

, 1
BJ_=7(BJ_~C—ZV><E)

2
4rrey — %107 coul 5 =
c nt sec
I 2
Fo _ g7t sec2
4r coul

1

8.987 55

c = 2.997 924 58x 108 m sec™!

Impedances (MKSA)

p = resistivity in 1078 am:

~ 1.7 for Cu ~ 5.5 for W
~ 2.4 for Au ~ 73 for SS 304
~ 2.8 for Al ~ 100 for Nichrome

(Al alloys may have
double this value.)

For alternating currents, instantaneous current 7, voltage
V, angular frequency w:

V=Vl =21,

Impedance of self-inductance L: Z = 1wl .
Impedance of capacitance C: Z = 1/icC .
Impedance of free space: Z = \//.10/60 =376.7Q.

Impedance per unit length of a flat conductor of width w
(high frequency, »):

Z = Q%)p , where § = effective skin depth ;
w

5= o 6.6 cm

"_"F‘ - \/V(SCC_I)

Capacitance ¢ and inductance £, per unit length (MKSA)

for Cu.
Flat rectangular plates of width w, separated by d << w:

£ — 2106 for plastics; 4 to 8 for porcelain, glasses.
€0
Coaxial cable of inner radius r |, outer radius r,:

A 27e

- -k
in(rz/rl) . L 27r€n(r2/r1).

Transmission lines (no loss):
Impedance: Z = VL/C .
Velocity: v = 1/VLC = 1/Vpe.
Motion of charged particles in a uniform, static, magnetic

field

The path of motion of a charged particle of momentum p
is a helix of constant radius R and constant pitch angle A,
with the axis of the helix along B:

p(GeV/c)osA = 0.29979 g B(iesla) R(m),

where the charge ¢ is in units of the electronic charge. The
angular velocity about the axis of the helix is

w(rad sec™) = 8.98755x107 ¢ B(tesla)/E(GeV),

where E is the energy of the particle.
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Synchrotron radiation (CGS)

For a relativistic particle of charge e, velocity 3, v, energy E, trav-
eling in a circular orbit of radius R:

Energy loss/revolution (MeV) = it e 63 4

= 0.0885 [E(GeV)][*/R(m) for e * if § =1.

Energy spectrum: The energy radiated into the photon energy
interval d(hw) is

dI

avF(w/w )d(he),

where a = ez/(hc) is the fine-structure constant,
F@y)= 2\/_de>: K5/3(x) with K5/3(x) a modified cylindrical

Bessel function of the third kind, and w, = 37 c¢/R is a critical fre-
quency;

hw, (keV) = 4.44 [E(GeV)|3/R(m) for e * if § =1.

In the limit y >> 1,

for w << w, :
dI ~3.3a [wR ] 1/3
d(hw) 14 '

for <~ = (0.01, 0.1, 0.2, 1.0, 2.0) :
@e

dI
d(hw)

forw 2 2w, :

172 _
\/_ay[ ] e 2w/ we .

~(1.0, 1.6, 1.6, 0.5, 0.08)ay , respectively;

d(h )

The radiation is confined to angles < 1/ relative to the instan-
taneous direction of motion.

See J.D. Jackson, Classical Electrodynamics, 2nd edition (John
Wiley & Sons, New York, 1975) for more formulae and details.
(Prepared April 1974; revised April 1984.)

CROSS SECTIONS, DECAYS, STRUCTURE FUNCTIONS, AND KINEMATICS

A. LORENTZ TRANSFORMATIONS

The energy E and three-momentum P of a particle form a four-
vector p = (E, B). If the particle has rest mass m and velocity ¥,
then p = ymvVand E = 'ymcz. It follows that the velocity
expressed as a fraction of the speed of lightis 8 = V/c = fc/E. In
what follows we adopt units where ¢ = 1. Viewed from a second
frame with velocity 87 relative to the original frame, the com-
ponents of p are (E’, p'), where

E’=~E - Bvp, ,
p;=7p, - BYE,
Py =DPxiPy =Py,
and where v = (1 — ﬁz)— 1/2 1t follows that the scalar product of
two momenta, p'p, = E|E, — B;B,, is invariant, that is, frame
independent.
If the lab frame of two colliding particles of masses m and m,

is the frame in which ., is at rest, then the lab velocity of the
center of mass is

Bem = PIAE +mY) .
The total energy available in the center of mass is
ES = (m?+m$ +2Empl?.

If p makes an angle 6 with the z-axis, then p’
with the z-axis,

makes an angle &

/y /_5//'

/
[} z (2 -
where

tand = |B]siné
v|PB|cost — BYE
In particular, if the unprimed frame is the center of mass and the
primed frame is the lab, and if the velocity of the center of mass in
the lab frame is 8 Z, we use 8 = —3 above to find (denoting

m = |Peml)
PemSin by

tanf, . =
lab . *
Y Pem©088cn +8 v Ecp

Iif ﬁ' > Pem/E oy the particle is necessarily moving forward in
the lab and

Pem 1
(tan alab)max = o -
Y Eem \/p*2-p2 /EZ,

Wedenotep | = p ' = |P|sinf,. Then given a fixed p_,, and
E o as, for example, in a two-to-two scattering process, as 0cm
varies from 0 to 2« the lab momentum describes an ellipse:

’ * * ’
(2, - B8"Y E 0P . p?

*2.2 2
Y Pcm Pem
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B. DECAYS
B.1.a Twoe-body kinematics:

p1nm1
P.M

pP,m,
In the rest frame of the decaying particle,

M2+m12—m22
Ey = M ’
2 206402 2 172
(M2 —(my+ m)?|[M2 —(m) - m)]

am?

[B1] =

B.1.b Two-body partial decay rate: If # is the Lorentz invariant
matrix element (see Section D below), the partial decay rate in the
rest frame of the decaying particle is
B|dQ
dr = lzltl2|1|2 i
327 M

where d( is the differential solid angle in the rest frame of the
decaying particle.

B.2.a Three-body kinematics:

p1 sm1
P.M
- pym,

PaM,
We denote

P12 =Py +py.mby =ph et
Then

2 2 2 a2 22,2
miptmyztmiy =M +mi+my+myg.

The invariant mass of the pair 1-2 is related to the energy of parti-
cle 3 in the rest frame of M,

mfy = (P-py? = M*+m} - 2ME,.

B.2.b Dalitz plot: If the orientation of the decaying particle is
ignored, there are two kinematic_variables, which may be chosen to
be m 122 and m ,23. For fixed m 122, the range of m 123 is determined
by letting ; be parallel or antiparallcl_ to P3. In the rest frame of
(1 +p7), the energy ofpal;ticle 3isEy = (M2_m 122 —m%)/(?.m 12
and that of particle 1 is E| = (m 122 +m 12 —mzz)/(Zm 12)- Thus for
agiven mp;,

2
2 (Et . 2 o _ 2 . 2
(m{3)max = (Ey + E3)* = [\/El —-mi - \/532—’”3]

2
A N RV /=y

T

(M—m,)?

13

(m,+m,)?
(m,+m,)?

T

L
(M—-m,)?
2
my,
The scatter plot in m 122 and m 123 is called a Dalitz plot. Phase
space density is uniform across the plot. See below.

B.2.c Three-body phase space: Fixing the energies £ 1 and E5 of
two of the final state particles in the M rest frame determines the
relative orientation of the three outgoing particles. Their momenta
may then be regarded as a rigid body whose orientation with
respect to the initial particle is specified by the Euler angles «, 8,
and v. The partial decay rate in the M rest frame is

-5
dr - QT?M— |#|2 dE | dE,dad cosBdv .
If the angles are integrated out, we have the Dalitz plot form,
2m)~3 2 _ em73 ) 2
ar = 80— |42 ag, a5, - 13&217 | #)2 dm? dm, .

An alternative expression is

!21rr5 . *
ar = |#1% |By| B3] dm ,d0]de,,

16M2
where
= h
1/2
2 2 2 2
ThE [miy —(my+m)*|[mpy —(my - my?]
=
4m 122
is the momentum of particle 1 in the rest frame of m 120
- 11/2
5l [M? = (myy +m | (M2~ (myy — m )]
Bal =
3 am?

is the momentum of particle 3 in the M rest frame, dQ ; is the solid
angle element for particle 1 in the 1-2 rest frame, and d Q5 is the
solid angle element for particle 3 in the M rest frame.

B.3 n-body phase space:
pj !m1
p2! m2

PM



59

CROSS SECTIONS, DECAYS, STRUCTURE FUNCTIONS, AND KINEMATICS (Cont’d)

The partial decay rate in the M rest frame is

ar = i—L |#|2d®, Pipy, -0,
where
4 ’p;
d®,(P;py, -+ ,py) = (P - Ep,)II

21 i=1 @oR2E;

In particular,

-
|1|

d®,(P;py,pq) = (2m) 6 dﬂl ,

where |ﬁ1 | is the momentum of particle 1 in the M rest frame and
dﬂl is the solid angle element in the same frame.

Phase space for n particles can be related to that for n—1 by
treating particles 1 and 2 as a single system of momentum p 1=
Py + P, and mass squared m 122 - 1’12 Thus

d‘l’,,(PQIJpPZ, Py T d‘l’,,_l(P§17|2,P3, Tt Ppy

Xdeyp 301,09y Cm)3dm, .

C. CROSS SECTIONS AND STRUCTURE FUNCTIONS

Throughout Section C, we set A -1 ¢ =1. Use hc = 197.3
MeV fermi, and (hc)2 = 0.3894 GeV2 mb for conversions.

C.1 Partial waves: The amplitude in the center of mass for elastic
scattering of spinless particles may be written in a partial wave
expansion

Sfk,0) = % FQe+1)a, Pylcosh),
4

where k is the c.m. momentum, 8 is the c.m. scattering angle, a, =

2i8, . . . th
(nee ~1)/2i, 0 < 5, < 1, and §, is the phase shift of the £
partial wave. For purely elastic scattering, 1, = 1. The differential
cross section is

d

25 = IfEH|2.
The optical theorem is

G = 2 Im S (K,0),

and the cross section in the £t partial wave is

= % Qe+1) |a(|2 < _ﬂ”2—+1_l
k
The partial-wave amplitude a, can be displayed in an Argand plot.

O¢

320 1z HeA

The usual Lorentz invariant matrix element .# (see Section D
below) for the elastic process is related to f(k,6) by

A = —8x\Vs f(k,6),

so

Oiot = R \/_ Im#(t=0),
whe

re s and ¢ are the center-of-mass energy squared and momen-
tum transfer squared, respectively (see Section C.3.a).

C.2 Resonances: The Breit-Wigner form for a, with a resonance
at c.m. energy Ep, elastic width T, and total width T',,, is
2d
Gp=——— 7
Ep ~E _Ertot
where E is the c.m. energy. This gives a circle in the Argand plot
with center ixel/2 and radius xel/Z, where Xgp = I‘cl/I‘tot. The
quantity x is called the elasticity. The amplitude has a pole at E
=Ep —iTy,/2.

ImA
1]

Re A

The Breit-Wigner cross section for a spin-J resonance produced
in the collision of particles of spin §; and S is

2
(27 +1) T BinB outl'iot

25, + )25, + 1) &2 ’

@S+ DRSS+ Dk (5 g +r2 4

opw(E) =

where k is the c.m. momentum, E is the c.m. energy, and B, and
B are the branching fractions of the resonance into the entrance
and exit channels. The 2S5 + 1 factors are the multiplicities of the
incident spin states, so they are replaced by 2 for photons, etc.

C.3.a Two-body scattering kinematics:

PysMy Pa:M3
p,,m, Pymy
In the center of mass,
s+ ml2 - m22
Ejn=—"7+",
lem 2Vs
1/2
_ [ s = 0my+ mp*[s - m - my)’]
Piem = 4s
_ Puab™

\/}— >
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where Vs is the total c.m. energy. The Lorentz invariant Mandel-
stam variables are

s =(P|+P2)2 = (173"'174)2
=mf +2E\E,— 2B Byt m? ,

1= -p3 = (-’

=mf —2E\E4+ 2B B3+ m3 ,

@, -p? = 0;-py?

=
]

I

m? —2E\E4+ 2B, By + mé ,
and they satisfy

s+t+u=mi+mi+mf+m.

If 8, is the c.m. scattering angle between particles 1 and 3, then
(denoting Piem = Iﬁlcm| »P3em T lﬁkml)

t=(E lem
For 8.,

C.3.b Two-body differential cross sections: In the center of mass
or lab,

2
—Eqep) —

= 0, —¢ is a minimum.

do 1 2
a0 _ V4
dt 64rs - 1"
lcm
In the center of mass,
do_ _ PienP3em do
aQ., T dat

C.4 n-body differential cross sections:

/ 7

Py,M, P1/,m1/
P2',My

/ /

p2'm2 pn 'mn

In the c.m. or lab

do = (@4

= d®,(p,+py5P1:Pys "
Gyp?-mim3

where n-body phase space, d$,,, is described in Section B.3 above.

Note that \/(pl~p2)2—m12m22 ’Puabmz’Plcm\/S-'

C.5.a Leptoproduction kinematics:
k /
q

P.M

q =k — k’ is the four-momentum transferred to the target.

@iem— 173cm)2 ~ 4P femP 3em sin’ (acm/z) '

Py s

Invariant quantities:

v = _qATP = FE —E’ is the lepton’s energy loss in the lab (in earlier
literature sometimes v = g-P). Here, E and
E’ are the initial and final lepton energies in
the lab.

Q2 = —q2 = AEE' -kk) - m,, where m,( [) is the ini-

tial (final) lepton mass. If EE'sin“{(f/2)>>

mg, m }/, then

& 4EE’sin? (8/2), where @ is the lepton’s scattering angle in the
lab.

22 ;
x = In the parton model, x is the fraction of the target

My nucleon’s momentum carried by the struck
quark. See section on QCD.
y = %}P; = —Z— is the fraction of the lepton’s energy lost in the lab.

W= P+ = M2+ 2My— Q2 is the mass squared of the sys-
tem recoiling against the lepton.

C.5.b Leptoproduction cross sections:

d%s - IME dzo' _ 2rMv
dx dy dvdQ? E’

d% d%s
= 2xMFE
dQyydE’ dx dQ?

C.5.b.i Electroproduction structure functions:

2 2 o2
d*% _ 8moME |:1+(12 DLp

dxdy Q4

M
+(1—y)(F2°m —2fo'm)— EE erm

Fi™ (x, 02) and F5™ (x, (2) are the (unpolarized) structure func-
tlons, which are, in the naive parton model, independent of Q

C.5.b.ii Neutrino production structure functions:
GEME
_ GFME [(1
T

2
+- :"Z—)ng

d%’

M gy Yy
dxdy y 2Exy)F2+ 22xFl

>

- 2
L7 _ GAME M. 2
= - (1-y 2E)cy)Fz + > 2xFy

2 —
-~ SFy

The structure functions F,ﬁ are related to quark distributions in
the parton model (see section on QCD). There are separate F;’s
for neutral- and charged-current processes.

C.6.a ete” annihilation: For pomthke spm 1/2 fermions in the
c.m., the differential cross section for e* e~ — /" f via single pho-
ton annihilation is

2
de - 2 [1+cos?0 + (1 - g2ysin29 | 07,
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where @ is the velocity of the final state fermion in the center of
mass and Q is the charge of the fermion in units of the proton
charge. For 8 — 1,

smad ., 868QF nb
3s 4 s(GeVZ) '

At higher energies the Z0 (mass M and width T';) must be
included, and the differential cross section for ete™ = ff
becomes

d 2 ;
d—; = %sé[sz[l + cos2 8 + (1 —ﬂz)smzﬂ]

- 2Qfx1{ VVf[l +eos2+(1-8Y sinzﬂ] —2af;3cos9‘
+x{VA( + VD[1 +c0s?6 + (1 ~ B sin?6)
+ Bafz(l + V31 +cos?8] - SBVVfafcosoﬂ ,

1 s(s —Mzz)

T eain2 2 d
16sin” 6y cos” 6 (s —M22)2+I‘%MZZ

1 52

X3 = >
2 2565in40Wcos40W (s —MZZ)Z + I‘%MZZ

V = —1+4sin%6y,

ar = 2T3f N
Vi = 2T3 —4Qsin?ly,

where the subscript f refers to the particular fermion and
Ty=+1/2forv,, v VLU, G0t
Ty=~-1/2fore”, p",77,d,s,b.

C.6.b eTe™ two-photon process: In the equivalent photon approxi-

mation, the cross section for e Te ™ — e e "X is related to the
cross section for yy - X by

do , _
ete e

ey ©) = M [def@da  (ws),
where

S

7= f—t’n
4 4m‘,2

and
/(@ = L[(2+w)2(’n—l— -201 —w)(3+w)] :
w w

For the production of a resonance of mass mp and spin J,

(T(€+e——>

2 - m2
ereR) = RIS IR 2y MR,
RS N

C.7 Inclusive hadronic reactions: A particle’s momentum can be
parametrized by selecting a particular direction for the z-axis and
writing

(E = m coshy,p, =m sinhy,p,,p,),

where

m? =m2+pxz+py2,

1 E+pz
y ==¢n =¢én
2 E-p, m,

E+p,

D
= —-1]|Zz
tanh [E]

The variable y is called the rapidity. A boost in the z-direction
then modifies y by y - y + A, where vy =.coshA, § = tanh A,
Thus the shape of the distribution dN /dy is invariant under such a
boost, and

s _ 4%

d 3p dy d2p n
A variable which may be easier to measure experimentally is the
pseudorapidity 5

n = €n(cotf/2)

where 8 is the angle between the particle and the beam. In the
limit E >> m, it follows that 7 = y.

Feynman’s x variable is defined to be

Py ~ 2l"zcm ~ zm_LSinhycm

P2 max om Vs Vs

)
For y ., not small (e Yom o 1)

ML Yem
xX=—=e€
Vs

and

v
Gemdmax = l"TS :

D. LORENTZ INVARIANT AMPLITUDES

The quantity -i# is determined in perturbation theory by the
Feynman rules. Our convention above is consistent with the
Appendices of Bjorken and Drell except that fermion spinors are
normalized so that “u = 2m, etc. In particular, the S-matrix for
two-body scattering is

(1p3|S|pipy) = 1-i0)%% 0, +py— P - 13)

” Mp.PyP1Py)

(2E1)1/2(2E2)1/2(2E; )1/2(2E£)1/2
where the states are normalized so

|y = Co¥PE-B).
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Pbeam """""" Ecm
(GeV/c) (GeV)

yo¥p wp Kp pp
zep
938 1.432
1.432
1.433
1.434
1.436
1.439
1.441
1.445
1.448
1.453
1.457
1.462
1.468
1.473
1.480
1.486
1.493
1.500
1.507
1.514
1.522
1.530
1.538
1.546
1.554
1.563
1.571
1.580
1.589
1.598
1.607
1.616
1.625
1.634
1.643
1.653
1.662
1.671
1.681 2.007
1.690 2,013
1.699 2,019
1.709 2,025
1.718 2.031
1.728 2.037
1.737 2.043
1.747
1.756 2.056
1.765 2.062
1.775 2.069
1.784 2.075
1.794 2,082
1.803 2.088
1.812 2.095
1.822 2.102
1.831 2.108
1.840 2.115
1.850 2.122

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
Q.36
0.38
0.40
0.42
0.44
0.46
0.48
0.50
0.52
0.54
0.56
0.58
0.60
0.62
0.64
0.66
0.68
0.70
0.72
0.74
0.76
0.78
0.80
0.82
0.84
0.86
0.88
0.90
0.92
0.94
0.96
0.98
1.00
1.02
1.04
1.06
1.08
110
112
1.14
1.16
1.18
1.20
1.22
1.24
1.26
1.28
1.30
1.32
1.34
1.36
1.38
1.40
1.42
1.44
1.46
1.48
1.50
1.52
1.54
1.56
1,58
1.60
1.62
1.64
1.66
1.68

1.078
1.079
1.083
1.089
1,096
1,105
1.051 1.116
1
1

1.877
1.877
1.877
1.878
1.878
1.879
1.880
1.882
1.883
1.885
1.887
1.889
1.892
1.894
1.897
1.900
1.903
1.906
1.510
1,913
1.917
1.921
1.925
1.929
1.934
1.938
1.943
1.947
1.952
1.957
1.962
1.968
1.973
1.978
1.984

127
139
1.152
1121 1.165
1.137 1.178
1.154 1.192
1.206
1.219
1.233
1.247
1.261
1.275
1.288
1.302
1.315
1.329
1.342
1.356
1.369
1.382
1.395
1.408
1.421
1,434
1.447
1,459
1,472
1.484
1.496
1.509
1.521
1.533
1.545
1.557
1.569
1.580
1.592
1.604
1.615
1.627
1.638
1.649
1.661
1.672
1.683
1.694
1.705
1.716
1.726
1.737
1.748
1,759
1.769
1.780
1.790
1.800
1.811
1.821
1.831
1.841
1.851
1.862
1.872
1.882
1.891
1.901
1.911

1.748
1.759

1.770
1.780
£.791
1.801
1.812
1.822
1.832
1.843
1.853
1.863

1.873
1.883
1.893
1.903
1.913
1,922
1.932
1.942
1.951
1.961
1.970
1.980
1.989
1.999 2.006 2.091 2.311
2.008 2,016 2.100 2.318

1.868 2.136

1.887 2.149
1.896 2.156
1.905 2.163

1.923 2.177
1,932 2.184
1.941 2.191
1.950 2.198
1.959 2,205
1.968 2.212
1.977 2.219
1.986 2.226
1.995 2.233
2.004 2.240
1.921 2.013 2.247
1.931 2.022 2.254
1.940 2.031 2.261
1.950 2.039 2.268
1.959 2.048 2.275
1.969 2.057 2.282
1.978 2.065 2.289

1.859 2.129 .
1.877 2142 .

1914 2.170 .

1.988 2.074 2.296 .
1,997 2.083 2.304 .

C.M. ENERGY AND MOMENTUM VS. BEAM MOMENTUM

E

cm

Momentum in c.m.

(GeV/c)

ypwp 70 Kp pp
=ep

.000
.020
.038
.056
074
.091
107
123
138
153
167
182
.195
209
222
234
.247
.259
271
.282
.294
.305
316
327
.337
.348
.358
268
.378
.388
397
.407
416
.425
434
.443
452
.461
470
478
.486
.495
.503
511
519
527
.535
.542
.550
.558
.565
573
.580
.587
.594

785

.000
.017
.035
.052
.068
.085
.101
117
132
.147
.161
175
189
.202
215
228
.241
.253
.265
277
.288
.300
3l
322
.332
343
.353
.363
373
.383
393
402
412
.421
.430
.439
.448
.457
465
474
482
490
499
.507
515
.523
531
538
546
554
561
569
.576
.583
.591
598
.605
612
619
.626

782 .

.000
013
026
039
052
065
078
091
1104
116
129
141
(153
1166
178
.189
201
213
224
235
247
258
268
279
290
300
310
321
331
341
1350
2360
370
379
.388
1397
406
415
424
433
442
450
459
467
475
484
492
.500
508
515
523
53]
538
546
553
.561
1568
575
.583
1590

.000
010
020
030
040
050
060
070
.080
090
099
.109
119
129
138
148
158
167
177
186
1196
205
214
224
233
242
251

260
269
278
287
296
304
313
322
330
339
347
355
364
372
1380
388
396
404
412
420
428
435
443
451

458
466
473
481
488
495
502
510
517
524
531
538
545
1552
.559
1565
372
579
585
592
1599
605
612
618
624
631
637
643
650
656
662
668
674
1680

(for scattering on a proton target)

cm mpdTbeam mpvbeamdpbeam = mpdpbeam
Poeam E = Momentum in c.m. Poeam == E s Momentum in ¢.m.
(GeV/c) (GeV) (GeV/e) (GeV/c}) (GeV) (GeV/c)
Ypwp 0 Kp pp ypwp mp Kp pp yew#p wp Kp pp ypwp w Kp pp
:gp :ep :ep ’at:ep
1.70 2.018 2.025 2.109 2.325 .791 .788 .756 .686 17.5 5.807 5.809 5.829 5.886 2.83 2.83 2.82 2.79
1,72 2.027 2.034 2.117 2.332 .796 .793 .762 .692 18.0 5.887 5.889 5.909 5.965 2.87 2.87 2.86 2.83
1.74 2.036 2.043 2.126 2.339 .802 .799 .768 .698 18.5 5966 5968 5.988 6.043 2.91 2.91 2.90 2.87
1.76 2.045 2.053 2.134 2.346 .807 .805 .774 .704 19.0 6.044 6.046 6.066 6.120 2.95 2.95 2.94 2.91
1.78 2.054 2.062 2.143 2.353 813 .810 .780 .710 19.5 6.122 6.123 6.142 6.196 2.99 2.99 2.98 2.95
1.80 2.064 2.071 2.151 2.360 .818 .816 .785 .716 20 6.198 6.199 6.218 6.272 3.03 3.03 3.02 2.99
1.82 2.073 2.080 2.159 2.367 .824 .821 .791 .721 21 6.347 6.349 6.367 6.419 3.10 3.10 3.09 3.07
1.84 2.082 2.089 2.168 2.374 .829 .827 .796 .727 22 6.493 6.495 6.513 6.564 3.18 3.18 3.17 3.14
1.86 2.091 2.098 2.176 2.38] .835 .832 .802 .733 23 6.636 6.638 6.655 6.705 3.25 3.25 3.24 3.22
1.88 2.100 2.107 2.184 2.388 .840 .837 .808 .739 24 6.776 6.778 6.795 6.843 3.32 3.32 3.31 3.29
1.90 2.109 2.115 2.193 2.395 .845 .843 .813 .744 25 6.913 6.915 6.932 6,979 3.39 3.39 3.38 3.36
1.92 2,117 2.124 2.201 2.402 .851 .848 .819 .750 26 7.048 7.049 7.066 7.112 3.46 3.46 3.45 3.43
1.94 2,126 2.133 2.209 2.409 .856 .853 .824 .756 27 7.180 7.181 7.197 7.243 3.53 3.53 3.52 3.50
1.96 2.135 2.142 2.217 2.416 .861 .859 .829 .761 28 7.309 7.311 7.326 7.371 3.59 3.59 3.59 3.56
1.98 2.144 2.151 2.226 2.423 867 .864 .835 .767 29 7.436 7.438 7.453 7.497 3.66 3.66 3.65 3.63
2.0 2,153 2.159 2.234 2,430 .872 .869 .840 .772 30 7.562 7.563 7.578 7.621 3.72 3.72 3.71 3.69
2.1 2,196 2.202 2.274 2,465 .897 .895 .866 .799 31 7.685 7.686 7.701 7.743 3.79 3.78 3.78 3.76
2.2 2.238 2.244 2.314 2.500 .922 .920 .892 .826 32 7.806 7.807 7.822 7.864 3.85 3.85 3.84 3.82
2.3 2,280 2,286 2.353 2.534 .647 .944 917 852 33 7.925 7.926 7.941 7.982 3.91 3.9]1 3.90 3.88
2.4 2,320 2.326 2.392 2.568 .970 .968 .94]1 .877 34 8.043 8.044 8.058 8.099 3.97 3.97 3.96 3.94
2.5 2.360 2,366 2.430 2.602 .994 .991 .965 .901 35 8.158 8.160 8.174 8.214 4.03 4.02 4.02 4.00
2.6 2.400 2.405 2.468 2.636 1.02 1.0!1 989 .926 36 8.273 8.274 8.288 8.327 4.08 4.08 4.08 4.06
2.7 2.439 2.444 2.505 2.669 1.04 1.04 1.01 .949 37 8385 8.386 8.400 8.439 4.14 4.14 4.13 4.11
2.8 2.477 2.482 2.542 2,702 1.06 1.06 1.03 972 38 8,496 8.498 8.511 8.549 4.20 4.20 4.19 4.17
2.9 2.514 2,520 2.578 2,735 1,08 1.08 1.06 .995 39 8.606 8.607 8.621 B.658 4.25 4.25 4.24 4,23
3.0 2.551 2.556 2.613 2.768 1.10 1.10 1.08 1.02 40 8,715 8.716 8.729 8.766 4.31 4.31 4.30 4.28
3.1 2.588 2.593 2.649 2,800 1.12 1.12 1.10 1.04 41 8,822 8.823 B.836 8.872 4,36 4.36 4.35 4,34
3.2 2.624 2.629 2.683 2.832 1.14 1.14 1.12 1.06 42 8,927 8.928 8.94] 8.978 4.41 4.41 4.4] 4.39
3.3 2.660 2.664 2,718 2.863 1.16 1.16 1.14 1.08 43 9032 9.033 9.046 9.081 4.47 4.47 4.46 4.44
3.4 2.695 2.699 2,752 2.895 1.18 1.18 1.16 1.10 44 9.135 9.136 9.149 9.184 4.52 4.52 4.51 4.50
3.5 2729 2.734 2,785 2.926 1.20 1.20 1.18 1.12 45 9.237 9.238 9.251 5.286 4.57 4.57 4.56 4.55
3.6 2.763 2.768 2.818 2.957 1.22 1.22 1.20 1.14 46 9.338 9.339 9.352 9.386 4.62 4.62 4.62 4.60
3.7 2.797 2.801 2.851 2987 1.24 1.24 1.22 1.16 47 9.438 9.439 9.45]1 9.486 4.67 4.67 4.67 4.65
3.8 2.830 2.835 2.884 3.018 1.26 1.26 1.24 1.18 48 9.537 9.538 9.550 6.584 4,72 4.72 4.72 4.70
3.9 2.863 2.868 2.916 3.048 1.28 1.28 1.26 1.20 49 9.635 9.636 9.648 9.681 4.77 4.77 4.77 475
4.0 2.896 2.900 2.947 3.077 1.30 1.29 1.27 1.22 50 9.732 9.733 9.745 9.778 4.82 4.82 4.81 4.30
4.1 2928 2.932 2.979 3.107 1.31 1.31 1.29 1.24 52 9.923 9.924 9.935 9.968 4.92 4.92 4.91 4.39
4.2 2960 2.964 3.010 3.136 1.33 1.33 1.31 1.26 54 10.11 10.11 10.12 10,15 5.01 5.01 5.01 4.99
4.3 2992 2.996 3.041 3.165 1.35 1.35 1.33 1.27 56 10.29 10.30 10.31 10.34 5.10 5.10 5.10 5,08
4.4 3.023 3.027 3.071 3.194 1.37 1.36 1.34 1.29 58 10.47 10,48 10.49 10.52 5.20 5.19 5.19 5.17
4.5 3.054 3.058 3.101 3223 1.38 1.38 1.36 1.31 60 10.65 10.65 10.66 10.69 5.28 5.28 5.28 5.26
4.6 3.084 3.088 3.131 3.251 1.40 1.40 1.38 1.33 62 10.83 10.83 10.84 10.87 5.37 5.37 5.37 5.35
4.7 3115 3.118 3.161 3,279 1.42 1.41 1.40 1.34 64 11.00 11.00 11.01 11,04 5.46 5.46 5.45 5.44
4.8 3.144 3.148 3.190 3.307 1.43 1.43 1.4]1 1.36 66 11.17 11,17 [1.18 11.21 5.54 5.54 5.54 5.53
4.9 3.174 3.178 3.220 3.335 1.45 1.45 1.43 138 68 11.34 11.34 11.35 11,37 5.63 5.63 5.62 5.61
5.0 3.204 3.207 3.248 3.363 1.46 1.46 1.44 140 70 11.50 11,50 11.51 11.54 571 5.71 5.71 5.69
5.2 3.262 3.265 3.305 3.417 1.50 1.49 1.48 143 72 11.66 11.66 11.67 11,70 5.79 5.79 5.7% 5.77
5.4 3319 3.322 3.362 3471 1.53 1.53 1.51 146 74 11.82 11.82 11.83 11.86 5.87 5.87 5.87 5.85
5.6 3.375 3.378 3.417 3.524 1.56 1.56 1.54 1.49 76 11.98 11,98 11.99 12.02 5.95 5.95 5.95 5.93
5.8 3.430 3.433 3.471 3.576 1.59 1.59 1.57 1.52 78 12.13 12.14 12.14 12,17 6.03 6.03 6.03 6.01
6.0 3,484 3.487 3.524 3.627 1.62 1.61 1.60 1.55 80 12.29 12,29 12.30 12.32 6.11 6.11 6.10 6.09
6.2 3.538 3.541 3.577 3.678 1.64 1.64 1.63 1.58 82 12.44 12,44 12.45 1248 6.18 6.18 6.18 6.17
6.4 3.590 3.593 3.629 3.728 1.67 1.67 1.65 1.61 84 12.59 12.59 12.60 12.63 6.26 6.26 6.26 6.24
6.6 3.642 3.645 3.680 3.778 1.70 1.70 1.68 1.64 86 12.74 12.74 12.75 1277 6.33 6.33 6.33 6.32
6.8 3.693 3.696 3.731 3.827 1.73 1.73 1.71 1.67 88 12.88 12.89 12.89 12.92 6.41 6.4]1 6.40 6.39
7.0 3.744 3.747 3.781 3.875 1.75 1.75 1.74 1.70 90 13.03 13.03 13.04 13.06 6.48 6.48 6.48 6.46
7.2 3,794 3.797 3.830 3.923 1.78 1.78 1.76 1.72 92 13.17 13.17 13.18 13.21 6.55 6.55 6.55 6.54
7.4 3.843 3.846 3.878 3.970 1.81 L.81 L.79 L.75 94 13.31 13.32 13.32 13.35 6.62 6.62 6.62 6.61
7.6 3.891 3.894 3.926 4016 1.83 1.83 1.82 .78 96 13.45 13.46 13.46 13.49 6.69 6.69 6.69 6.68
7.8 3.939 3.942 3.974 4.062 1.86 1.86 1.84 1.80 98 13.59 13.59 13.60 13.63 6.76 6.76 6.76 6.75
8.0 3.987 3.989 4.021 4.108 1.88 1.88 1.87 1.83 100 13.73 13.73 13.74 13.76 6.83 6.83 6.83 6.82
8.2 4.033 4.036 4.067 4.153 1.91 1.91 1.89 1.85 150 16.80 16.80 16.81 16.83 8.38 8.38 8.37 8.36
8.4 4.080 4.082 4.113 4,198 1.93 1.93 1.92 1.88 200 19.40 19.40 19.40 19.42 9.68 9.67 9.67 9.66
8.6 4.125 4.128 4.158 4.242 1.96 1.95 1.94 1.90 250 21.68 21.68 21.69 21,70 10.8 10.8 10.8 10.8
8.8 4.171 4.173 4.203 4.286 1.98 1.98 1.96 1.93 300 23.75 23.75 23.75 23.76 115 11.9 119 11.8
9.0 4215 4.218 4.247 4329 2.00 2.00 1.99 1.95 350 25.65 25.65 25.65 25.66 12.8 12.8 12.8 12.8
9.2 4.260 4.262 4.291 4.372 2.03 2.03 2.01 1.97 400 27.41 27.41 27.42 27.43 13.7 13.7 13.7 13.7
9.4 4.303 4.306 4.335 4.415 2.05 2.05 2.03 2.00 450 29.07 29.07 29.08 29.09 14.5 14.5 14.5 14.5
9.6 4.347 4.349 4.378 4.457 2.07 2.07 2,06 2.02 500 30.65 30.65 30.65 30.66 15.3 15.3 15.3 15.3
9.8 4.390 4.392 4.420 4.498 2.09 2.09 2.08 2.04 550 32.14 32.14 32.14 32.15 16.1 16.1 16.1 16.0
10.0 4.432 4.435 4.462 4,540 2.12 2.12 2.10 2.07 600 33.57 33.57 33.57 33.58 16.8 16.8 16.8 16.8
10.5 4.537 4.539 4.566 4.641 2.17 2.17 2.16 2.12 650 34.94 34.94 3494 3495 17.5 17.5 17.5 17.4
11,0 4.639 4.642 4.668 4.741 2.22 2.22 2.21 2.18 700 36.26 36.26 36.26 36.27 18.1 18.1 18.1 18.1
11.5 4.739 4.742 4.767 4.839 2.28 2.28 2.26 2.23 800 38.76 38.76 38.76 38.77 19.4 19.4 19.4 19.4
12.0 4.837 4.839 4.864 4534 2.33 2.33 2.31 2.28 900 41.11 41.11 41.11 41.12 20.5 20.5 20.5 20.5
12.5 4.933 4.935 4.960 5.028 2.38 2.38 2.36 2.33 1000 43.33 43.33 43.33 43.34 217 21.7 21.7 21.6
13.0 5.027 5.030 5.053 5.120 2.43 2.43 2.41 2.38 2000 61.27 61.27 61.27 61.28 30.6 30.6 30.6 30.6
13.5 5,120 5.122 5.145 5.211 2.47 2,47 2.46 2.43 5000 96.87 96.87 96.87 96.87 48.4 48.4 48.4 48.4
140 5211 5213 5236 5300 2.52 2.52 2.5] 2.48 10000 137.0 137.0 137.0 137.0 68.5 68.5 68.5 68.5
14.5 5300 5.302 5.324 5.388 2.57 2.57 2.56 2.53 | 20000 193.7 193.7 193.7 193.7 96.9 96.9 96.9 96.9
15.0 5.388 5.390 5412 5474 2.61 2.61 2.60 2.57 50000, 306.3 306.3 306.3 306.3 153 153 153 {53
15.5 5.474 5.476 5.498 5.559 2.66 2.66 2.65 2.62 1x10° 4332 4332 433.2 4332 217 217 217 217
16.0 5.559 5.561 5.582 5.642 2.70 2.70 2.69 2.66 2x10% 6126 612.6 612.6 612.6 306 306 306 306
16.5 5.643 5.645 5.666 5.725 2.74 2,74 2.73 2.70 5x10° 968.6 968.6 968.6 968.6 484 484 484 484
17.0 5.726 5.727 5.748 5.806 2.79 2.79 2.78 2.75 1x10% 1370 1370 1370 1370 685 685 685 685
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TT ..
Note: AN is to be understood over every coefficient; e.g., for -8/15 read -V8/15. Notation: M M
0. [3 {—_
x / Y, = cos @
]/2 12”1 - 1 i zx]/z 5/2 Coefficient
l+l/§ +1/21 180 4] 1 3 i +5/ /2 3/2 aefficients
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‘ Y, = /4_" 3 cosB- 5 +1 -1/2] 2/5 3/5f s5/2 3/2
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Sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The Theory of
Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957), and
Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif, 1974). The signs and
numbers in the current tables have been calculated by computer programs written independently by Cohen and at LBL. (Table extended

April 1974.)
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SU(3) ISOSCALAR FACTORS AND REPRESENTATION MATRICES

The most commonly used isoscalar factors, corresponding to the
singlet, octet, and decuplet content of 8 ® 8 and 10 ® 8, are
displayed at the right. The notation uses particle names to identify
the coefficients, so that the pattern of relative couplings can be seen
at a glance. We illustrate the use of the coefficients by example; see
J.J de Swart, Rev. Mod Phys. 35, 916 (1963) for detailed explana-
tion and phase conventions.

AV is understood over every integer in the matrices; the
exponent %2 is a reminder of this. For example, in de Swart’s nota-
tion the Z —» QK element of our 10 — 10 ® 8 matrix reads

10 s |10 |_-=ve
0-2 %1 |%h -1 v

Intramultiplet relative decay strengths can be read directly from
our matrices. Thus, the partial widths for A - (N7) =32 and Q*
— (EK); _ are in the ratio

T(Q* > (5K); _o)
A= 12 X (phase space factors) .
(A (Nm);—3/7) 6

Supplying isospin Clebsch-Gordan coefficients, one obtains, e.g.,

r@Q' - ->=%") 1/2 _ 12 3
—_—_———— = == X — X pS5.f. = = X p.s.f.
TaTopa®) 23 <6 XPSS Ty xpst

Partial widths for 8 - 8 ® 8 involve a linear superposition of 8,
(symmetric) and 8, (antisymmetric) couplings. For example,

2
T(E* > Em) ~ [— \/_2"%_81*' \/—155’2] .

The relation between g1:82 {with de Swart’s normalization) and the
standard D,F couplings appearing in the interaction Lagrangian,

&= -V2D Tr(|B,B|+M) + V2F Tr(|B,B]-M)

Thus,
(E* > Em) ~ (1 —2a)?

where o = D/(D +F).

When acting upon a representation of dimension d, the genera-
tors of SU(3) transformations, A, (a=1,8), are d Xd matrices which
obey the following relationships:

[Aa’ Ap :l = 2ifgpere

4
{xa,xb} = £, + 2y N,

where I is a dXd unit matrix. The f,, . are odd under the permu-
tation of any pair of indices, while the dabc are even. The nonzero
elements are

abc  fup. abc dype abc dype
123 1 118 1/V3 355 172

147 12 146 172 366 —1/2

156 —1/2 157 12 377 ~1/2

246 172 || 228 13 448 —1/2V3)
257 12 247 —-1/2 558  —1/(2V3)
345 1/2 25 12 668 —1/2V3)
367 =172 338 1/V3 778 —1/2V3)
458 V372 344 1/2 888 —1/\V3
678 372

1-898

[A]l» [ NK =z An EK ]8;8 % [

8,~808

N Nw Nn ZK AK

z NK Zr Am Zp EK| 1 —6

A NK Zr Ay EK T Va0

= 8, ZK AK Em En 328
8,-80®8

N Nm Ny ZK AK

z NK Ex Am Zn EK| _ 1 2

A NK Tm An EK T V2

= 8, IK AK Ex En 328
10-8®8

A N= ZK

z NK Zr Am 29 EK 1 -2

= K AK Ev Zp V12

?Jio =K 308
8->1008

N Ar ZK

z AK Im Zn EK 1

- R

A ir E V15

Z e ZK Er En QK 1088
10 -100® 8

A Ar An ZK

x| AK =x Znp EK 1

= K Em En 9K V24

210 =K n 1088

172
2 03 -1 -2 ]

9 -1 -9 -1
0 4 4 -6
2-12 -4 -2
9 -1 -9 -1
3 3 3 -3
8§ 0 0 -2
6 0 0 6
3 3 3 -3
-6 6
2 -3 3 2
3 -3 3 3
12
-12 3
8 -2 -3 2
-9 6
3 -3 -3 6
15 3 -6
8 8 0 -8
12 3 -3 -6
12 -12

1/2

172

172

172

In the fundamental 3-dimensional representation, the A;’s are

given by
010 0 —i 0)
AM=(1o0o0 AN=1i 00
L0 0 0] 0 0 0]
{ 3 s
00 1 00 —i
Ay = 0 A= |0 0
~ OOJ \ OJ
( e
0 IVAVERN
A =100 —i A= 0 V3
0 i o0 0 0

-
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I
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-~

1
0
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o= e i e

00

-1 0

-0 O

00

0
1
0
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SU(N) MULTIPLETS AND YOUNG DIAGRAMS

This note tells how SU(#n ) particle multiplets are identified or
labeled, how to find the number of particles in a multiplet from its
label, how to draw the Young diagram for a multiplet, and how to
use Young diagrams to determine the overall multiplet structure of
a composite system, such as a 3-quark or a meson-baryon system.

(1) Multiplet labels — An SU(#n) multiplet is uniquely identi-
fied by a string of {n —1) nonnegative integers: (&,8,y, - * * ). Any
such set of integers specifies a multiplet. For an SU(2) multiplet
such as an isospin multiplet, the single integer « is the number of
steps from one end of the multiplet to the other (i.e., it is one fewer
than the number of particles in the multiplet). In SU(3), the two
integers o and 3 are the numbers of steps across the top and bot-
tom levels of the multiplet diagram. Thus the labels for the SU(3)
octet and decuplet

et

1

—3—n

0

are (1,1) and (3,0). For larger », the interpretation of the integers
in terms of the geometry of the multiplets, which exist in an
(n—1)-dimensional space, is not so readily apparent.

The label for the SU(n) singlet is (0,0,...,0). In a flavor SU(n),
the n quarks together form a (1,0,....0) multiplet, and the n anti-
quarks belong to a (0,...,0,1) multiplet. These two multiplets are
conjugate 1o one another, which means their labels are related by
{e,B,..) > (....0,0).

(2) Number of particles — The number of particles in a multi-
plet, N = N(«.8,...), is given as follows (note the pattern of the
equations). In SU(2), N = N(w) is

N = (a+1)
1

In SU3), N = N(a,8) is

N = (a+l) (B+1) (x+8+2)
1 1 2 '

In SU4), N = N@.B.v) is

N = (a+1) (B+1) (y+1) (@+8+2) B+y+2) (a+B+v+3)
1 1 1 2 2 3 '

Note that there is no factor with (a+vy+2): only a consecutive
sequence of the label integers appears in any factor. One more
example should make the pattern clear for any SU(n). In SU(S), N
= N(a,8,7.8) is

N = lat]) B+1) (+1) (6+1) (a+B8+2) B+y+2)
’ 1 1 1 1 2 2

(y+0+2) (@+B8+y+3) (B+y+0+3) (a+f+y+6+4)
2 3 3 4

Multiplets that are conjugate to one another obviously have the
same number of particles, but so can other multiplets. For exam-
ple, the SU(4) multiplets (3,0,0) and (1,1,0) each have 20 particles.

(3) Young diagrams — A Young diagram consists of an array of
boxes (or some other symbol) arranged in one or more lefi-justified

rows, with each row being at least as long as the row beneath. The
correspondence beiween a diagram and a multiplet label is: The.
top row juts out & boxes to the right past the end of the second
row, the second row juts out 3 boxes to the right past the end of
the third row, etc. A diagram in SU(n) has at most n rows. There
can be any number of “completed” columns of » boxes buttressing
the left of a diagram; these don’t affect the label. Thus in SU(3) the

diagrams

represent the multiplets (1,0), (0,1), (0,0), (1,1), and (3,0). In any
SU(n), the quark multiplet is represented by a single box, the anti-
quark multiplet by a column of (n-1) boxes, and a singlet by a
completed column of n boxes.

(4) Coupling multiplets together — The following recipe tells
how to find the multiplets that occur in coupling two multiplets
together. To couple together more than two multiplets, first couple
two, then couple the third with each of the multiplets obtained
from the first two, etc.

First a definition: A sequence of the letters a,b,c,... is admissible
if at any point in the sequence at least as many a’s have been
reached as b’s, at least as many b's have been reached as ¢’s, etc.
Thus abed and aabcb are admissible sequences and abb and ach are
not. Now the recipe:

(a) Draw the Young diagrams for the two multiplets, but in one
of the diagrams replace the boxes in the first row with a’s, the
boxes in the second row with &’s, etc. The unlettered diagram
forms the upper left-hand corner of all the enlarged diagrams con-
structed below.

(b) Add the a’s from the lettered diagram to the unlettered
diagram to form all possible legitimate Young diagrams that have
no more than one a per column. (All the a’s appear in each new
diagram.)

(c) Use the &’s to further enlarge the diagrams already obtained,
subject to the same rules. Throw away any diagram in which the
sequence of letters formed by reading right to left in the first row,
then the second row, etc., is not admissible.

(d) Proceed as in (c) with the ¢’s, etc.

Thus, for example, the calculation to find the multiplets that
can occur in a system made up of two SU(3) octets (one might be
the m-meson octet, the other the N-baryon octet) is as follows:

Pei® -
B%]aa@Eb]:]aa@ asea@%]a@@%a@@%

where only the diagrams with admissible sequences and with fewer
than four rows (since n = 3) have been kept. In terms of multiplet
labels, the above may be written

Lpe =22 3003 e (el s 00,
or in terms of numbers of particles,
8088=270100100808 1.

The product of the numbers of the left is equal to the sum on the
right. (See the section on the Nonrelativistic Quark Model for
results for 3-quark systems.)
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TESTS OF CONSERVATION LAWS*

In response to the current interest in tests of conservation laws,
we have made a list.of experimental limits on all weak and elec-
tromagnetic decays, mass differences, moments, and a few reac-
tions. whose observation would violate conservation laws. The list
is given only in the full Review of Particle Properties, not in the °
Data Booklet. For the benefit of Data Booklet readers, we have
included the best limits from the list in the following text. The list
is in two parts: *‘Discrete Space-Time Symmetries,” i.e.,, C, P, T,
CP, and CPT; and “Number Conservation Laws,” i.e., lepton,
baryon. hadronic flavor, and charge conservation. The references
for these data can be found in the Stable Particle Section of the Full
Listings in this Review. A discussion of these tests follows.

CPT INVARIANCE

General principles of relativistic field theory require invariance
under the combined transformation CPT. The simplest tests of
CPT invariance are the equality of the masses and lifetimes of a
particle and its antiparticle. The best test comes from a limit on
the mass difference between K and K. Any such mass difference
contributes to the CP-violating parameter €. In fact ¢ can be
ex&)lamed by a CPT -conserving but CP-violating mixing of K® and

, which yields a prediction that ¢, _ = 44°, while a K° -K°
mass difference would yield ¢, = 44° + 90°. It is thus possible
to deduce that Im(KO) - m(KO)| < 107 4|m(KS) -m(Kp)| <
3x107 Y eV. Also, an upper limit on |m(D )~m(D°)| can be
derived from the bound |m(D OY—m(D O)l < 6.5%107 10 MeVv
(inferred from bound on D° — D0 — 4 anything), gwen an mput
value of, or bound on, the CP-violation parameter ¢ for DY ~-DY
mixing.

CP AND T INVARIANCE

Given CPT invariance, CP violation and T violation are
equivalent. So far the only evidence for CP or T violation comes
from the measurements of n, _. ngy. and the semileptonic decay
charge asymmetry for K; . e.g. [n_| = |A(K[ O > xt77)4 (KSO
= 7w )| = (2.27520021) x 10~ 3and[r1<0 -7 ety -

Ik ? - wte v)]/[sum| = (0.333£0.014)%. Other searches for
CP or T violation should be divided into (a) those that involve
weak interactions or parity violation, and (b) those that involve
processes allowed by the strong or electromagnetic interactions. In
class (a) the most sensitive is probably the search for an electric
dipole moment of the neutron, which is measured to be
(23+2.3) % 10725 cm. A nonzero value requires both P and T
violation 10 be nonzero. Class (b) searches involve looking for C
or T violation in strong or electromagnetic processes. Examples
are the search for C violation in 7 decay. believed to be an elec-
tromagnetic process, e.g.. as measured by T'(n - ;ﬁp’wo)/r(n -
all) « 5 x 10_6, and the search for T violation in a number of
nuclear and electromagnetic reactions.

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak
theory are consistent with the absolute conservation of three
separate lepton numbers: electron number L,. muon number L
and T-number L . Searches for violations are of the following
types:

a) AL = 2 for one type of lepton. The best limit comes from
the search for neutrinoless double beta decay (Z.4) » (Z+2,4) +
e  +e . The best laboralory limit 1s ty2 > 0.7x lO23 yr
(CL=0.90) for 76

b) Conversnon of one lepton type to another. For purely leptonic
processes, the best limits are on 4 — ¢y and g — 3¢, measured as
T — ey)/T{e — all) < 1.7 x 10719 and Ty — 3e)/T(u — all)
< 2.4 x 107 '~ For semileptonic processes, the best limit comes
from the coherent conversion process in a muonic atom u~ +

(Z,A) = ¢~ +(Z,4), measured as I'(u" Ti - ¢~ Ti)/T{(p" Ti — all)
< 16 x 107", Of special interest is the case in which the
hadronic flavor also changes, as in K; — eu and KJr —>7xtetu”,
measured as T(K; — eu)/T(K; - al) < 6 x 10 % and I(K* —

7 e utYIK' > all) < 5 x 1077, Limits on the conversion of
7into e or u are found in 7 decay and are much less stringent that
those for 4 — e conversion, e.g., I'(7 — uy)/T(r — all) <
5.5 x 10" % and I(r — ey)/T(r — all) < 6.4 x 107

¢) Conversion of one type of lepton into another type of antilep-
ton. The case most studled 1s oo+ \Z_A) — et +(Z-2,A4), the
strongest limit being F(u T, e 127Sb5‘able)/1“(u_ 1271 & al)
< 3x10719,

d) Relation to neutrino mass. If neutrinos have masses then it is
expected even in the standard electroweak theory that separate lep-
ton numbers are not conserved as a consequence of lepton mixing
analogous to the Cabibbo quark mixing. However, in this case
lepton-number-violating processes such as 4 — ey are expected to
have extremely small probability. For small neutrino masses, the
lepton-number violation would be observed first in neutrino oscil-
lations, which have been the subject of extensive experimental
searches. For example v + v, glves measured limits A(mz) <
0.016 eV for sin (20) 1 and sin (20) < 0.16 for large A(mz)
where 8 is the neutnno mixing angle. Searches for v, >y, set lim-
its A(m?) < 0.2 V2 for sin(20) = 1, and sin®(26) < 0.0034 for
large A(m<). For larger neutrino masses (>> 1 keV), lepton-
number violation is searched for by looking for anomalous decays
such as 7 — ev,, where v, is a massive neutrino. If the AL =2
type of violation occurs, it is expected that neutrinos will have a
nonzero mass of the Majorana type.

CONSERVATION OF HADRONIC FLAVORS

The conversion of quarks of a given charge, (d,s,b) or (u,c.t),
into one another is forbidden in strong and electromagnetic interac-
tions by the conservation of hadron flavors: S (strangeness), C
(charm), 8 (bottomness), and T (topness). The weak interactions
violate these conservation laws as a result of the Cabibbe or
Kobayashi-Maskawa mixing (see the section on the Kobayashi-
Maskawa Mixing Matrix). The way in which these conservation
laws are violated is tested as follows:

a) AS = AQ rule. In the semileptonic decay of strange parti-
cles, the strangeness change equals the change in charge of the
hadrons. Tests come from hmlts on decay rates such as Tt —
ne *p)/T(Z* - all) < 5x 10~ 6, and from a detailed analysis of
K; — wev. which yields the parameter x, measured to be
(Rex, Imx) = (0.009+0.020, —0.004+0.026). A corresponding
rule for charm decays is AC =AQ .

b) Change of flavor by 2 units. In the standard model this
occurs only in second-order weak interactions. The one example
for which this has been measured is the AS =2 K- K mixing,
which is dlrcclly measured by m(Kg) —m(K;) = (3 521+
0.014) x 10~ 12 MeV. A limit on the AC =2 p°— Do mixing,
(D% > D% > u = anything)/T(D° — u™ anythmg) < 0.044, pro-
vides a limit | m (D% — m(DO)I < 6.5x 10719 Mev.

c) Flavor-changing neutral currents. In the standard model the
neulral-currem interactions do not change flavor. The low rate
K, - wu YK = al)=(9.1£1.9) x 107 9 puts limits on
such interactions; the nonzero value for this rate is attributed to a
combination of the weak and electromagnetic interactions. The
best test should come from a limit on K+ — 7 vy, which occurs
in the standard model only as a second-order weak process with a
branching fraction of 10 1% 10 107 1!, Limits for charm-changing
or bottom-changing neutral currents are much less stringent: I‘(DO
- utu YD - all) < 3.4 x 10" %and T(B® — u ™ yI(B° -
ally < 2% 1074

* Revised April 1986 by T.G. Trippe and L. Wolfenstein.



TESTS OF CONSERVATION LAWS (Cont’d)

Discrete Space-Time Symmetries

Quantity(“) Value(® Symmetry tested or violated

70— yyy/all <38x 1077 C
(eTe ), _ | — yyy/all (5 = 3) x 1074 C
n— yyy/al <7x 1074 C
7>ete” 70/all <5%x 1073 C (single photon process)
n—> y*u_ﬂ'o/all <5x107¢ C (single photon process)
n > 7 x 7" parameters: left-right asymmetry (1.2 = 1.7) x 1073 C

sextant asymmetry (1.9 = 1.6) x 1073 C

quadrant asymmetry (—1.7 £ 1.7y % 1073 C
7 — 7w+ parameters: left-right asymmetry (8.8 = 4.0) x 1073 C

B (D-wave) 0.047 + 0.062 C

77 /all <15%x 1073 P and CP
e electric dipole moment <3x10 ¥ ecm T and P
u electric dipole moment (3.7 £ 3.4) x 10~ 9ecem T and P
p electric dipole moment <4x1072 ecm T and P
n electric dipole moment 2.3 £ 2.3) x 107 ¥ ecm T and P
A electric dipole moment <1.5%x 107 '"Pecm T and P
o'/ a from p — evy (-0.2 =43)x 1073 T
B /a from p —> évv (15 + 6.3) % 1073 T
e pol. L u spin and e ™ mom. from u — evy 0.007 + 0.023 T
Im £in K;’3 decay (from transverse u pol.) —-0.017 = 0.025 T
Im £ in K23 decay (from transverse u pol.) -0.020 = 0.022 T
¢(gA)—q>(gV)forn (180.11 = 0.17)° T (0° or 180%)
n 3-vector corr. coeff. : —-0.0007 = 0.0014 T
K* — 757%™ rate difference / average (0.07 + 0.12)% cP
K* _» %270 rate difference / average (=0.03 = 0.55)% CcP
K* - 7% 7% rate difference / average 0.9 = 3.3)% cP
K 37 = slope (g "—g )/ sum (0.7 = 0.5)% CP
[74—0|? =KL >7"n 7/ IK) 777 7% <012 cp
[ 7000 * = K& = 37%) /(K 2 37°) <0l cP
Charge asymm. j in K0 — 7 o~ 0.0011 * 0.0008 cP
KV > pr —atuTr) /sum (0.319 + 0.038)% CP (violated)
KQ > (x"ety — v v)/sum (0.333 = 0.014)% CP (violated)
[100] = |AKD = 7%%/4(KQ — %% | (2.299 = 0.036) x 1073 CP (violated)
] = JAKE = a7 77)/AKQ - n77)] (2.275 = 0.021) x 1073 CP (violated)
(/€] = (1 - |noo/n+-])/3 (-3 4x1073 CP
¢4_: phase of 7, _ (44.6 = 1.2)° CP (violated)
oo : phase of gy (54 = 5)° CP (violated)
Re € in KB decay (1.621 + 0.088) x 1073 CP (violated)
ay/ag ~1.04 + 0.29 CP
(g,+ — &,-)/average 22+ 64y x 10711 CPT
(¢ + — & _)/average (2.6 + 1.6) x 1078 CPT
(1, — uz)/average (-1 =7yx 1073 CPT
7t — 77 mass difference / average (2 +35)x 1074 CPT
Kt - K™ mass difference / average (—0.6 £ 1.8) x 1074 CPT
|K° - K°| mass difference / average <6x10719 CPT
p — P mass difference / average (7 £4)x 1073 CPT
A — A mass difference / average (7+£7)x1073 CPT
27 - §+ mass difference / average (L1 £ 2.7)x 1074 CPT
@~ — 0% mass difference / average (~0.7 + 47) x 107% CPT
u¥ — p” mean life difference / average (3+8x107° CPT
77 — 7 mean life difference / average 5+7)x 1074 CPT
K% — K™ mean life difference / average (1.1 = 0.9) x 1073 cpPT
A — A mean life difference / average (4.4 = 8.5) x 1072 CPT
27 — % mean life difference / average (0.02 = 0.18) CPT
K* — u™p rate difference / average (—0.54 = 0.41)% CPT
K* — 7% 79 rate difference / average 0.8 = 1.2)% CPT@)

a. Branching fractions are described by a shorthand notation, e.g., “u™ — e y/all” means [yt —e¥v)/ Tu* — all).
b. Limits are given at 90% confidence level while errors are given as = 1 standard deviation.

¢. Orthopositronium data are from Liu and Roberts, Phys. Rev. Lett. 16, 67 (1966).

d. Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys. Rev. D12, 2744 (1975).
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TESTS OF CONSERVATION LAWS (Cont’d)

Number Conservation Laws

Quanlity(a) Value(®) Conservation law tested
ety Jall <5x 1072 Lepton family number(¢-4)
- e y/all <1.7x 10”10 Lepton family numberld)
etete  /all <24 x 10712 ” ” ”
— e yy/all <84 x 1079 ” ” ”
" 328 e 32554l <7x 10”1 ” ” ”
u~ Cu—>e” Cu/all <16x1078 ” ” ”
u” Ti—e” Ti/all <1.6x 10711 " ” ”
coupling for (u*e™ — u "¢ )young <42Gp ” “ “
P u*'y/all <55x1074 4 4 ”
- ety /all <64 x 1074 ” ” "
> T TuT all <49 x 1074 ” ” ”
—etutu /all <33x107% ” ” ”
- utete  /all <44x1074 ” ” ”
—>eTete Jall <40 x 1074 ” ” ”
- ptalyall <82x 1074 ” ” ”
- e*n0/all <21x1073 ” ” .
- uTKYall <1.0x 1073 ” ” ”
- eTK%all <13 %1073 ” v ”
- utplsall <44%1074 ” ” ”
— e*pl/all <37x1074 " g "
7t > ut, /all <80 x 1073 . ’ "
7° — ep/all <7x 1078 ” ” ”
Kt >atetu /all <7x107? ” ” ”
- ateut /all <35x 1072 ” ” ”
- uty, /all <4x 1073 . " ¢
-y vetet /all <2x 1078 ” ” ”
KP - eu/all <6x 1076 " ” .
BY — ep/all <3x 1074 ” ” ”
v oscillations
A(mz) for sin2(20)=1
v, + v, < 0.016 eV? ” ” ”
Y,V <02ev? ” ” ”
v, >V, <0.9ev? " ” ”
v,V <3eV2 ” ” 4
v,—> v, < 2.2 eVz ” ” ke
v+, < 0.23eV2 or > 1500 eV?2 ” » ”
v, Y, <23ev? g . .
sin% (26) for large A(m 2)
Vv, +v, <0.16 ” ” ”
V-, < 0.0034 ” ” ”
v, =V, <0.013 ” ” ”
L < 0.013 ” ” ”
v, >, < 0.044 ” ” ”
v+, <002 [agm?) = 110eV?) ’ " 4
v, +V, < 0.07 4 ” ”
V>, <07 ” ” ”
For other lepton mixing effects in particle decays, see Full Listings.
uo 325 L, o™ 325i%/all <9x 10710 Total lepton numbert)
H4 1271 . é,-4— 127Sbstable/an < 3% 10—10 ” ” ”
£~ Cu—e* Co/all <26x 1078 " ” ”
T u"v, /all < 1.5x% 1073 ” ” ”
K™ —>r"e e /all <1x1078 . " ”
— 7 et u’t/all <7x107° ” ” ”
- u*, /all <33 x 10730 ¢ " ¢
- e x%, /all <3 %1073 ” " ”

neutrinoless double beta decay

See Full Listings




TESTS OF CONSERVATION LAWS (Cont’d)

Number Conservation Laws (Cont’d)

Quantity(@)

Value®)

Conservation law tested

7, /BR( —»e:ﬂ'g)
s /BR(p - u" )
7, /BR(@ —»e:KO)
7, /BRY —> K%

> 2.5 x 1032 years
> 1.0 x 10%? years
> 0.8 x 1032 years
> 0.4 x 1032 years

For other nucleon decay channels, see Stable Particle Summary Table.

mean time for n — n transition
¢ mean life
n—pwv/pe v
Re x from K0 — wev
Im x from K% — wev
K* > 7 n%e v/all
-t Tval
=t > nety/all
- n;ﬁu/all
Et > nttw)/(E > nt )
=0 5> 37etp/all
- = uw/all
— pe v /all
- pu v/ all
=T > ne"v/all
- nu v/all
- pr e v/all
— pr_u"v/all
=0 o pryall
ET - nw /all
—-pn w /all
Q7 — An~ /all
Mg — mg,
(D% D% K¥n7)/(D° - K7)
(D9 - D% — 1™ anything)/ (D® — u™ anything)
|mD10_— szo | (from previous limit)
(B9 — B° via mixing) / (B° — all)
Kl? - p:u_ /all
—>e e /all
- utuTy/all
—ete y/all
- 7% u /all
—~ wlete” /all
> r"eTe /all
- utuTeTe /all
>ete ete /all

—

KT > xte e /all
- 7r+u_p._ / all
— 1 r/all

DOty
BY > ete /all
- uTu” /all

=t > pete /all

> 3 years

> 2 x 10% years
<9 x 1072
0.009+0.020

—0.004 % 0.026
<1.2x1078
<3x107¢
<5x 1076
<3x 1073

< 0.04

<9 x 1074
<9x 1074
<13x1073
<13x1073
<32x 1073
<15%x 1072
<4x 1074
<4 x 1074
<36x107°
<1.9%x1073
<4x 1074
<19x1074
(3.521+0.014) x 10712 MeV

< 0.08

< 0.044

<65 x 10710 Mev
< 0.12
(6.1=1.9)x10~°
<20x 1077
(2.822.8)x1077
(1.7£0.9)x1073
<12x 1076
<23x1078
<9x 1076
<49 %1078
<26x1076
<32x1077
<34x1074
(2.7£0.5)x10~7
<24x1076
<14x1077

< 34x1074

< 3x1074
<2x1074
<7x 1076

Baryon number

” ”

AC =2 forbidden®®)

» ”

” ”

AB =2 forbidden(®’
no flav. chng. neut, curr.

N TR AN R

Branching fractions are described by a shorthand notation, e.g., “u™ — e y/all” means T(u™ — e Ty)/ T(u* — all).
Limits are given at 90% confidence level while errors are given as * | standard deviation.
Test of additive vs. multiplicative lepton family number conservation.
Lepton family number conservation means separate conservation of e-number, y-number, and 7-number.
These limits are derived from the analysis of neutrino oscillation experiments.
Violation of total lepton number conservation also implies violation of lepton family number conservation.
Can be violated in second-order weak interactions.
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NONRELATIVISTIC QUARK MODEL

A. QUANTUM NUMBERS

Each quark has spin 1/2. The additive quantum numbers (other
than baryon number = 1/3) of the known (and presumed) quarks
are shown in the table.

Quark type (flavor)

Quantum number d u s c b t

Q — electric charge —% +% —% +% —% +%
| , — z-component of isospin —% +% 0 0 0 0
S — strangeness 0 0 | -1 0 0 0
C — charm 0 0 0] +1 0 0
B — bottomness 0 0 0 0| ~1 0
T — topness 0 0 0 0 0| +1

With these conventions the strangeness S of the K™ is +1 and the
bottomness B of the B is +1.

The G -parity operator is defined to be G = Ce —iwly , where C
is the charge conjugation operator. The mesons withS =C =8
=T =0 are eigenstates of G. If a meson is also an eigenstate of
the charge conjugation operator with charge conjugation C, then G
= C(—1Y, where [ is its isospin; all the other particles in the same
isomultiplet have the same value of G: G(x¥) = G(@@%) = —
G(pE)=G(% = +1, etc.

B. MESONS

Nearly all known mesons can be understood as bound states of
a quark ¢ and an antiquark g” (the flavors of ¢ and ¢’ may be dif-
ferent). If the orbital angular momentum of the ¢g’ state is L, then
the parity P = (— DL +1 A state g7 of a quark and its own anti-
quark is also an eigenstate of charge conjugation with C =
(-~ l)L +S where the spin S =0 or 1. The L = O states are the
pseudoscalars, J© = 07, and the vectors, J© =17, See table
below.

States in the “normal” spin-parity series, P = (— l)J , must, accord-
ing to the above, have S =1 and hence CP = +1. Thus mesons
with normal spin-, pamg and CP = —1 are forbidden in the gg~
quark model. The JPC = 0™~ state is forbidden as well. Mesons
with such J** could exist, but would lie outside the gg” model.

States with the same J* and additive quantum numbers can
mix (if they are eigenstates of charge conjugation, they must also
have the same value of C). Thus the physical J}; =17, strange-
ness S = 1 states, K(1280) and K ;(1400), are mixtures of the pure
guark model states K| ; and K| 5. The {(3770) is a mixture of

and D The » and #” are mixtures of the SU(3) octet and

smglet states

For the pseudoscalar mesons, the Gell-Mann-Okubo formula is
),

2 l(4m1%—mﬂ,

my =3

assuming no octet-singlet mixing. However, the octet ng and
singlet 7y mix because of SU(3) breaking. The physical states n and
n’ are given by

n = ngeosfp —n; sinfp
7 = ngsinfp +n cosbp .

These combinations diagonalize the mass-squared matrix

2 a2
a2 - | M Mig
2 a2
Mig Mg
where M 2%8 = %(4m ,% -m 3). It follows that
ML —m2
20 _ 788 n
—Mgg

The sign of 8p is meaningful in the quark model. If
| = T +dd +59)/V3
¢ = (ull +dd - 255)/\/6,

then the matrix element M 128’ which is due mostly to the strange

Standard quark model assignments for some of the known mesons. Some assignments, especially for 0¥, are controversial. Note that

only the states in the uif, dd, s5, ¢c, and bb columns and the neutral states in the ] =

1 column are eigenstates of charge conjugation C.

as+1y, | gPC ud, uii, dd uit, dd, s cc bb Su,sd o, cd 3 bu, bd
J I=1 I=0 I=0 I=0 I1=12 I1=12 I1=0 I=1/2
15 |0 T w1 e K D D, B
3, 17" p ¢ w I T K*(892) | D*(2010)
|17 b,(1235) h1(1190) Kip
3y |o0v* ag(980) | f975), F1300) | xo(3415) | x,q(9860) | K((1350)
3p, 1+ a(1270) f1(1285),f,'(1420) x1(3510) | xp1(9895) K4
3p, ot a,(1320) | £3(1525), £5(1270) | x5(3555) | x5x(9915) | K3(1430)
p, |27+ m,(1680)
3p, 1=~ Y(3770)
3p, |27- K(1770)
3py |37 p5(1690) w4(1670) K3(1780)
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quark mass, is negative. From the relation
2 .2
Mg —m "

tanfl, =
P 2
Mig

|

we find fp < 0.
For the vector mesons we replace T —p, K — K*, n—» ¢, and
7 = w, SO

¢ = wgcosfy —w,sinf,

I

w = wgsinf, + w cosfy, .

For “ideal mixing,” ¢ = ss, tanBV = 1/\/5, so ), = 35.3°.
Experimentally, BV is near 35°, the sign being determined by a for-
mula analogous to that for tan 0}’- Following this procedure we
find the mixing angles below. There are uncertainties of a few
degrees arising from electromagnetic mass splittings and uncertain-
ties in resonance masses.

Singlet-octet mixing for the pseudoscalar, vector, and tensor me-
sons. The sign conventions are as above. The value of 4.4 is ob-
tained from the equations above, and 6}, is obtained by replacing
m2>m throughout. Of the two isosinglets, the mostly octet one
is listed first.

JFC  Nonet Members ﬁquad Blin
00T mK.onw -10° 23
177 p, K¥(892), ¢, w 39° 36°
27T a,(1320), K3(1430), £5(1525), £5(1270) % 26
377 ps(1690), K;(l780), ¢ 7(1850), w4(1670) 29° 28°
C. BARYONS

All the established baryons are apparently 3-quark {gqq) states,
and each such state is an SU(3) color singlet, a completely antisym-
metric state of the three possible colors. Since the quarks are fer-
mions, the state function for any baryon must be antisymmetric
under interchange of any two of its quarks. Thus the state is sym-
metric under interchange of the quantum labels other than color:

fagq), = |color), X |space, spin, flavor)y .

where the subscripts .S and 4 indicate symmetry or antisymmetry
under interchange of any two of the quarks. Note the contrast with
the state function for the three nucleons in °H or “He:

| NNN) 4 = |space, spin, isospin) ; .

This difference has major implications for internal structure, mag-
netic moments, etc. (For a nice discussion, see Ref. 1.)

Few of the baryons containing ¢ or heavier quarks have yet
been discovered, so we restrict further attention to baryons made
up of just 4, u, and s quarks. The three flavors imply a flavor
SU(3), which requires that baryons made of these quarks belong to
the multiplets on the right side of

38383=105 08,08, 01,

(see the section on SU(n) Multiplets and Young Diagrams). Here
the subscripts indicate symmetric, mixed-symmetry, or antisym-
metric states under interchange of any two quarks. The figure
shows particle assignments in these multiplets. States Ag and LY
that have the same spin and parity can mix; an example is the
mainly octet D03 A(1690) and mainly singlet Dy A(1520). The
formalism is the same as for n—# or ¢p—w mixin% (see above),
except that for baryons the mass M instead of M < is used. The
section SU(3) Isoscalar Factors shows how relative decay rates in,
say, 10 -8 ® 8 decays may be calculated. A summary of results
of fits to the observed baryon masses and decay rates for the best-
known SU(3) multiplets is given in Appendix II of our 1982 edi-
tion.

Flavor and spin may be combined in a flavor-spin SU(6) in
which the six basic states are d 1, dl, -+, sl (1, | = spin up,
down). Then the baryons belong to the multiplets on the right side
of

6@686="565 @70, ©70, &20,.

These SU(6) multiplets decompose into flavor SU(3) multiplets as
fo}lows:

56 =400 8
Mn=100e86%

20=280%,

where the superscript (25+1) gives the net spin S of the quarks for
each particle in the SU(3) multiplet. The J* = 1/2% octet contain-
ing the nucleon and the JP =327 decuplet containing the A(1232)
together make up the “ground-state” 56-plet in which the orbital
angular momenta between the quarks are zero (so that the spatial
part of the state function is trivially symmetric). The 70 and 20
require some excitation of the spatial part of the state function in
order to make the overall state function symmetric.

The quark model for baryons is extensively reviewed in Ref. 3.

1. F.E. Close, in Quarks and Nuclear Forces (Springer-Verlag,
1982), p. 56.

2. Particle Data Group, Phys. Lett. 111B (1982).

3. A.J.G. Hey and R.L. Kelly, Phys. Reports 96, 71 (1983).
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QCD

A. THE QCD COUPLING CONSTANT

The QCD coupling constant aS(Qz) has a Q2 dependence given
by

da(@Q)  aQh a0l
2 [8o + B+ -]
dén(Q°) 4 4
where
2n 38n
it - _ o
By =11-— B¥ 102 3
and #, is the number of light quark flavors, i.e.. those with masses

muchless than Q/2. This equation can be solved given a boun-
dary condition: the value of aS(QZ) at some arbitrary scale Q.
This is the only parameter of QCD apart from quark masses. The
solution to this equation in lowest order, i.e., retaining only the
first term on the right-hand side of the equation, is

12w
(33— 2n7)¢n Q%A%

a Q%) =

Here a parameter A has been introduced. It replaces the boundary
condition o (QO)

To next order the solution is obtained by multiplying the right-
hand side of the above equation by

6153 =190) o [en (@243
33-2mp2  en(Q¥AY

B. THE QCD PARTON MODEL

The structure functions of deep inelastic scattering given in
Secs. C.5.b.i and C.5.b.ii of Cross Sections, Decays, Structure Func-
tions, and Kinematics can be written in terms of quark distribution
functions in the QCD parton model. q(x,Qz)dx is the probability
that a parton (quark, antiquark, or gluon) carries a momentum
fraction between x and x + dx of the nucleon’s momentum in a
frame where the nucleon’s momentum is large. The energy scale Q
is the invariant mass of the virtual probe (photon, ¥, or Z) which
hits the nucleon. The structure functions referred to in Cross Sec-
tions, Decays, Structure Functions, and Kinematics, Sec. C.5.b, are
given by

F4CC = 2x [d(x) + 5(x) + T(x) + T(x)]

xF3CC = 2x [d(x) + 5(x) — F(x) — ()]
FYOC = 2x [u(x) + c(x) + d(x) +5(x)]
XFECC = 2x [u(x) + e(x) — d(x) — 5(x)]
F§™ = x [% [u(x)+ir(x)] 5 [d(x)+3(x)] 4o ]

FINC — 2,,2)({[% - 2sin?g,, +%sin40W] [u(x)+ﬁ(x)]
+ [%— %sinzﬁw +%sin46W:| I:d(x)*'g(—")]}
xF{NC = 2p2x{[% - -g-sinZOW] I:u(x)—ﬁ(x)]
+ [‘l‘— - %sinZBW] [d(X)—J(X)]}

Fy = 2xF; inall cases (Thisis the Callan-Gross relation,
and ignores parton transverse momentum
and higher order QCD corrections.)

F?NC _ FIVNC ,

where p = M,,ZV/(Mé COSZHW).

The Q2 dependence has been suppressed for the above distribu-
tions and structure functions. The x dependence of the structure
functions for 10 < Q2 < 30 GeV? is shown in the Structure Func-
tions Section of the Plots of Cross Sections and Related Quantities.
The Q2 dependence of the structure functions is predicted by QCD
and is controlled by a,. The dependence is logarithmic and conse-
quently slow. It is also shown in the Structure Functions plots.
Over the limited Q2 range shown relatively little net change is
seen. The coupling constant, or A, can be determined from these
data.!

The QCD parton model can also be applied to purely hadronic
collisions. For example, the cross section for the production of two
jets in a hadronic collision is given by

ofs) = foi(xllQz)fj(-xngz)a','j(f)dxldxz -
LY

Here § = sx 1X2 is the invariant mass squared of the parton-parton
system and s is that of the proton-proton sysiem. In this formula
filx, Q ) is the probability of a parton of type / being inside the
proton with fraction x of the proton’s momentum. The sums /
and j run over all partons: quarks for which f;(x, Qz) =q(x.Q );
am1quarks for which f;(x, Q )= x Q2) and gluons for which
Sitx, Q Y =g(x, QZ) The quanuty 61 is the cross section for the
scattering of the two partons i and j. The scale Q appearing in the
distribution functions is not well defined. It is characteristic of the
momentum transfers in the partonic process and can be determined
operationally only after computing higher order corrections.

In order to describe one-particle inclusive production in e e~
annihilation or deep inelastic scattermg it is convenient to intro-
duce a fragmentation function D (z,Q i)/z which is the probability
that a parton of type i and momentum p will fragment into a
hadron of type # and momentum zp. The Q¢ evolution is
predicted by QCD and is similar to t‘1at of the parton distribution
functions (see above). The Dz, Q ) are normalized so that

3 [Dlz,0%dz =1
)

If the contributions of the Z boson and three-jet events are
neglected, the cross section for producing a hadron 4 in eTe™
annihilation is given by

SefDlz, 0%
| _do _
Thad

dz '
Ze?
1
where ¢; is the charge of quark-type /, oy, is the total hadronic
cross section, and the momentum of the hadron is zE _,,./2.
In the case of deep inelastic muocn scattering, the cross section
for producing a hadron of energy E, is given by

Sefa;(x, QY Dfz, 0
H

L do _
o 92 2 2 ’
lot 29,' q,-(x,Q )
1
where E; = vz. (For the kinematics of deep inelastic scattering, see

section C.5 of the Cross Sections, Decays, Structure Functions, and
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Kinematics section of this Review.) The fragmentation functions
for light and heavy quarks have different z dependence; the former
peak near z = 0. They are illustrated in a figure in the section on
Plots of Cross Sections and Related Quantities.

C. TESTS OF QCD

When a process is calculated beyond leading order in perturba-
tive QCD, the coupling constant must be renormalized (defined).
In the case of QED, the coupling constant can be defined as the
strength of the electron-electron-photon vertex in the limit of zero
photon momentum. Such a definition is related directly to a physi-
cal process, namely Thompson scattering. Such a definition is not
possible in perturbative QCD since the coupling constant is too
large for perturbation theory to be applicable to such a process.
Rather, the coupling constant must be defined by some more for-
mal procedure. Two such renormahzauon schemes are in common
use: modified mmlmal subtraction (MS) and momentum space
subtraction (MOM)‘ They are related by

apom(@2) = aggg(@D)[ 1+ (186 — 0.48n ) agg(@F) + -+ - | .

The corresponding A’s are then obtained from the equations of
Sec. A above. Ifa process is calculated in perturbation theory, the
coefficient of the next-to-leading term depends upon the procedure
used. This coefficient can also be altered by changing the value of
the scale Q2 at which the coupling constant is evaluated. Care
should therefore be exercised in estimating how well the perturba-
tion series is converging.

The parameter aS(Qg) or A is extracted by comparing a QCD
prediction with some data. The values of a extracted from dif-
ferent experiments will agree if and only if the following criteria are
satisfied:

1) The same renormalization scheme is used.

2) The perturbation series is convergent. As indicated above,
the series may appear to be more convergent depending upon the
choice of scheme and of Q“. The choice of scheme is arbitrary.
The choice of @ is sometimes clearly indicated by the physics,
for example in the case of deep inelastic scattering. In other
cases it is not clear; for example, in the case of jet production, it
could be either of the Mandelstam variables ¢ or s appropriate to
the partonic process or the transverse momentum of the jet. In
these ambiguous cases, it should be taken to be the value which
minimizes the next-to-leading term in the perturbation series. In
this event, a statement concerning the convergence of the pertur-
bation expansion is not possible until the next-to-next-to-
leading-order term has been computed. The size of the next-to-
leading corrections varies widely from process to process. The
corrections are largest in processes with a small Q, where a is
larger. There are corrections of order 30% to single W or Z

production in proton-antiproton collisions at Vs =540 GeV.
By contrast the corrections to the total hadronic cross section in
e*e annihilation are only a few percent at Vs = 30 GeV.

3) The process must be free of so-called higher twist correc-
tions. These are terms proportional to M </(Q~<, where M is
some mass scale of order 1 GeV. These corrections consequently
become irrelevant as Q is increased. These corrections cannot
be calculated in perturbative QCD. They afflict attempts to
extract o from deep inelastic scattering and from 3-jet events in
ete” anmhllanon In the latter case, they are manifested in the
different o, values which are extracted using different Monte-
Carlos to describe the materialization of quarks and gluons into
hadrons.

4) If there are quark thresholds in the region of Q2 being used
for the measurement, these thresholds should be correctly dealt
with. This involves removing kinematic corrections and taking
care to indicate how A depends on the thresholds.

Among the processes used to determine a, are deep inelastic
scattermg, the total hadronic cross secnon m ete” anmhllatxon 5
the dxsmbutlon of 3-jet evems in ¢ *e ™ annihilation,® the flow of
energy in ete” annihilation,’ the branching fractions T —» y+ X
and T - p T8 the behavior of form factors,” measurements of
the photon structure functions,'? and the hyperfine splittings in the
' system.!!

In view of all the problems both theoretical and experimental, it
is remarkable that all these different measurement agree so well and
all are consistent with a value of Agrs of order 200 MeV.

1. For a review see D.W. Duke and R.G. Roberts, Phys. Rep.
120, 275 (1985).

2. W.A, Bardeen et al., Phys. Rev. D18, 3998 (1978).

3. W. Celmaster and R.J. Gonsalves, Phys. Rev. D20, 1420
(1979).

" 4. G. Altarelli, R.K. Ellis, and G. Martinelli, Nucl. Phys. B157,

461 (1979).

5. M. Dine and J. Sapirstein, Phys. Rev. Lett. 43, 668 (1979).

6. R.K. Ellis, D.A. Ross, and A.E. Terrano, Phys. Rev. Lett. 45,
1226 (1980). For a review of data, see H. Yamamoto, in
Proceedings of the 1985 International Symposium on Lepton
and Photon Interactions at High Energies (Kyoto, Japan,
1985).

7. C.L. Basham et al., Phys. Rev. D19, 2018 (1979).

8. P.B. Mackenzie and G.P. Lepage, Phys. Rev. Lett. 47, 1244
(1981).

9. G.P. Lepage and S.J. Brodsky, Phys. Rev. Lett. 43, 545 (1979),
and Phys. Lett. 87B, 359 (1979); and N. Isgur and C.H. Llewel-
Iyn Smith, Phys. Rev. Lett. 52, 1080 (1984).

10. E. Witten, Nucl. Phys. B120, 189 (1977).
11. W. Buchmuller, Phys. Lett. 112B, 479 (1982).
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THE KOBAYASHI-MASKAWA MIXING MATRIX*

In the “standard model™ with SU(2)xU(1) as the gauge group of
electroweak interactions. both the quarks and leptons are assigned
to be left-handed doublets and right-handed singlets. The quark
mass eigenstates are not the same as the weak eigenstates, and the
matrix connectinF them has become known as the Kobayashi-
Maskawa matrix’ since an explicit parametrization in the six-quark
case was first published by them in 1973.

By convention, the three charge 2/3 quarks (u, ¢, and t) are
unmixed, and all the mixing is expressed in terms of a 3x3 unitary
matrix ¥ operating on the charge —1/3 quarks (d. s, h):

a Vud Vis Vub d
S = Yed Ves Vo | |5 ] (1)
b Vzd Vt: Vrb b

The values of individual K-M matrix elements can in principle
all be determined from weak decays of the relevant quarks, or. in
some cases, from deep inelastic neutrino scattering. Using the con-
straints discussed below, together with unitarity, and assuming only
three generations, the 90% confidence limits on the magnitude of
the elements of the complete matrix are:

0.9742 to 09756  0.219 to 0.225 O to 0.008
0.219 to 0.225 0973 10 0975  0.037 t0 0.053 [. (2)
0.002 to 0.018 0.036 to 0.052  0.9986 to 0.9993

The ranges shown are for the individual matrix elements. The con-
straints of unitarity connect different elements, so choosing a
specific value for one element restricts the range of the others.

There are several parametrizations of the K-M matrix. The
form due to MaianiZ has 2 number of convenient properties:

Cgly
= — [
V $.CgS g€ 5967‘

CGSG SB
3y

_ 18 i

A €9 5,Sp5ge . 5.,Cg¢
—Sg Lot S,Sge 0w sgsg s e C\C3
where 0. 3. v, and ¢’ are angles and Cg=cos 8. sg= sin 83, etc.
With 8 =y = 0, the first two generations of quarks decouple from
the third. and 6 is directly the Cabibbo angle.

In view of the need for a “standard™ parametrization in the
literature, we propose this form and request public comment.

Kobayashi and Maskawa! chose a parametrization involving the
four angles. 6. f,. 05, 6:

da’ €y e iS3 d
st = |50 C1C253_5233"l.6 clczs3+szc3e’v‘5 s, @
b 152 C152c3+6253(1’5 C15253—62C3("6

where ¢; = cosf; and 5; = sinf, for i = 1.2.3. In the limit 6, = 8,
= 0, this also reduces to the usual Cabibbo mixing with 8, identi-
fied (up to a sign) with the Cabibbo angle. The angles f1;. 6. 65
can all be made to lie in the first quadrant (so that all 5;. ¢; are
positive) by an appropriate redefinition of quark field phases.
Slightly different forms of the Kobayashi-Maskawa parametriza-
tion are found in the literature. The K-M matrix used in the 1982
Review of Particle Properties is obtained by letting 5| — —s, and &
— 0+ in the matrix given above. An alternative used in another
review? is to change Eq. (4) by 5| — —s but leave & unchanged.
With this change in s,. f; becomes the usual Cabibbo angle. with
the “correct” sign (i.e., d’ = d cosfl; + s sinﬁl). in the limit 62 = 93
=0. The angles ;. #,. # can. as before, all be taken to lie in the
first quadrant by adjusting quark field phases. . Since all these
parametrizations are referred to as “the” Kobayashi-Maskawa

form, some care about which one is being used is needed when the
quadrant in which § lies is under discussion.

Another parametrization, which emphasizes the relative sizes of
the matrix elements by expressing them in powers of the Cabibbo
angle, was introduced by Wolfenstein.® Still other parametriza-
tions” have come into the literature in connection with attempts to
define “maximal CP violation.” No physics can depend on which
of the above parametrizations (or any other) is used as long as il is
used consistently and care is taken to be sure that no other choice
of phases is in conflict.

Our present knowledge of the matrix elements comes from the
following sources:

(1) Nuclear beta decay, when compared to muon decay, gives

| V] = 0.9729 +0.0012 . (5)

6

Recent refinements (wherein leading log radiative corrections are
summed using the renormalization group and structure-dependent
O{«) terms are analyzed and estimated) have been included,
thereby lowering |V, ;| by 0.13%.

(2) An analysis of hyperon and K5 decays yields7

| V| = 0.221 = 0.002. (6)

The isospin violation between K ;3 and K 903 decays has been taken
into account, bringing the values of |V, | extracted from these
two decays into agreement at the 1% level of accuracy. The
hyperon data alone tend to give a higher value, but theoretically
they have larger possible uncertainties because of firsi-order
symmetry-breaking effects in the axial-vector couplings. A simul-
taneous fit to both data sets shows that the difference is not statisti-
cally significant and yields the mean value given above.

(3) From neutrino and antineutrino production of charm, the
CDHS group has deduced®

|V,q] = 0.24+0.03. %)

4) Values of | Ve | from such experiments are dependent on
assumptions about the strange-quark density in the parton sea.
Using the conservative assumption that the strange-quark sea does
not exceed the value corresponding to an SU(3} symmetric sea, a
bound on |V, | results which is comparable 1o that given below.
A different source of information on | ¥, [ arises from comparing
the experimental value for (D — Ke*ue) with the expression that
follows from the standard weak interaction amplitude:

T(D - Ke*v,) = |22 |V, |2(1.54x10 M sec™ ) . (8)

Here /2 [(pp, ~ pK)z] is the form factor for D ;4 decay which is the
analogue off+[(pK -p )2] for K3 decay. With the parametriza-
tion fQ 0O/f2 0= ]1/1277(1/12 —~t)and M = 2.1 GeV from recent
measurements,” its variation has been taken into account in deriv-
ing Eq6 (8). From combining data on BR(D " — Koe+ve) and
BR(DV —» K’e*’ue) with world-average values® of Tp+ and Tpo,
the resulting value of the lefi-hand side of Eq. (8) is
0.79+0.11x10'! sec™1. Therefore.

202 V|2 = 0.51+0.07. 9

With sufficient confidence in a theoretical calculation of |f’i O],
a value of | VCS [ follows;lO but even with the very conservative
assumption that |f2 (O] < L. it follows that

| V| > 0.66. (10)

The constraint of unitarity when there are only three generations
gives a much tighter bound [see matrix (2)].
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(5) The ratio | Vub/Vcb | is obtained from the semileptonic
decay of B mesons by fitting to the lepton energy spectrum as a
sum of contributions involving & — 1 and b — ¢. The relative
overall phase-space factor between the two processes is calculated
from the usual four-fermion interaction with one massive fermion
(¢ quark or ¥ quark) in the final state. The value of this factor is
between 0.4 and 0.5, depending on the quark masses used. We use
0.45. The lack of observation of the higher momentum leptons
characteristic of b —» 1€V, as compared 10 b — c €V, results in a
limit which depends on the lepton energy spectrum assumed for
each decay. As more data have accumulated, the inadequacy of
previously used parametrizations has become clear.? Conserva-
tively using only the lepton momentum region beyond the end-
point for # — ¢{v, results in

I(b — ulv,)
— <0.08. (n
T(h -~ cfvy)

which translates to
[ Vip/Vep| <0.19. (12)

Being slightly less conservative and including the last 200 MeV/¢
of the b — ¢€v, spectrum gives a stronger limit

I(h — uévy)
— " <0.04, (13)
(b — ctvy)

which coincides with previous limits'! and translates to
[Vup/Vep | <0.14. (14)

There are some theoretical uncertainties in this analysis stemming
from the fact that the physical decays invelve actual hadrons and
not just quarks as is assumed in the calculations of the lepton spec-
tra for b — ufv,and b — cv,.

(6) The magnitude of ¥, itself can be determined if the meas-
ured semileptonic bottom hadron partial width is assumed to be
that of a & quark decaying through the usual }’-4 interaction:

_ BR(b—-cfp)  GEmp
T(h —cbvy) = L 1;
Ty 1927

Fmp.m)| Ve |2 (135)

where 7, is the b lifetime and F(#7; .m,.) is the phase-space factor
chosen above as 0.45.

Using an average semileptonic branching ratio measured in the
continuum of 12.1 + 0.8% [which from Eq. (11) is BR(& — c£V,)
to within 8%]. a world-average bottom hadron lifetime? of
1.26+0.16 x107 12 sec. and my, between 4.8 and 5.2 GeV, we get

0.037 < |V, | < 0.053 . (16)

7

where the range of /17, values used in extracting V', has been
treated as a theoretical systematic error on top of the errors arising
from experimental measurements.

The results for three generations of quarks, from Egs. (5). (6),
(7), (10). (12), and (16) plus unitarity. are given in matrix (2). The
ranges there are different from those given in Egs. (5)-(16) because
of the constraint of unitarity, but are consistent with the quoted
one-standard-deviation errors.

The data do not preclude there being more than three genera-
tions. Moreover, the entries deduced from unitarity might be
altered when the K-M matrix is expanded to accommodate more
generations. Conversely, the known entries restrict the possible
values of additional elements if the matrix is expanded to account
for additional generations. For examg)le. unitarity and the known
elements of the first row require that® any additional element in the
first row have a magnitude | V.| < 0.088. When there are more
than three generations, the allowed ranges (at 90% C.L.) of the
matrix elements connecting the first three generations are

0.9710 to 0.9748 0.218 to 0.224 0 to 0.01
0.192 to 0.288 0.66 to 0.98 0.037 to 0.053

0 to 0.14 0 10072 0 to 0.999 --- (17

where we have used unitarity (for the expanded matrix) and
Egs. (5). (6), (7). (10), (12), and (16).

Further information on the angles requires theoretical assump-
tions. In particular, as CP-violating amplitudes involve sin 4,
assuming that observed CP violation is solely related to a nonzero
value of é allows additional constraints to be brought to bear.
While hadronic matrix elements whose values are imprecisely
known now enter. the constraints from CP violation in the neutral
kaon system are tight enough that there may be no solution at all
for certain quark masses, values of 8, etc. See the reviews in
Ref. 12.

Prepared January 1986 by F.J. Gilman and K. Kleinknecht.
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The couplings of the photon, W ¥, and Z to fundamental fer-
mions are

e(l —s)

Yk e@a +——
i e [ 2\/§sin0W

[T*W+ + T_W‘]
3 3
e

y e [%(1—75)T3—sin20wQ]Z“]¢” m

sinfly, cosf

where

¢ - ul c, t( Ve Vp, Vr .
d > s £ b £ e— £ “— ’ T- 3
for mixing effects defining d’, s/, and b/, see the
section on the Kobayashi-Maskawa Mixing
Matrix, Eq. (1);

T+ = weak isospin raising operator (7% act on left-
handed fermions);

T3 = third component of weak isospin (i.e., 1/2 for Ve,
Vﬂ, VUGl —1/2fore”", u",7,d s b);

Q = electric charge operator, in units of proton charge;

8y, = weak mixing angle;

A = electromagnetic vector potential.

Thus, for example, the Wew coupling is

e ][W—?ul_ + o Loy
= Y S(1=ysw+ W vy S(1-xv5)e
[ \/Esmﬁw & 2 H 2
and the Zuu coupling is
e _ 1 2 02
— | Z u “I:—l— —=sin“f ]u.
[sinGWcosﬁw ] W Lgmrs)3 W
The physical, neutral fields 4 and Z are mixtures of W, the
partner of W%, and another field B:
A= W3sin0W+Bcos0W ,Z = W3cosf)W — Bsinfly, .
The SU(2) x U(1) gauge couplings g and g’ appear as
5 Y
gW“T + g Bu 7
where electric charge Q, T3, and Y/2 are connected by
Q = T3+ Y/2. The couplings and mixing angle are related by
tanfly, = g'/g, sinfly, =e/g.
Branching fractions of the W * and Z are predicted to be
roughly

BF(W™* > ety,) = 0.08, BE(W™ —»ud) = 0.24,
BF(Z »v,v,) =006, BF(Z »e*e™) = 003,
BF(Z — uit) = 0.10, BF(Z »dd) =013,

etc., and similarly for the other generations, assuming there is no
suppression for phase space even for the ¢ quark. The total widths
are expected to be (with M, = 94 GeV, M top quark = 30 GeV):
(W) =28 GeV and I(Z) = 2.8 £0.1 GeV.

In the standard model, the best fit! to current data yields
sin20W = 0.226 +0.004, which corresponds to M = 92.5+0.5
GeV, with theoretical uncertainties of about +0.005 for sin? By
and +0.7 GeV for M.

The minimal SU(2)xU(1) model of electroweak interactions,
which has only one Higgs doublet, has three fundamental parame-
ters (aside from the masses of the fermions and the Higgs boson).
In the Lagrangian they are the SU(2) coupling constant g, the U(1)
coupling constant g’, and the vacuum expectation value (v.e.v.) of
the Higgs SU(2) doublet field.

It is best to choose the three parameters so they are identified
with physical quantities. Two of the parameters can be taken to be
a = 1/137.036, which is obtained from measurements of the
Josephson effect, and G = 1.16637x107% GeV ™2, which is
derived from the muon lifetime once QED corrections are taken
into account, viz.:

G}ms m
R R e o | Ll
# 1927 2r 3w om,

2

8m,;

x|1- 2

m 2
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The third parameter will be taken to be M 7 since it will soon be
known accurately from measurements at LEP and SLC. The W
mass My, is then predicted to be

12 |12

Mz dra

My = 1+ |1—-— 7%
VIMZGR(1 - Ar)

V2 ®

The 3uamity Ar is 0.0696 +0.0020. It arises from radiative correc-
tions>~* and depends only slightly on the ¢ quark mass (taken to be
36 GeV), the Higgs mass (taken equal to M), and the Z mass
itself (taken to be 92 GeV). Historically the third parameter was
taken to be the weak mixing angle 8y, This mixing angle can be
defined by

My,

cosfy, =
Mz

1))

In lowest order, this mixing angle is the same as that introduced in
Eq. (1). Once radiative corrections are taken into account, this
ceases to be true, and it would appear that the consequent confu-
sion can be reduced by not regarding fy;, as one of the fundamental
parameters. These O(a) radiative corrections are of three types:

i) QED vacuum polarization;

ii) QED bremsstrahlung and graphs involving virtual photons
in loops — these are detector dependent and must be care-
fully calculated for each process, taking experimental cuts
and energy resclution into account;

iii) graphs involving weak particles in virtual loops.

At present precise measurements of electroweak interactions are
made in a number of experiments and are conventionally expressed
in terms of sinZBW defined by Eq. (4). Among the experiments
are:

1. Neutrino and antineutrino deep inelastic scattering from iso-
singlet targets.

2. Neutrino and antineutrino deep inelastic scattering by pro-
tons.

. Elasticv p and?up scattering.

. Exclusive and inclusive 7 production in neutral-current
events.

. Neutrino disintegration of the deuteron: TEd —»76, np.

. Polarized-electron deuteron deep inelastic scattering.

. Forward-backward asymmetry in ete” > u+u .

. Elastic v ¢ and v e scattering.

. Parity non-conservation in heavy atoms.

F )

O 001 ON A

The data for these processes and a comparison with the predic-
tions of the standard model are given in three extensive
reviews.!>8 The conclusion of these and all similar studies is that
all available data are consistent with the standard model.
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As stated above, a global fit to to the data gives1 sin20W =
0.226 +0.004, which corresponds to the value 92.5£0.5 GeV for
the remaining fundamental parameter M.

Table 1 shows the values of M, and the derived quantity
sin“fyy, extracted from different experiments (quoted uncertainties
include both statistical and experimental systematic errors). The
remarkable consistency is a strong confirmation of the standard
electroweak model.

Table |
Process M, sin28 W Ref.
ete” wptu” 103 +48  0.17 x0.02 7
vp = vp
- - } 91.8+2.8 0.23 +0.02 1,8
vp — vp
ed asymmetry 93.3x2.1 0.220+0.014 1,9
ve e 91.8+28 023 +0.02t 110
Parity violation in atoms 98.5+7.9 0.19 +0.04 11
WV uX,0X 24 0.226+0.004%
UN - uX, vX } 92406 3 +0.0 12

*Two recent experiments average to sinZGW = (0.212+0.023,
whereas seven measurements by four 1979-era experiments
average to sin20W = 0.277+0.034.

These results from deep inelastic scattering also have theoretical
uncertainties (largely from the imprecisely known c-quark mass)
which are about %0.005 for sin®@yy, and =0.7 GeV for M. Two
recent experiments have given us modified values (which we have
included) due to discovery of an error in their radiative correction
program; these are unpublished.

In the case of neutrino deep inelastic scattering, the charged-
and neutral-current cross sections for ihe standard model are given
by:

NC
vN
cC
UVN
1 _gn2h 420 goap 1_1g25 2045
5 —sin Oy + 27 Sin 0W+e(6 3 sin Oy + 7 sin 0y
1 s
1+ 36
aNC
= vN =
N
g o€
vN
-é——%sinzéwwtg—gsin“éwﬁ—e(%—sinzéw+%sin4aw)
I . (5)
=+
3t

In lowest order, the quantity sin20W is equal 1o sinZHW
defined above. When radiative corrections are taken into account,
sin“fy, = sin20W + 8, with 6 of order 0.01. Its precise value is
dependent upon the kinematics of a particular experiment.

The parameter € = 0.2 is the ratio of antiquark momentum to
quark momentum in the nucleon. It is related to the ratio of the
neutrino charged-current cross section to the antineutrino charged-
current cross section:

cc
TyN _

Tl
cC - +€
SN 3

1
1+3E

The polarized-clectron deuteron scattering experiment measured
the asymmetry in the cross section for left-handed (47 ) and right-

handed (og ) electrons:
op —0
4=-R_L

op top

In the quark parton model, this has the form (with q2 > 0 for deep
inelastic scattering)

2
A 1-(1-
-2—=a1+a2|:———( V)Z:I, ©
q 1+(1-y)
where y is the fraction of the incident lepton’s energy lost in the

collision. For an isoscalar target like the deuteron, and ignoring the
antiquarks, the standard model gives

Gr o ( 2 . 25
ay = ——===|1-5sin“f ]
1 2V 2ra 10 9 w
G "
_ F_9 [ 2 J
a4, = — 211 —4sin“8 . @)
2 2\/57ra 10 w

In the case of the SLAC ed experimem,3 sin26W =
sin? @}y + 0.006.

Neutrino electron elastic-scattering cross sections were calcu-
lated with the following formulae:

ov e»v e
e —>v.e)

R_=—4# ¢
w a(vue—w“e)
3-— 125in29W+ lésin45W ®
o 1—4sin20W+ 16sin4aW
oy e >V ¢)
R - # b
NC,CC

o(vue -V, i)

-2

3 12sin2fy, + 165in%,
- 9

mZ

u

12 2m,E
14

1t

The standard model agrees very well with the data; however,
there is no direct evidence concerning the Higgs structure. If the
model contains Higgs representations other than doublets, the
theory has an additional parameter. It is useful to take this param-
eter to be the W mass. It is traditional to parametrize such models
by a parameter p, defined by

V2My,

12 |2

4o

Myl l+ |[1-—————
VIMZG (1 - Ar)
so that p = 1 in the standard model. The definition of the weak
mixing angle becomes
My,
cosfy, = —— .
oM. zZ
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Data can then be fitted to the two parameters M, and My, {or
sin20W and p). For example, Eq. (5) has an additional factor of p
multiplying the right-hand side. A two-parameter fit (excluding
some recent data) yields1

sin?f, = 0.223+0.006

p = 1.006=0.008 .

Note that p is consistent with the standard model value of 1.

It is useful to compare the values of M, (inferred from the data
discussed above) and My, [calculated from Eq. (3)] with the
observed W and Z masses. Table 2 shows the comparison.
Detailed tests of the model await higher precision data on the weak
boson masses, lepton asymmetries at SLC and LEP, and elastic v e
and v e. Such data will permit a single test involving the four
measured parameters a, G, My, and M,, and two additional
tests comparing the derived quantity sinZBW with the values
obtained in neutral-current experiments.

Table 2

Values? obtained

15
UA2 using Table 1

UAll4

My, (GeV) 83571 1+27 81.2+11%13 8L.420.6
' (79.8 without
radiative corr.)

My (GeV) 930x14%3  925+13x15 92.5+0.5

(90.2 without
radiative corr.)

Should such a high-precision test reveal a discrepancy with the
radiatively corrected theory, it could indicate that the model needs
fundamental modification. Small deviations from the predictions
described above could arise if the ¢ quark mass or Higgs boson
mass is far from the value assumed, if there are additional genera-
tions of fermions or scalars, or if additional currents beyond iso-

spin and electromagnetic exist.4 At present there is no indication
of the need for a modification of the theory.

This section prepared with contributions from B. Lynn, L.S.
Durkin, and P. Langacker.

. L.S. Durkin and P. Langacker, Univ. of Penn. preprint UPR-

0287T (1985); and P. Langacker, Univ. of Penn. preprint
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High Energies (Kyoto, Japan, 1985). See also Ref. 12.
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. B.W. Lynn, M.E. Peskin, and R.G. Stuart, in Proceedings of the

1985 LEP Physics Workshop (Geneva, Switzerland, 1985).
G. Altarelli, ROME-464-1985, and in Proceedings of the 1985
LEP Physics Workshop (Geneva, Switzerland, 1985).

. C. Gewiniger, in Neutrino Physics and Astrophysics 1984, K.

Kleinknecht and E.A. Paschos, eds. (World Scientific Publish-
ing Co., Singapore, 1984).

7. L. DiLella, in Proceedings of the 1985 International Sympo-

sium on Lepton and Photon Interactions at High Energies
(Kyoto, Japan, 1985).

. L.A. Ahrens et al., Univ. of Penn. preprint E-734-85-1 (1985).
. C. Prescott et al., Phys. Lett. 84B, 524 (1979); and J.E. Kim et

al., Rev. Mod. Phys. 53, 211 (1981).

. F. Bergsma et al., Phys. Lett. 147B, 481 (1984); and L.A.

Ahrens et al., Phys. Rev. Lett. 54, 18 (1985).

. M.A. Bouchiat et al., Phys. Lett. 134B, 465 (1984); and E.W,

Fortson and L.L. Lewis, Phys. Rep. 113, 289 (1984).

. Private communication from L.S. Durkin and P. Langacker.
. A. Sirlin and W. Marciano, Nucl. Phys. B189, 442 (1981).
. UA1 Collaboration, G. Arnison et al., CERN preprint EP-85-
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79

PLOTS OF CROSS SECTIONS AND RELATED QUANTITIES

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE “BEST” OR “MOST REPRESENTATIVE” DATA IN THE
OPINION OF THE COMPILER. THEY ARE NOT NECESSARILY COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.

Structure Functions
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F, structure functions derived from inelastic electron-nucleon data taken at SLAC with recoil mass > 2 GeV and four-momentum transfer
squared Q4 > 1 (GeV/c)* are shown. For definitions of F, x, and Q see the Cross Sections, Decays, Structure Functions, and
Kinematics Section. R = ¢; /o =0. 21 3 was assumed. Systematic errors are comparable in size to the data point symbols. Corrections
for nucleon motion in deuterium have been made. These corrections are small except for x > 0.7. No error was included to account for
uncertainties in this correction. References: 1) A. Bodek et al., Phys. Rev. D20, 1471 (1979); 2) W.B. Atwood et al., SLAC Report No. 185
(1975); 3) M.D. Mestayer, SLAC Report No. 214 (1978); 4) S. Stein et al., Phys. Rev. D12, 1884 (1975). Courtesy W.B. Atwood, SLAC.

Structure functions F,, xF 3, and g%, measured in different experi-
l T T T T i T ments, for fixed @ versus x, plotted assuming R = a; /o7 = 0.
10 < Q2 < 30 (GeV?) = CDHS X 1.07 The electromagnetic structure function F Q‘N measured by EMC and
1.4 F,] + CCFRR X 0.90 4 BFP is compared with the charged-current structure function F
* EMC X 18/5 using the 18/5 factor from the average charge squared of the quarks
*BFFP X095 X 18/5_ No correction has been applied for the difference between the

1.2
o CDHS X 1.07 strange and charm sea quarks so the 1r1terp2retanon is F. e =
XFa{A CCFRR X 0.90 x[q +gq— 5 (s +3— ¢ —70)] (In this Q¢ range, F is depleted
0 ) b by a similar'amount due to charm threshold effects i m the transition
g +CDHS X 1.07 s = ¢.) The antiquark distribution measured from antineutrino

F()

- scattering is §° = x(Z + d + 25). The solid lines, valid for
10 < Q- <30 GeVZ, have the forms: F, =~3.9x°'55(1 —-x)3'2
_ + LI =), xFy = 3.6x03%1 — x)32 7 = 0701 — )8
Relative normalization factors have been fitted to optimize agree-
f N _ ment between the different data sets, and absolute changes have
?N been arbitrarily chosen as indicated. References: CDHS — H.
Abramowicz et al., Zeit. Phys. C17, 283 (1983); CCFRR — F. Sci-
ulli, private communication; EMC — J.J. Aubert et al., Phys. Lett.
105B, 322 (1981); and A. Edwards, private communication; BFP —
L A.R. Clark et al., Phys. Rev. Lett. 51, 1826 (1983); and P. Meyers,
Ph.D. Thesis, LBL-17108 (1983), Univ. of Calif., Berkeley. Courtesy
J. Carr, Colorado.
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Structure functions F, and xF 3 for nuclegns, measured in charged-current neutrino and antineutrino scattering from iron and marble tar-
gets with 20 < E , < 300 GeV, versus Q2 for fixed bins of x, plotted assuming R = o; /o7 = 0.1 or R = 0.0 for CHARM. The point-to-
point systematic errors are generally smaller or of the same order as the statistical errors. In addition, CDHS quote an overall scale error of
+6% for F, and +8% for xFy; for the CCFRR data, the scale error is estimated to be +4%; and for CHARM, these uncertainties are +7%
for F, and +8% for xF3. References: CDHS — H. Abramowicz et al., Zeit. Phys. C17, 283 (1983); CCFRR — D.B. MacFarlane et al.,
Zeit. Phys. €26, 1 (1984); CHARM — F. Bergsma et al., Phys. Lett. 123B, 269 (1983); and F. Bergsma et al,, Phys. Lett. 1418, 129 (1984).
Courtesy K. Winter, CERN and J. Carr, Colorado. From F. Dydak, “Experimental Results from Lepton-Hadron and Photon-Hadron
Scattering: Structure Functions and Final States,” Proceedings of the 1983 International Lepton/Photon Symposium (Cornell, 1983), p. 634.
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e American Univ.et al, (E139}
12 [2<Q? <15(Gevic)?] — The “EMC” effect: the ratio of the differential cross section per
% By nucleon, og. /0, measured in electromagnetic deep inelastic scatter-
d ke . ing on iron and deuterium targets, For equal values of R = a; /o
v o on each target, o /oy = F ; €/F ‘21 The errors plotted are statistical
L0 lt-e % . Lo only. References: American University et al. (electrons) — Phys.
| ++ TS § Rev. Lett. 52, 727 (1984); Rochester-SLAC-MIT (electrons) — Phys.
¢+ °$¢ ‘%{% Rev. Lett. 50, 1431 (1983); and EMC (muons) — Phys. Lett. 123B,
09 .Q;'Q: $‘# ¢ N 275 (1983). Forthcoming results from the BCDMS collaboration
*le (CERN-EP/85-112) agree with EMC in the x range 0.2 < x < 0.7.

08 I : l . Courtesy D. Coward, SLAC.
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Structure function F g , measured in electromagnetic muon scatter-
ing from a hydrogen target with beam energies 120, 200, 240, 280
GeV, versus Q“ for fixed bins of x, plotted assuming R = oy lop =
0. Reference: J.J. Aubert et al., Nucl. Phys. B259, 189 (1985).
Courtesy J. Carr, Colorado.
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Structure function F, per nucleon, measured 1n electromagnetic
muon scattering from iron targets with beam energies 120, 200, 250,
280 GeV (EMC) and 93, 215 GeV (BFP), versus Q2 for fixed bins of
X, plotted assuming R = ¢; /o = 0. A relative normalization fac-
tor has been fitted to optimize agreement between the different data
sets and has been arbitrarily applied to one data set as indicated.
References: EMC — J.J. Aubert et al., Phys. Lett. 105B, 322 (1981);
and A. Edwards, private communication; BFP — A.R. Clark et al.,
Phys. Rev. Lett. 51, 1826 (1983); and P. Meyers, Ph.D. Thesis,
LBL-17108 (1983), Univ. of Calif., Berkeley. Courtesy J. Carr,
Colorado.,

Average pp and pp Multiplicity

Average multiplicity as a function of Vs for pf
at the Spp S (open circles) and for pp at the ISR,
Solid curve is a fit by Thomé et al. to their data
(triangles) with the form (n) = 0.88 + 0.44 ¢ns
+ 0.118 (¢n 5)2. References: pp — G.J. Alner et
al., Phys. Lett. 138B, 304 (1984); pp — W.
Thomé et al., Nucl. Phys. B129, 365 (1977),
W.M. Morse et al., Phys. Rev. D15, 66 (1977);
and J. Benecke et al., Nucl. Phys. B76. 29 (1974).
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Jet Production in pp and pp Interactions
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Differential cross sections for observation of a single jet of rapidity
v =0 as a function of the jet transverse momentum. ISR (pp) and
SppS collider (pp) data compared. Error bars include a contribu-
tion due to estimated systematic error in defining jet direction and
pr. References: ISR ~ T. Akesson et al., Phys. Lett. 118B, 185
(1982); UA2 - P. Bagnaia et al., Phys. Lett. 138B, 430 (1984); and
P. Bagnaia et al., Z. Phys. C20, 117 (1983); UA1 - G. Arnison et

al., Phys. Lett. 123B, 115 (1983a); and G. Arnison et al., Phys. Lett.

132B, 144 (1983b).

Pseudorapidity in pp Interactions
4 T I T T T
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Comparison of the distribution of the pseudorapidity n =
—¢n(tanf_,,/2) for charged-particle production in proton-
antiproton collisions at Vs = 53 GeV (1) and 540 GeV (2).
References: (1) K. Alpgard et al., Phys. Lett. 112B, 209 (1982);
(2) UAS Collaboration, presented by J. Rushbrooke in the
Proceedings of the XIV International Symposium on Multiparti-
cle Dynamics, eds. J.F. Gunion and P.M. Yager (World Scien-
tific Publishing Co., Singapore, 1984).

Fragmentation Functions -

102

The cross section (s /3) do/dz versus z for producing a
hadron 4 in e*e™ annihilation, measured in different
experiments, for fixed energies Q< = s. This c}1uanlit is
closely related to the fragmentation function D;(z, Q<) as
discussed in the QCD section. Note, however, that here we
use the definition z = pp4/(Ege,m — Miag) ' *. whereas
z = Eyp,aq/Epean 18 used by some experimenters, and
theorists use z = (E + P paq/(E + P )guark- The data are
shown for pions (singlet term) and for ?)* mesons (where
b-quark contribution has been subtracted out). The data
for heavy quarks are frequently parametrized by the Peter-
son et al. form, D(z) = Nz (1 — 2)%/[(1 ~ 2)2 + 422
The ¢, parameter ranges from 0.10 to 0.37 for the three D*
data sets shown. The B-meson curve corresponds to €, =
0.014, which is an average derived from many experiments
using an indirect method from B decays to e or u (N was
chosen arbitrarily). References: C. Peterson et al., Phys.
Rev. D27, 105 (1983); TPC — H. Aihara et al., Zeit. Phys.
C27, 495 (1985); DELCO — H. Yamamoto, Ph.D. thesis
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(Cal Tech), report no. CALT-68-1318 (1985); ARGUS —
H. Albrecht et al., Phys. Lett. 150B, 235 (1985); and CLEO
— C. Bebek et al,, Phys. Rev. Lett. 49, 610 (1982).
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Selecied measurements of R = c(e Te™ - hadrons)/o(e"'e‘ - [.L+ u7), where the annihilation proceeds via one
photon. The denominator is a calculated quantity; see the section on Cross Sections, Decays, Structure Functions, and
Kinematics. Radiative corrections and, where important, corrections for two-photon processes and t production have
been made. Note that the ADONE data (yy2 and MEA) is for >3 hadrons. The points in the Y(3770) region are from
the MARK I - Lead Glass Wall experiment. To preserve clarity only a representative subset of the available measure-
ments is shown — references to additional data are included below. Also for clarity, some points have been combined
or shifted slightly (<4%) in E ., and some points with low statistical significance have been omitted. Systematic nor-
malization errors are not included; they range from ~5 - 20%, depending on experiment. Note the suppressed zero.
The horizontal extent of the plot symbols has no significance. The positions of the J /¢(3097), Y(3685), and the four
lowest T vector-meson resonances are indicated at the top of the figure. References: CELLO — H.-J. Behrend et al.,
DESY 81-029; CLEO — R, Giles et al., Phys. Rev. D29, 1285 (1984); and D. Besson et al., Phys. Rev. Lett. 54, 381
(1985); CUSB — E. Rice et al., Phys. Rev. Lett. 48, 906 (1982); DASP — R. Brandelik et al., Phys. Lett. 76B, 361
(1978); DASP II — Phys. Lett. 116B, 383 (1982); DHHM — P. Bock et al. (DESY-Hamburg-Heidelberg-MPI
Munchen Collab.), Zeit. fur Physik C6, 125 (1980); yvy2 — C. Bacci et al., Phys. Lett. 86B, 234 (1979); JADE — W.
Bartel et al., Phys. Lett. 129B, 145 (1983); and W. Bartel et al., Phys. Lett. 160B, 337 (1985); HRS — D. Bender et al,,
Phys. Rev. D31, 1 (1985); MAC — E. Fernandez et al., Phys. Rev. D31, 1537 (1985); MARK J — B. Adeva et al,,
Phys. Rev. Lett. 50, 799 (1983); and H. Newman, private communication; MARK I — J.L. Siegrist et al., Phys. Rev.
D26, 969 (1982); MARK I + Lead Glass Wall — P A. Rapidis et al.,, Phys. Rev. Lett. 39, 526 (1977); and P.A.
Rapidis, thesis, SLAC-Report-220 (1979); MEA -— B. Esposito et al., Lett. Nuovo Cimento 19, 21 (1977); PLUTO —
A. Backer, thesis Gesamthochschule Siegen, DESY F33-77/03 (1977); C. Gerke, thesis, Hamburg Univ. (1979); Ch.
Berger et al., Phys. Lett. 81B, 410 (1979); and W. Lackas, thesis, RWTH Aachen, DESY PLUTO-81/11 (1981);
TASSO — R. Brandelik et al., Phys. Lett. 113B, 499 (1982); and M. Althoff et al., Phys. Lett. 138B, 441 (1984).
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o1/Ey for the muon neutrino and antineutrino charged-current total cross section as a function of neutrino energy. The error bars include
both statistical and systematic errors. The straight lines are averages for the CCFRR measurement. Note the change in the energy scale
between 30 and 50 GeV. The data points on the right give averages for other high energy measurements. References: (1) R. Blair et al,,
Phys. Rev. Lett. 51, 343 (1983), and J.R. Lee, Ph.D. Thesis, Caltech (1981), “Measurements of ¥ Charged Current Cross Sections from
E, =25GeVto E, =260 GeV:” (2) H. Abramowicz et al., Zeit. fur Physik C17, 283 (1983); (3) J. Morfin et al., Phys. Lett. 104B, 235
(1981); (4) D.C. Colley et al., Zeit. fur Physik C2, 187 (1979); (5) O. Erriquez et al., Phys. Lett. 80B, 309 (1979); (6) A.S. Vovenko et al.,
Sov. J. Nucl. Phys. 30, 527 (1979); (7) D.S. Baranov et al., Phys. Lett. 81B, 255 (1979); (8) C. Baltay et al., Phys. Rev. Lett. 44, 916 (1980);
(9) S. Ciampolillo et al., Phys. Lett. 84B, 281 (1979); (10) S.J. Barish et al., Phys. Rev. D19, 2521 (1979); (11) M. Jonker et al., Phys. Lett.
99B, 265 (1981), E, = 20-200 GeV; (12) P. Bosetti et al., Phys. Lett. 110B, 167 (1982), E,, = 20-200 GeV; (13) T. Kitagaki et al., Phys.
Rev. Lett. 49, 98 (1982). E, = 10~200 GeV; (14) N.J. Baker et al.. Phys. Rev. Lett. 51, 735 (1983), E, = 10-240 GeV; (15) G.N. Taylor et
al., Phys. Rev. Lett. 51, 739 (1983), E, = 5-250 GeV: (16) N.J. Baker et al., Phys. Rev. D285, 617 (1982), £, = 1.6-10 GeV. Courtesy
M.H. Shaevitz, Columbia University (Nevis Laboratory).
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Photon energy—GeV
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+p total cross section versus photon energy (top scale) and photon-plus-nucleon total center-of-mass energy (lower scale). References:
SANTA BARBARA-SLAC — D.O. Caldwell et al., Phys. Rev. D7, 1362 (1973); DESY-HAMBURG — H. Meyer et al., Phys. Lett. 33B,
189 (1970); GLASGOW-SHEFFIELD-DNPL — T.A. Armstrong et al., Phys. Rev. DS, 1640 (1972); LEBEDEV-YEREVAN-
SERPUKHOYV — A.S. Belousov et al., Preprint 19, Moscow, (1973); A. S. Belousov et al., Sov. Phys. Doklady 19, 123 (1974); and A. S.
Belousov et al., Sov. J. Nucl. Phys. 21(3), 289 (1975); SLAC-BERKELEY-TUFTS — J. Ballam et al., Phys. Rev. D5, 545 (1972);
ABBHHM — H.G. Hilpert et al., Phys. Lett. 27B, 474 (1968); SLAC and BERKELEY — J. Ballam et al., Phys. Rev. Lett. 21, 1544
(1968), and H.H. Bingham et al., Phys. Rev. D8, 1277 (1973); CORNELL — S. Michalowski et al., Phys. Rev. Lett. 39, 737 (1977);
SANTA BARBARA-TORONTO-FNAL — D.O. Caldwell et al., Phys. Rev. Lett. 40, 1222 (1978). See, also, the ep data of E.D. Bloom et
al.,, SLAC-PUB-653 (1969). Courtesy Gething M. Lewis, Glasgow.
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ences: SANTA BARBARA-SLAC — D.O. Caldwell et al., Phys. Rev. D7, 1362 (1973); DESY-HAMBURG — H. Meyer et al., Phys. Lett.
33B, 189 (1970); GLASGOW-SHEFFIELD-DNPL — T.A. Armstrong et al., Nucl. Phys. B41, 445 (1972); LEBEDEV-YEREVAN-
SERPUKHOV — A S. Belousov et al., Sov. J. Nucl. Phys. 21(3), 289 (1975); CORNELL — S. Michalowski et al., Phys. Rev. Lett. 39, 737
(1977). Courtesy Gething M. Lewis, Glasgow.
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Hadronic total and elastic cross sections vs. laboratory beam momentum Ppeam and total center-of-mass energy E . Data courtesy A.
Baldini, V. Flaminio, W.G. Moorhead, D.R.O. Morrison, and N. Rivoire, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See
CERN HERA Group compilations for references.
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Hadronic total and elastic cross sections vs. laboratory beam momentum py, .. and total center-of-mass energy E.,,. Data courtesy A,
Baldini, V. Flaminio, W.G. Moorhead, D.R.O. Morrison, and N. Rivoire, CERN; and COMPAS Group, IHEP, Serpukhov, USSR. See

CERN HERA Group compilations for references.
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Illustrative Key to the Full

Namc of particle ("old” name
used before recent renaming
scheme also given 1if different:

Listings

Particle

(1200) 16gP) =177 )—

see  Introductory  Text for
details).

)
was XX (1200)

FVIDENCE NOT COMPELLING. MAY

Indicates particle omitted from KINEMATIC EFFECT

BE A

Particle Properties Summary
Table.  implying  particle’s
extstence is not confirmed.

OMITTED FROM
SUMMARY T4BLE

Quantity tabulated below.

—{4,(1200) MASS (MeV)|

Abbreviated reference
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quantum numbers

twhere known),

’___J’Goncra] comments on particle.

for this

result:  full reference given
Code for quantity tabulated below.
(M=mass, W =width, ctc.}. Tl 12;g Jlg j g ; ,
M L 1 ( ) LY - o i
M ZYNCH BATA HAS (QUESTIONABLE BACKGROUND SUBTRACTION _1/——’4]\1‘32‘?”?‘ technique  (see
Symbol used 10 key together data.——"" M ‘- PIERCE 3 (ASPK}= 0 f.'z K_pP reenson et g
clated o o M FENNER 83 HBC .2 PLs
and related comments. %0 1210 Py SHITH 85 uMs M
/E/S SUPERSEDES EARLIER RESULT Charge(s) of particle(s) detected,
.\lum‘bcr of events aherc /vmk-/n AVG 1260656 5 AVERAGE
grouud.
Measured  value  (parentheses
odicate value not sed
arerage; see Introductory a4,(1200) WIDTH (MeV) X X
Tea for explanations). Reaction producing particle. or
=¢rror in measured  value : gg g :EES&L g; :ggx 0 geneial comments.
= ) N Ko - -
(- field blank if error sym- W 70 40. FENNER 83 HBC 0 4.2 PI+P Change bar” indicates result
metric: parentheses on error " (60.)  OR LESS SMITH 85 MMS - 3.5 PI-P m/ added or changed since previ-
unly indicate data not used in W 5 ous eduon.
average due 16 problems with W AVG (SEE wEéggmngEgsion INCLUDES SCALE FACTOR OF fléh—u o . factor > | mdicates possi-
error estimation. bly incansisient data.
N YEIGHTED 4\ kR4
Average value (and errord of 9 6 b7 (PRROR SCALED BY 16+ .
quantity tabulated. N Ideogram o display sts;bl_}
o inconsistent data, curve s
Top “data pont™ indicates a\or-/ sum of Gaussians. one for
age: width of error bar tand cach cipeniment  (arca  of
shaded pattern  below) s Gausstan = 1/error: width of
=error on average. scaled by Gaussian = =errorh.  See

“scale factor.™

w0

FENNER 83 HBC

; ' 2'FRCE 83 APy
Value and error for each exper VERRILL B HBC
ment.
(Confidence Level =
-20 20 60 100 140

a@,(1200) width (MeV)

=
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2%
o

20(1200) PARTIAL DECAY MODES

Parual decay mode (labeled by ——{p1

P’ ).

ay(1200) ~ 37]

Introductary Text for discus-
sion.

ntribution of experiment 1o >
(if no entry present. eaperi-
ment not used in calculating
x* or scale factor because of
very large error. s,

Representative masses of decay

DECAY MASSES

140+ 140+ 140

P2 ag1200) ~ KX 494+ 494
a0(1200) BRANCHING RATIOS
Branching ratio (labeled by R)). 24(1200) (3m)/total P1)
R1 66 .02 HERRILL 81 HBC 0 3.2 k-P
RT L (.68) (.03 LY BC +- 2.7 PI-P
R1 L LYNCH DATA HAS QUESTIONABLE BACKGROUND SUBTRACTION
R1
R1 FIT [0.675  0.072] FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.3)
30(1200) (K K)/total P2)
R2- .35 .05 PIERCE 83 ASPK + 2.1 K-P
Value (and error) of quantity R2 e e e a4 e . .
tabulated. as  determined R2 _FIT. 0.325 0.012] FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.3)
from constratned fit (using all —
measured branching ratios for 24(1200) (K K)/(3m) (P2y/¢(P1)
this particle). R3 .50 .03 FENNER 83 HBC 0 4.2 PI+P
R3 41 .04 SMITH 85 MMS - 3.5 PI-P I
R3 e e e e e
R3  AVE 0.468 0.043  AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.8)
R3  FIT 0.480 0.027] FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.3)
REFERENCES FOR a,(1200) Au
References. ordered by vear. then
author. MERRILL 81| PRL 47 143 (sncuncsnnou
Abbreviated ref P " LYNCH 87 PR D24 610 B. LYNCH (BNL) .
reviated reference form use PIERCE 83 PL 1238 230 N. PIERCE CFNAL)
on data entries above. FENNER 83 NP _B213 372 D. FENNER,B. BEANE (NYSE+AMEX) .
SMITH__—85{PRL 55 14| J. SMITH [sLac)———"I1¢

Journal. report. preprint, etc. (see __——
abbreviations on next page).

Branching ratio’ R,

praducts (used for calculating
decay momentum  in last
column of Parucle Property
Summary Tables).

in terms of
partial decay mode fracuans
P, above.

thor{s).

antum number delermina-
tions in this reference.

tlitution{s} of author(s} (see
abbreviations on neat page).



92

Abbreviations Used in the Full Listings

Journals

ADVP  Advances in Physics

AFIS Anales de Fisica

ANP Annals of Physics

APAH  Acta Phys. Acad. Hungarica

APJ Astrophysical Journal

APP Acta Physica Polonica

ARNPS. Annual Review of Nuclear & Particle Science
ARNS  Annual Review of Nuclear Science

BAPS Bulletin of the American Physical Society
BASUP  Bulletin of the Academy of Science, USSR (Physics)
cJp Canadian Journal of Physics

CNPP Comments on Nuclear and Particle Physics
CZiP Czechoslovak Journal of Physics

JAP Journal of Applied Physics

JETP English Translation of Soviet Physics JETP
JETPL  Letters of Soviet Physics JETP

JP Journal of Physics (A,B.G)

JPSJ Journal of the Physical Society of Japan
LNC Letters to Nuovo Cimento

NAT Nature

NC Nuovo Cimento

NIM Nuclear Instruments and Methods

NP Nuclear Physics

PL Physics Letters

PN Particles and Nuclei

PPSL Proc. of the Physical Society of London
PR Physical Review

PRAM  Pramana

PRL Physical Review Letters

PRPL Physics Reports (Physics Letters C)
PRSE Proc. of the Royal Society of Edinburgh
PRSL Proc. of the Royal Society of London

PS Physica Scripta

PTP Progress of Theoretical Physics

RA Radiochimica Acta

RMP Reviews of Modern Physics

RNC La Rivista del Nuovo Cimento

RPP Reports on Progress in Physics

RRP Revue Romaine de Physique

SCI Science

SINP Soviet Journal of Nuclear Physics

SPU Soviet Physics - Uspekhi

ZNAT  Zeitschrift fur Naturforschung

ZPHY Zeitschrift fur Physik
Conferences

Conferences are generally referred to by the location at which they were held
{e.g., HAMBURG, TORONTO, CORNELL, BRIGHTON, etc.).

Measurement Techniques
(i.e., Detectors and Methods of Analysis)

AEMS
ARG
ASP
ASPK
BDMP
BEBC
BIS2
BONA
BPWA
CALO
CBAL
cC
CELL
CHRM
CIBS
CLEO
CNTR
COsSM
CUSB
DASP
DBC
DLCO
DM
DPWA
ELEC

Argonne effective mass spectrometer

ARGUS detector at DORIS

Anomalous single-photon detector

Automatic spark chambers

Beam dump

Big European bubble chamber at CERN

BIS-2 spectrometer at Serpukhov

Bonanza nonmagnetic detector at DORIS
Barrelet-zero partial-wave analysis

Calorimeter

Crystal Ball detector at SLAC-SPEAR or DORIS
Cloud chamber

CELLO detector at DESY

CHARM neutrino detector at CERN
CERN-IHEP boson spectrometer

Cornell magnetic detector at CESR

Counters

Cosmology and astrophysics

Columbia U. - Stony Brook segmented Nal detector at CESR
DESY double-arm specirometer

Deuterium bubble chamber

DELCO detector at SLAC-SPEAR or SLAC-PEP
Detector at Orsay DMI collider
Energy-dependent partial-wave analysis
Electronic combination

European muon collaboration detector at CERN
Emulsions

Freon bubble chamber

Fit to previously existing data

ADONE BB group detector

ADONE vv group detector

ADONE MEA group detector

Freon bubble chamber

GAM2  THEP hodoscope Cerenkov v calorimeter GAMS-2000

GAM4  CERN hodoscope Cerenkov vy calorimeter GAMS-4000

GOLI CERN Goliath spectrometer

HBC Hydrogen bubble chamber

HDBC  Hydrogen and deuterium bubble chambers

HEBC Helium bubble chamber

HLBC Heavy-liquid bubble chamber

HRS SLAC high-resolution spectrometer

HYBR  Hybrid: bubble chamber + electronics

INDU Magnetic induction

IPWA Energy-independent partial-wave analysis

JADE JADE detector at DESY

LASS Large-angle superconducting solenoid spectrometer at SLAC
LENA Nonmagnetic lead-glass Nal detector at DORIS

MAC MAC detector at PEP/SLAC

MBR Molecular beam resonance technique

MICA  Underground mica deposits

MMS Missing mass spectrometer

MPS Multiparticle spectrometer at BNL

MPSF Multiparticle spectrometer at Fermilab

MPWA  Model-dependent partial-wave analysis

MRKJ  Mark-J detector at DESY

MRS Magnetic resonance spectrometer

NEUL  Neuland large-angle neutrino spectrometer

OLYA Detector at VEPP-4, Novosibirsk

OMEG CERN OMEGA spectrometer

OSPK  Optical spark chamber

PBC Propane bubble chamber

PLAS Plastic detector

PLUT  DESY PLUTO detector

PWA Partial-wave analysis

REDE Resonance depolarization

RVUE  Review of previous data

SFM CERN split-field magnet

SILI Silicon detector

SMAG  SPEAR magnetic detector

SMK2 SLAC Mark-II detector

SMK3 SLAC Mark-I11 detector

SPEC Spectrometer

SPRK Spark chamber

STRC Streamer chamber

TASS DESY TASSO detector

THEO Theoretical or heavily model-dependent result

TPC TPC detector at PEP/SLAC

TPS Tagged photon spectrometer at Fermilab

UAL UAI detector at CERN

UA2 UA2 detector at CERN

UAS UAS detector at CERN

WIRE  Wire chamber

XEBC Xenon bubble chamber

Institutions

AACH  Technische Univ. Aachen Aachen, West Germany
AARH  Univ. of Aarhus Aarhus, Denmark

ABO Abo Akademi Abo, Finland

ADEL Adelphi Univ. Garden City, NY, USA
AERE Atomic Energy Res. Estab. Harwell, Berks., England
AICH Aichi Univ. of Education Kariya, Aichi Pref., Japan
AIKO Inst. Kernphys. Onderzoek Amsterdam, Netherlands
ALAH  Univ. of Alabama at Huntsville Huntsville, AL, USA
ALBA State Univ: of New York at Albany Albany, NY, USA
AMST  Univ. of Amsterdam Amsterdam, Netherlands
ANIK Amsterdam NIKHEF Amsterdam, Netherlands
ANKA  Middle East Technical Univ. Ankara, Turkey

ANL Argonne National Lab. Argonne, IL, USA
ARIZ Univ. of Arizona Tucson, AZ, USA
ARZS Arizona State Univ. Tempe, AZ, USA
ATEN Nuclear Res. Centre Demokritos Athens, Greece

ATHU  Univ. of Athens Athens, Greece

AUCK  Univ. of Auckland Auckland, New Zealand
BARC Univ. de Barcelona Barcelona, Spain

BARI Univ. di Bari Bari, Italy

BART  Bartol Research Foundation Swarthmore, PA, USA
BASL Univ. of Basel Basel, Switzerland
BAYR Univ. Bayreuth Bayreuth, West Germany
BELG Inst. Interuniv. des Sci. Nuc. Bruxelles, Belgium
BELL Bell Labs. Murray Hill, NJ, USA
BERG  Univ, of Bergen Bergen, Norway

BERL Inst. Hochenergiephys. DAW Berlin-Zeuthen, East Germany
BERN  Univ. Bern Bern, Switzerland
BGNA  Univ. di Bologna Bologna, Italy

BHAB Bhabha Atomic Research Center Bombay, India

BHEP Inst. of High Energy Physics Beijing, China

BIEL Univ. Bielefeld Bielefeld, West Germany
BING State Univ. of New York at Binghamton Binghamton, NY, USA
BIRM Birmingham Univ. Birmingham, England
BNL Brookhaven National Lab. Upton, L.I, NY, USA
BOHR  Niels Bohr Inst. Copenhagen, Denmark



BOIS
BOMB
BONN
BORD
BOST
BRAN
BRCO
BRIS
BROW
BRUX
BUCH
BUDA
BUFF
BURE
CAEN
CAGL
CAIW
CAMB
CANB
CARL
CARN
CASE
CATH
CAVE
CCAC
CDEF
CEA
CENG
CERN
CHIC
CINC
CIT
CLEV
CNRC
COLO
COoLU
CORN
COosU
CRAC
CUNY
CURI
DALH
DARE
DELH
DESY
DOE
DORT
DUKE
DURH
DUUC
EDIN
EF1
ELMT
EPOL
ERLA
ETH
FIRZ
FISK
FLOR
FNAL
FOM
FRAS
FREI
FSU
GENO
GESC
GEVA
GLAS
GMAS

GREN
GSCO
GUEL
HAIF
HAMB
HARV
HAWA
HEBR
HEID
HELS
HIRO
HOUS
HPC
IAS
IBAR
IBM

T

Abbreviations Used in the Full Listings (cont’d)

Institutions (cont’d)

Boise State Univ,

Univ. of Bombay

Univ. Bonn

Univ. de Bordeaux

Boston Univ.

Brandeis Univ.

Univ. of British Columbia

H. H. Wills Phys. Lab., U. of Bristol
Brown Univ.

Univ. Libre de Bruxelles

Bucharest State Univ.

Central Research Inst. of Physics
State Univ, of New York at Buffalo
Inst. des Hautes Etutes Sci.

Lab. de Phys. Corpusculaire
Cagliari Univ.

Carnegie Inst. of Washington
Cambridge Univ.

Australian National Univ.

Carleton Univ.

Carnegie-Mellon Univ.

Case Western Reserve Univ.
Catholic Univ. of America
Cavendish Lab., Cambridge Univ.
Community College of Allegheny County
College de France

Cambridge Electron Accel.

CEN, Grenoble

European Org. for Nuclear Research
Univ. of Chicago

Univ. of Cincinnati

Calif, Inst. of Technology
Cleveland State Univ.

Canadian National Research Council
Univ. of Colorado

Columbia Univ.

Cornell Univ.

Colorado State Univ.

Inst. for Nuclear Research

City Univ. of New York
Laboratoire Joliot-Curie

Dathausie Univ.

Daresbury Nuclear Physics Lab.
Univ. of Delhi

Deutsches Elektronen-Synchrotron
U.S. Department of Energy

Univ. Dortmund

Duke Univ.

Univ. of Durham

University College

Univ. of Edinburgh

Enrico Fermi Inst. for Nucl. Studies
Elmhurst College

Ecole Polytechnique

Univ. Erlangen-Nurnberg

Swiss Federal Inst. of Technology
Univ. di Firenze

Fisk Univ.

Univ. of Florida

Fermi National Accelerator Lab.
Found. for Fundamental Res. on Matter
Lab. Nazionali del C.N.ENN.

Univ. of Freiburg

Florida State Univ.

Univ. di Genova

General Electric Res. and Dev. Center
Univ. de Geneve

Univ. of Glasgow

George Mason Univ.

Univ. Graz

Inst. des Sci. Nuc., Univ, de Grenoble
Geological Survey of Canada
Guetph Univ.,

Technion - Israel Inst. of Technology
Univ. Hamburg

Harvard Univ.

Univ. of Hawaii

Hebrew Univ,

Univ, Heidelberg

Helsingin Yliopisto

Hiroshima Univ.

Univ. of Houston

Hewlett-Packard Corp.

Inst. for Advanced Study

{baraki Univ., Mito

International Business Machines
Inst. de Fisica, Rio de Janeiro
Illinois Inst. of Tech.

Boise, ID, USA
Bombay, India

Bonn, West Germany
Bordeaux, France
Boston, MA, USA
Waltham, MA, USA
Vancouver, BC, Canada
Bristol, England
Providence, RI, USA
Bruxelles, Belgium
Bucharest, Romania
Budapest, Hungary
Buffalo, NY, USA
Bures-sur-Yvette, France
Caen, France

Cagliar, Italy
Washington, DC, USA
Cambridge, England
Canberra, Australia
Ottawa, ON, Canada
Pittsburgh, PA, USA
Cleveland, OH, USA
Washington, DC, USA
Cambridge, England
Pittsburgh, PA, USA
Paris, France
Cambridge, MA, USA
Grenoble, France
Geneva, Switzerland
Chicago, IL, USA
Cincinnati, OH, USA
Pasadena, CA, USA
Cleveland, OH, USA
Ottawa, ON, Canada
Boulder, CO, USA
New York, NY, USA
Ithaca, NY, USA

Fort Collins, CO, USA
Cracow, Poland

New York, NY, USA
Paris, France

Halifax, NS, Canada
Daresbury, England
Delhi, India

Hamburg, West Germany
Washington, DC, USA
Dortmund, West Germany
Durham, NC, USA
Durham, England
Dublin, Ireland
Edinburgh, Scotland
Chicago, IL, USA
Eimhurst, IL, USA
Palaiseau, France
Erlangen, West Germany
Zurich, Switzerland
Firenze, Italy
Nashville, TN, USA
Gainsville, FL, USA
Batavia, IL, USA
Utrecht, Netherlands
Frascati, Italy
Freiburg, West Germany
Tallahassee, FL, USA
Genova, haly
Schenectady, NY, USA
Geneva, Switzerland
Glasgow, Scotland
Fairfax, VA, USA
Graz, Austria
Grenoble, France
Ottawa, ON, Canada
Guelph, ON, Canada
Haifa, Israel

Hamburg, West Germany
Cambridge, MA, USA
Honolulu, HI, USA
Jerusalem, Israel
Heidelberg, West Germany
Helsinki, Finland
Hiroshima, Japan
Houston, TX, USA
Cupertino, CA, USA
Princeton, NJ, USA
Ibaraki-ken, Japan
Palo Alto, CA, USA
Rio de Janeiro, Brazil
Chicago, IL, USA

LENI
LIBH
LINZ
LISB
LIVP
LIUB
LLL
LoIC
LOQM
LouC
LOWC
LPNP
LPTP
LRL

LUND
LVLN
LYON
MADR
MADU
MANI
MANZ
MARS
MASA
MCGI
MCHS
MCMS
MEIS
MELB
MHCO
MICH
MILA
MINN
MIT

Univ. of Illinois

Univ. of Iilinois at Chicago

Inst. Laue-Langevin

Indiana Univ.

Idaho National Engineering Lab.

Ist. Nazionale di Fisica Nuclear

Phys. Inst., Univ. Innsbruck

Inst. for Nuclear Research

Inst. for Nuclear Study at Tokyo Univ.
Toffe Inst. of Physics and Tech.

Univ. of lowa

Inst. of Physical and Chemical Research
Inst. de Phys. Nucleaire

Inst. de Physique Nucleaire

Inst. for Particle Physics of Canada
Inst. du Radium

Towa State Univ.

Inst. for Theor. and Exp. Phys.

Ithaca College

Inst. for Theoretical Physics

Indiana U. - Purdue U. at Indianapolis
Jagellonian Univ.

Johns Hopkins Univ.

Joint Inst. for Nucl. Research
Kagoshima Univ.

Univ. of Kansas

Univ, Karlsruhe

Kazakh Academy of Science

Nat. Lab for High Energy Phys., Japan
Kent Univ. at Cantebury, Kent

Open Univ.

Phys.-Tech, Inst., Acad. Sci., Ukr.SSR
Kurchatov Inst. of Atomic Energy
Kiel Univ,

Physical-Technical Inst.

Kinki Univ.

Univ. of Kentucky

Kobe Univ.

B. P. Konstantinov Inst. of Nucl. Phys.
Kyoto Univ.

Linear Accelerator Lab, Orsay
Lancaster Univ.

U.C. Los Alamos National Lab.

Lab. d’Annecy de Phys. des Particules
U.C. Los Alamos Scientific Lab.
Univ. of Lausanne

U.C. Lawrence Berkeley Lab.

Lab. di Cosmo-Geofisica del CNR
Lebedev Physics Inst.

Univ. of Leeds

Lehigh Univ.

Herbert H. Lehman College

Inst. Lorentz

Le Moyne College

Inst. of Nucl. Phys., USSR Acad. Sci.
Lab. Interuniv. Belge High Eng.

Linz Inst. fur Physik, Kepler Hoch.
Univ. de Lisboa

Liverpool Univ.

Univ. of Ljubljana

Lawrence Livermore Lab.

Imperial Col. of Sci. and Tech.
Queen Mary College

University College

Westfield College

Lab. de Phys. Nucl. et Hautes Energies
Lab. de Phys. Theor. et Hautes Energies
U.C. Lawrence Berkeley Lab.
Louisiana State Univ.

Univ. I Lund

Univ. Catholique de Louvain

Univ. de Lyon

Junta de Energia Nuclear

Univ. Autonome de Madrid

Univ. of Manitoba

Univ. Mainz

Center National de la Recherche Sci.
Univ. of Massachusetts

McGill Univ.

Univ, Manchester

McMaster Univ,

Meisei Univ.

Univ. of Melbourne

Mount Holyoke College

Univ. of Michigan

Univ. di Milano

Univ. of Minnesota

Massachusetts Inst. of Technology

Urbana, IL, USA
Chicago, IL, USA
Grenoble, France
Bloomington, IN, USA
Idaho Falls, ID, USA
Roma, Italy

Innsbruck, Austria
Moscow, USSR
Tokyo, Japan
Leningrad, USSR

Iowa City, 1A, USA
Saitama-ken, Japan
Orsay, France

Paris, France
Montreal, PQ, Canada
Paris, France

Ames, A, USA
Moscow, USSR

Ithaca, NY, USA
Utrecht, Netherlands
Indianapolis, IN, USA
Cracow, Poland
Baltimore, MD, USA
Dubna, USSR
Kagoshima, Japan
Lawrence, KS, USA
Karlsruhe, West Germany
Alma-Ata, USSR
Tsukuba-gun, Japan
Cantebury, England
Milton Keynes, England
Kharkov, USSR
Moscow, USSR

Kiel, West Germany
Kiev, USSR

Osaka, Japan
Lexington, KY, USA
Kobe, Japan

USSR

Kyoto, Japan

Orsay, France
Lancaster, England

Los Alamos, NM, USA
Annecy, France

Los Alamos, NM, USA
Lausanne, Switzerland
Berkeley, CA, USA
Torino, Italy

Moscow, USSR

Leeds, England
Bethlehem, PA, USA
Bronx, NY, USA
Leiden, Netherlands
Syracuse, NY, USA
Leningrad, USSR
Bruxelles, Belgium
Linz, Austria

Lisboa, Codex, Portugal
Liverpool, England
Ljubljana, Yugoslavia
Livermore, CA, USA
London, England
London, England
London, England
London, England
Paris, France

Paris, France

Berkeley, CA, USA
Baton Rouge, LA, USA
Lund, Sweden
Louvain-La-Neuve, Belgium
Villeurbanne, France
Madrid, Spain

Madrid, Spain
Winnipeg, MB, Canada
Mainz, West Germany
Marseille, France
Ambherst, MA, USA
Montreal, PQ, Canada
Manchester, England
Hamilton, ON, Canada
Hino, Tokyo, Japan
Parkville, Australia
South Hadley, MA, USA
Ann Arbor, MI, USA
Milano, Italy
Minneapolis, MN, USA
Cambridge, MA, USA
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MONP
MONS
MONT
MOSU
MPIH
MPIM
MSU
MTHO
MULH
MUNI
MURA
NAGO
NAPL
NASA
NBS
NDAM
NEAS
NEUC
NIUM
NMSU
NORD
NOVO
NPOL
NRL
NSF
NTUA
NWES
NYU
OHIO
OKAY
OKLA
OKSU
OREG
ORNL
ORSA
OSAK
OSKC
OSLO
osu
OTTA
OXF
PADO
PATR
PAVI
PENN
PGIA
PHIL
PISA
PITT
PNL
PPA
PRAG
PRIN
PSLL
PUCB
PURD
QUKI

REGE
REHO
RHEL
RICE
RISO

RMCS
ROCH
ROCK
ROMA
ROSE
RPI
RUTG
SACL
SAGA
SANI
SBER
SCuC
SEAT
SEIB
SEOU
SERP
SETO
SFLA
SFSU
SHEF
SHMP
SIBE
SIEG

Abbreviations Used in the Full Listings (cont’d)

Institutions (cont’d)

Univ. de Montpellier

Univ. de I'Etat, Mons

Univ. de Montreal

Moscow State Univ.

Max Planck Ipst. fur Kernphysik
Max Planck Inst. fur Phys.-Astrophys.
Michigan State Univ.

Mt. Holyoke College

Centre Univ. du Haut-Rhin

Univ. of Munich

Midwestern Univ. Research Assoc.
Nagoya Univ.

Univ, di Napoli

NASA, Goddard Space Flight Center
U.S. National Bureau of Standards
Univ. of Notre Dame
Northeastern Univ.

Univ. de Neuchatel

R. K. Univ. Nijmegen

New Mexico State Univ.

Nordisk Inst. for Teor. Atomfys.
Inst. of Nucl, Phys.

Northern Polytechnic

Naval Research Laboratory

U.S. National Science Foundation

Montpellier, France
Mons, Belgium
Montreal, PQ, Canada
Moscow, USSR
Heidelberg, West Germany
Munich, West Germany
East Lansing, MI, USA
South Hadley, MA, USA
Mulhouse, France
Munich, West Germany
Stroughton, WI, USA
Nagoya, Japan
Napoli, Italy
Greenbelt, MD, USA
Washington, DC, USA
Notre Dame, IN, USA
Boston, MA, USA
Neuchatel, Switzerland
Nijmegen, Netherlands
Las Cruces, NM, USA
Copenhagen, Denmark
Novosibirsk, USSR
London, England
Washington, DC, USA
hi DC, USA

National Technical Univ.
Northwestern Univ.

New York Univ,

Ohio Univ.

Okayama Univ.

Univ. of Oklahoma
Oklahoma State Univ.

Univ. of Oregon

Oak Ridge National Lab.
Univ. de Paris, Fac. des Sci.
Osaka Univ.

Osaka City Univ.

Oslo Univ.

Ohio State Univ.

Univ. of Ottawa

Oxford Univ.

Univ. di Padova

Univ, of Patras

Univ. di Pavia

Univ. of Pennsylvania

Univ. di Perugia

Philipps Univ.

Univ. di Pisa

Univ, of Pittsburgh

Pacific Northwest Lab.
Princeion-Penn. Proton Accel.
Inst. of Physics, CSAV
Princeton Univ.

Physical Science Lab.
Pontificia Univ. Catolica
Purdue Univ.

Queens Univ.

Rutherford Appleton Lab. (formerly RL)
Univ. Regensburg
Weizmann Inst. of Sci.
Rutherford High Energy Lab.
William Marsh Rice Univ.
Research Estab. Riso
Rutherford Lab. (formerly RHEL)
Royal Military College of Science
Univ. of Rochester
Rockefeller Univ.

Univ. di Roma

Rose Polytechnic Inst.
Rensselaer Polytechnic Inst.
Rutgers Univ.,

Cntr. d'Etudes Nucl. Saclay
Saga Univ.

Ist. Superiore di Sanita

San Bernardino State Coliege
Univ. of South Carolina
Seattle Pacific College
Research Center Seibersdorf
Korea Univ.

Inst. of High Energy Physics
Seton Hali Univ.

Univ. of South Florida

San Francisco State Univ.
Univ. of Sheffield

Univ. of Southampton

Inst. of Nucl. Phys., USSR Acad. Sci.
Gesamthochschule Siegen

Athens, Greece
Evanston, IL, USA

New York, NY, USA
Athens, OH, USA
Okayama, Japan
Norman, OK, USA
Stillwater, OK, USA
Eugene, OR, USA

Oak Ridge, TN, USA
Orsay, France

Osaka, Japan

Osaka, Japan

Oslo, Norway

Columbus, OH, USA
Ottawa, ON, Canada
Oxford, England

Padova, Italy

Patras, Greece

Pavia, Italy

Philadelphia, PA, USA
Perugia, Italy

Marburg, West Germany
Pisa, Italy

Pittsburgh, PA, USA
Richland, WA, USA
Princeton, NJ, USA
Prague, Czechoslovakia
Princeton, NJ, USA

Las Cruces, NM, USA
Rio de Janeiro, Brazil
Lafayette, IN, USA
Kingston, ON, Canada
Chilton, Did., Berks., England
Regensburg, West Germany
Rehovoth, Israel

Chilton, Did., Berks., England
Houston, TX, USA
Roskilde, Denmark
Chilton, Did., Berks., England
Shrivenham, England
Rochester, NY, USA
New York, NY, USA
Roma, Italy

Terre Haute, IN, USA
Troy, NY, USA

New Brunswick, NJ, USA
Gif-sur-Yvette, France
Saga, Japan

Roma, Italy

San Bernarding, CA, USA
Columbia, SC, USA
Seattle, WA, USA
Vienna, Austria

Seoul, Korea

Serpukov, USSR

South Orange, NJ, USA
Tampa, FL, USA

San Francisco, CA, USA
Sheffield, England
Southampton, England
Siberia, USSR

Huttental, West Germany

SIN
SLAC
SMAS
SOFI
STAN
STEV
STLO
STOH
STON
STRB
SUSS
SYDN
SYRA
TAMU
TBLI
TELA
TEMP
TENN
TEXA
THES
TIFR
TINT
TMSK
T™MU
TNTO
TOHO
TOKY
TORI
TRIK
TRIN
TRIU
TRST
TSUK
TTAM
TUFT
TWAS
UBEL
UCB
UCD
ucCt
UCLA
UCND
UCR
UCSB
ucsc
uUCcsD
UDCF
UMD
UNCS
UNM
UOEH
UPNJ
UPPS
UsC
UsccC
USTL
UTAH
UTRE
VAND
VICT
VIEN
VIRG
VPI
VRIJ
WARS
WASH
WAYN
WIEN
WILL
WINR
WISC
WITW
WMIU
WOOD
WUPG
WUPP
WURZ
WUSL
WYOM
YALE
YERE
YOKO
YORK
ZAGR
ZARA
ZEEM
ZURI

Swiss Inst. of Nuclear Research
Stanford Linear Accel. Center
Southeastern Massachusetts Univ.
Bulgarian Acad. of Sci.

Stanford Univ.

Stevens Inst. of Tech.

St. Louis Univ.

Stockholm Univ.

State Univ. of New York at Stony Brook
Centre des Res. Nucleaires

Univ. of Sussex

Univ. of Sydney

Syracuse Univ.

Texas A and M Univ.

Thilisi State Univ.

Univ, of Tel-Aviv

Temple Univ.

Univ. of Tennessee

Univ, of Texas

Univ. of Thessaloniki

Tata Inst. of Fundamental Research
Tokyo Inst. of Technology

Nucl. Phys. Inst., Tomsk Polytech Inst.
Tokyo Metropolitan Univ. X
Univ. of Toronto

Tohoku Univ.

Univ. of Tokyo

Univ. di Torino

Rikkyo Univ.

Trinity College

TRIUMF, Univ. of British Columbia
Univ. di Trieste

Univ. of Tsukuba

Tamagawa Univ.

Tufts Univ.

Waseda Univ.

Univ. of Belgrade

Univ. of Calif. at Berkeley

Univ. of Calif. at Davis

Univ. of Calif. at Irvine

Univ. of Calif. at Los Angeles
Union Carbide Nuclear Division
Univ. of Calif. at Riverside

Univ. of Calif. at Santa Barbara
Univ. of Calif. at Santa Cruz
Univ. of Calif. at San Diego
Univ. de Clermont-Ferrand

Univ. of Maryland

Union College

Univ. of New Mexico

Univ. of Occup. and Environ. Health
Upsala College

Gustaf Werner Inst.

Univ. of Southern California
Univ. of South Carolina

Univ. Sci. et Tech. du Languedoc
Univ. of Utah

Univ, of Utrecht

Vanderbilt Univ.

Univ, of Victoria

Inst. for High Energy Physics, A. A. S.
Univ. of Virginia

Virginia Polytechnic Inst./State Univ.
Vrije Univ.

Univ. of Warsaw

Univ, of Washington

Wayne State Univ.

Univ. Wien

College of William and Mary
Warsaw Inst. of Nuclear Research
Univ. of Wisconsin

Univ. of the Witwatersrand
Western Michigan Univ.
Woodstock College
Gesamthochschule Wuppertal
Univ. Wuppertal

Univ. Wurzburg

Washington Univ.

Univ. of Wyoming

Yale Univ.

Yerevan Physics Inst.

Yokohama Univ.

York Univ.

Inst. Rudjer Boskovic

Univ. of Zaragosa

Zeeman Lab,, Univ. of Amsterdam
Univ. Zurich

Villigen, Switzerland
Stanford, CA, USA
North Dartmouth, MA, USA
Sofia, Bulgaria

Stanford, CA, USA
Hoboken, NJ, USA

St. Louis, MO, USA
Stockholm, Sweden
Stony Brook, L.I, NY, USA
Strasbourg, France
Falmer, Brighton, England
Sydney, Australia
Syracuse, NY, USA
College Station, TX, USA
Tbilisi, USSR

Tel-Aviv, Israel
Philadelphia, PA, USA
Knoxville, TN, USA
Austin, TX, USA
Thessaloniki, Greece
Bombay, India

Tokyo, Japan

Tomsk, USSR

Tokyo, Japan

Toronto, ON, Canada
Sendai, Japan

Tokyo, Japan

Torino, Italy

Tokyo, Japan

Dublin, Ireland
Vancouver, BC, Canada
Trieste, Ttaly

Tsukuba, Japan

Tokyo, Japan

Medford, MA, USA
Tokyo, Japan

Belgrade, Yugoslavia
Berkeley, CA, USA
Davis, CA, USA

Irvine, CA, USA

Los Angeles, CA, USA
Oak Ridge, TN, USA
Riverside, CA, USA
Santa Barbara, CA, USA
Santa Cruz, CA, USA

La Jolla, CA, USA
Aubiere, France

College Park, MD, USA
Schenectady, NY, USA
Albuquerque, NM, USA
Kitakyushu, Japan

East Orange, NJ, USA
Uppsala, Sweden

Los Angeles, CA, USA
Columbia, SC, USA
Montpellier, France

Salt Lake City, UT, USA
Utrecht, Netherlands
Nashville, TN, USA
Victoria, BC, Canada
Vienna, Austria
Charlottesville, VA, USA
Blacksburg, VA, USA
Amsterdam, Netherlands
Warsaw, Poland

Seattle, WA, USA
Detroit, MI, USA

Wien, Austria
Williamsburg, VA, USA
Warsaw, Poland
Madison, W1, USA
Johannesburg, S. Africa
Kalamazoo, MJ, USA
Woodstock, MD, USA
‘Wuppertal, West Germany
‘Wuppertal, West Germany
‘Wurzburg, West Germany
St. Louis, MO, USA
Laramie, WY, USA

New Haven, CT, USA
Yerevan, Armenia, USSR
Yokohama, Japan
Toronto, ON, Canada
Zagreb, Yugoslavia
Zaragosa, Spain
Amsterdam, Netherlands
Zurich, Switzerland
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GAUGE BOSONS

3

GALACTIC MAG _FLD
SEE CR]TIC]SH IN KRDLL 71 AND GOLDHABER 71.

1 =01077)

¥ MASS (MeV)
M F (6. E-21)0R LESS PATEL 65 SATELLITE DATA
M (6. E-21)0R LESS GINTSBURG 64 SATELLITE DATA
M (2.3E-21)0R LESS GOLDHABER 68 SATELLITE DATA
M F (6. E-23)0R LESS FRANKEN 71 LOW FREQ RES CIR
M (1. E-20)0R LESS WILLIAMS 71 CNTR TESTS GAUSS LAW
L] {7.3E-2230R LESS HOLLWEG 76 ALFVEN WAVES
M LESS CL=.997 DAVIS 75 JUPITER MAGFIELD
M
M

3. E OR LESS
VALIDITY QUESTIONABLE.

GINTSBUR 64 SOV ASTR AJ7 536 M.
3

REFERENCES FOR 7y

A. GINTSBURG (ACAD SCI,USSR)

PATEL 65 PL 1 105 V. L. PATEL (DURHAM)
GOLDHABE 68 PRL 21 567 A. GOLDHABER,M. NIETO (STONY BROOK)
FRANKEN 71 PRL 26 115 P A FRANKEN, G W AMPULSKI (MICH)
WILLIAMS 71 PRL 26 721 +FALLER  HILL (WESLEYAN)
HOLLWEG 74 PRL 32 961 J V HOLLWEG (NATL CENTER FOR ATMOS RESRCH)
DAVIS 75 PRL 35 1402 +GOLDHABER NIETO (CIT+STON+LASLY
CHIBISQY 76 SPU 19 624 G.B.CHIBISOV (LEBD)

GOLDHABE 71

KROLL
BYRNE

PAPERS NOT REFERRED TO [N DATA LISTINGS
RMP 43 277 A S GOLDHABER, M M NIETO (STON+BOHR +UCSB)
71 PRL 26 1395 N M KROLL (SLAC)
77 AST.SP.SCI.46 115 J.C.BYRNE (LOIC)

J=1

MEASUREMENTS OF CHARGED WEAK GAUGE BOSON PARAMETERS ARE LISTED

HERE. SEE ALSO OTHER STABLE PARTICLE SEARCHES SECTION.
W MASS (GeV)
M 81.) (5.) ARNISCN 83 UAT REPL.BY ARNISONZ 83
M 27  (80.9» 2.9 ARNISONZ 83 UAR1 P PBAR ECM=546 GEY
M8 (81.0) (2.8) BAGNAIA 85 UA2 P PBAR ECM-546 GEV
" L(80.) <10 (6.)  BANNER _ 83 UAZ P
M C 14 (81.0) 6.) 7.0 ARNISONZ2 84 UA1 P
M b 37 (83.1) (2.3 BAGNAIA 84 UA2 P
M E 119 81.2 1.7 APPEL 86 UAZ P EC
M F 86 83.5 2.9 ARNISON 86 UA1 P PBAR ECM=546+630
M
M B BAGNAIA 83 MASS 15 PRELIMINARY VALUE OBTAINED IN ZO EXPERIMENT
M C USING W+- INTO MU+- NU B
M D STAT. (1.9) AND SYST.(1.3) ERRORS ADDED IN QUADRATURE.
M E ERRORS ADDED IN QUADRATURE INCLUDE STAT. (+~=1.D), SYST. WHICH
M E CANCELS IN MW/MZ (+-1,3), AND NON-CANCELLING SYST. («-0.5).
M F  THIS IS ENHANCED SUBSAMPLE OF 172 TOTAL EVENTS
M Ff  STAT (+1.1-1.D) AND SYST (2.7) ERRORS ADBED IN QUADRATURE.
L . .- -
M AVE 818’ 1.5 AVERAGE
W WIDTH (GeV)
W 27 (7.} OR LESS CL=.90 ARNISONZ 83 UA1 P PBAR ECM=546 GEV
W 119 (7.) OR LESS CL=.90  APPEL 86 UAZ P PBAR ECM=546+630
w F 86 6.5 OR LESS (C1=.9D ARNISDN 86 UA1 P PBAR ECM=546:630
W F IF SYSTEMATIC ERROR IS NEGLECTED, RESULT IS 2.7+1.4-1.5 GEV,
W F THIS IS ENHANCED SUBSAMPLE OF 172 TOTAL EVENTS.
W ANOMALOUS MAGNETIC MOMENT
WMG A.M.M.=1 IN STANDARD THEORY.
WMG A o6 84 THY
WMG A HERZOG B4 CONSIDER THE CONTRIBUTIDN OF W-BOSON TO MUON MAGNETIC
WMG A MOMENT INCLUDING ANOMALOUS COUPLING OF W-W-GAMMA. OBTAIN A LIMIT
WMG A O < A.M.M. < 2 IF MASS SCALE OF UNDERLYING THEORY(CUT~OFF) IS 1 TEV
W PARTIAL DECAY MODES
DECAY MASSES

P wt . eZy 511+ 0
P2 wE o oty 06 0
P3 wE o eXpy 511 0+ O
P wt o utvy 106+ 0+ O

wt
R1
R1

w

wE
R5
R5

wt
R6
]
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W BRANCHING RATIOS
& (e p)ftotal Py
119 SEEN APFEL 86 UAZ P PBAR ECM-506-630
172 SEEN ARNISON 86 UA1 P PBAR ECM=546.650
- (u*¥)total P2)
16 SEEN ARNISON2 84 UAT P PBAR ECM:=546 GEV '
- (uE)e*y) P2y 1¢P1)
1.24 0.6 0.4 ARNISONZ 84 UAT P PEAR ECM-546 GEV |
- etyy P3)
A TEVT S 524> B NU EVIS  ARNISON 84 UAT P PBAR ECH-545 GEY
0 EVT VS 119 W--> E NU EVTS APPEL 86 P PBAR ECM=546-630
A ARNISON B4 W-->E NU GAMMA ONE EVENT IS CUNS!STENT WITH QED BREMS.
A MASS NOT RESTRICTED TO W MASS.
- pEry )
A 0 EVT VS 18 W--> MU NU EVTS ARNISON B4 UA1 P PBAR ECM=546 GEV 1
A MASS NOT RESTRICTED TO W MASS.
> (eTyy)fery) 3713
0.1 OR LESS CL=.90 ARNISON B4 UAT P PBAR ECM=546 GEV |
A AFTER ACCOUNT FOR SELECTION EFFICIENCY AND GEOMETRIC ACCERTANCE.

REFERENCES FOR W

ARNISON 83 PL 1228 103 UA1 COLLAB, (AACH+LAPP+BIRM+CERN<HELS+LOGM+)
ARNISONZ 83 PL 1298 273 UAT COLLAB.{AACH+LAPP+BIRM+CERN+HELS+LOGM+)
BAGNAIA B3 PL 1298 130 (A2 COLLAB. (BERN+CERN+BONR+LALO+PAVI+SACL)
BANNER 83 PL 122B 476 UA2 COLLAB. (BERN+CERN+BOHR+LALO+PAVI+SACL)
ARNISON 84 PL 135B 250 UA1 COLLAB.(AACH+LAPP+BIRM+CERN+HELS+L0QM+)
ARNISONZ B4 PL 134B 469 UA1 COLLAB.(AACH+LAPP+BIRM+CERN+HARV+HELS+)
BAGNATA 84 ZPHY C24 1 VA2 COLLAB.{BERN+LERN+BORR+DRSA+PAVI+SALL+)
HERZ0G 84 PL 1488 355 F.HERZOG (WISC)
APPEL 86 ZPHY C TO BE PUB UA2 COLLAB.(BERN+CERN+BOHR+HEID+ORSA<PAVI+)
ARNISON 86 PL B TD BE PUB UA1 COLLAB.(AACH+ANIK+LAPP+BIRM+LERN+HARV~)

J=1

MEASUREMENTS OF NEUTRAL WEAK GAUGE BOSON PARAMETERS ARE LISTED
HERE. SEE ALSO OTHER STABLE PARTICLE SEARCHES SECTION.
SPIN FROM STANDARD MODEL.

Z MASS (GeV)

M 5 (95.2) (2.5 ARNISON 83 UA1 REPL.BY ARNISONZ 83
) 5 (95.6)  (3.2) ARNISON2 83 UA1 P P M=546 GEV
I L9119 (1.9 BAGNAIA 83 UA2 P PBAR 46 GEV
Mooa (85.8)  (7.0)  (5.4) ARNISONZ B UAT P PBAR 46 GEV
M B 4 (92.7) 2.2 BAEBNATA B4 UAZ P PBAR 46 GEV
Moc 13 925 2.0 APPEL B6 UAZ P PBAR 464630
M b 14 93.0 3.3 ARNISON  B6 UAT P PEAR ECM=546+630
M A FROM & MUs MU-, 1 MU+ MU~ GAMMA.
M B REANALYSIS OF EAGNAIA 83 AFTER RECALIBRATION OF CALORIMETER.
b B STAT. (1.7) AND SYST. (1.4) ERRDRS ADDED IN QUADRATURE.
M ¢ STAT. (1.3) AND SYST. (1.5) ERRORS ADDED IN QUADRATURE.
M b STAT. (1.4) AND SYST. (3.0) ERRORS ADDED IN QUADRATURE.
M P )
M AVG 92.6 1.7 AVERAGE

Z WIDTH (GeV)
W 4 (10.2) OR LESS ¢ ARNISON 83 UA1 REPL.BY ARNISONZ 83
W 4 (8.5) OR LESS ¢ ARNISON2 83 UA1 P M=546 GEV
W 4 (11)  OR LESS ¢ BAGNAIA 83 UA2 P 46 GEV
W 13 (6.5) OR LESS ¢ BAGNAIA 84 UA2 P L6 GEV
W B 4 {2.6) OR LESS ¢ BAGNALA 84 UAZ P 46 GEV
W 13 416 OR LESS ¢ APPEL uAz P 46.630
W C 13 (3.2) OR LESS ¢ APPEL 86 UAZ P 464630
W c 1 (2.2 €0.7) APPEL 86 UA2 P 464630
W D 14 (B.3) OR LESS .90 ARNISON 86 UA1 P PBAR EC 46+630
N ) AAT10°0E72 AND W PRODUCTION GIVES Z-WIDTH < W-WIDTH *(0.93.-0.09).
W B ASSUMING W-WIDTH = 2,77 GEV, GIVES Z-WIDTH < 2.64-0.3 GEV.
W C RATIO OF Z AND W PRODUCTION GIVES EITHER
W C Z-WIDTH < W-WIDTH * (1.2+-0.1) CL=.90
W C Z-WIDTH = W-WIDTH * (0.83+0.26-0.22).
W C ASSUMING STD MDDEL VALUE W-WIDTH =2.65 GEV THEN GIVES
W C Z-WIDTH < (3.2+-0.2) OR = 2.2+0.7-0.5 WITH SY§T, ERROR=0.22.
W D IF SYSTEMATIC ERROR 1S NEGLECTED, RESULT IS 3.9+2.3-1.5 GEv.

Z PARTIAL DECAY MODES
DECAY- MASSES
P Z - ete” .511..511
P2 Z - ptp~ 106+ 106
P3 Z - ete v 5114.511. 0
P4 Z - ptpy 106+ 106+ 0
Z BRANCHING RATIOS

Z - (et e )/total 1)
R1 4 SEEN ARNISON B3 UA1 P PBAR ECM=546 GEV
R1 B 8 SEEN BAGNATA 83 UA2 P PBAR ECM=546 GEV
R1 43 SEEN APPEL 86 UA2 P PBAR ECM=5464630
R1 16 SEEN ISCN 86 UA1 P PBAR ELM=546+630
R1 B BAGNAIA B3 INTERPRET THEIR EVENTS AS EITHER (Z--»E+ E-) OR
R B (I--—-E+ E- GAM
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Z. Neutrinos

Z ~ (gt p7)/total »D
R2 1 SEEN ARNISON 83 UAT P PBAR ECM=546 GEV
Z -~ (et e~ y)/total P3)
R4 1983 RADIATIVE 20 DECAY EVENTS (Z0-->E+E-GAMMA, Z0-->MU+MU-GAMMA}

R4 ARE IN EXCESS OF EXPECTED BREMSSTRAHLUNG RATE. IF

R& Z0---X GAMMA WITH X-->E+E-, THE TWO E+E- GAMMA EVENTS GIVE

R4 Mx=4D-50 GEV. ELECTRON HIDTH OF X ABOUT 1 MEV. SEE ALSO SUBSECTIDNS
R4 ON W--2E NU GAM AND ON X HYPOTH IN OTHER STABLE PARTICLE SEARCHES.

R4 A 1 SEEN IN & E+E~ EVTS ARNISON 83 UA1 P PBAR ECM=546 GEV
R4 B 1 SEEN IN 8 E+E- EVTS BAGNATA 83 UA2 P PBAR ECM=546 GEV
R4 € 1 SEEN IN 13 E+E- EVTS APPEL 8 UAZ P PBAR ECM-546+630
R4 A ARNISON B3 EVENT HAS NEGATIVE TRACK OF 9+-1 GEV WITH CALORIMETER

R4 A DEPOSITION OF 48+-1 GEV. INTERPRETED AS HARD GAMMA PLUS E-.

R& B BAGNALA 83 EVENT HAS 3 BODY TOPOLOGY WITH GAMMA AND E- HIT SEPARATE
R4 B CELLS.

R4 C INCLUDES EVT OF BAGNAIA 83. PROB OF INTERNAL BREM = 19 PERCENT.

zZ — (u ©” y)/total P4
RS 1 SEEN ARNISON 84 UA1 P PBAR ECM=546 GEV

RS 2 SEEN IN 5 MU+MU- EVENTS ARNISON2 84 UA1 P PBAR ECM=546 GEV
RS A ARNISON 84 EVENT HAS HARD PHOTON WITH ENERGY FRACTION OF D.35 AND
R5 A ANGLE OF 9 DEGREES FROM MU«. HARD TO INTERPRET AS INTERNAL BREMS.

CHARGE ASYMMETRY IN ete~ - pt ™ (including rad. corrections)

208 A BARTEL 82 JADE ECM=25.-36.8GEV
70a B FERNANDEZ 83 MAL ECM=29 GEV

08 C ALTHOFF =34.4 GEV
08 D ADEVA h.-66.8 GEV
Z0A E ASH GEV

Z0A F BARTEL 2.-46 GEV
08 G DERRICK HRS ECM=29 GEV

‘Z0A A BARTEL 82 OBTAINED A=-0.118+-.038 AFTER RAD. COR. AND FOR

Z0A A COS{THETA) WITHIN (+-0.8). CONSISTENT WITH STANDARD MODEL

Z0A A PREDICTION A=-0.078).

Z0A B FERNANDEZ 83 GOT A=-.076+.018-.003.ST.MODEL(INCL.RC) GIVES A=-.060.

Z0A C ALTHOFF B4 OBTAINED A=-,098+-.023+-.005, SIN(THETA/W)**2=.27+-.07.

Z0A D ADEVA 85 OBSERVE ASYMMETRY (STD NUDEL) VS S*%1/2

204 D +5.3+-5.0 .5 14.0 GEV
0a D =11 7417 ( 8 5) 34.6 GEV
208 D ~16.7+-4,0 (-16.0) 44 .6 GEV

204 E ASH 85 OBSERVE -0.063+-0.008+-0.002.
Z0A E FROM 16000 EVENTS.

STD MODEL GIVES -0.063

204a

Z0A F BARTEL 85 DBSERVE ASYMMETRY (STD HODEL) Vs §**1/2
208 F +2.44-4.3 13.9 GEV
Z0A F -10.3+-1.6+-0.9 ( 7 é) 34.4 GEV
Z0A F =17.7+-3.8+-1.6 (-12.5) 42.4 GEV
z0a

Z0A G DERRICK 85 OBSERVE A=-0. 049»—0 015+-0.005 CONSISTENT WITH THEORY
Z0A G VALUE (WITH RAD. CORR'S) OF 0.059.

CHARGE ASYMMETRY IN ete™ . 7+ 77 (including rad. corrections)

0T A BARTELZ 85 JADE ECM=30-46.8 GEV
Z0T A BARTELZ 85 OBSERVE ASYMHETWV (STD MODEL) VS 5**1/2
Z0T A -6.04-2.5+-1.0 - 34.6 GEV
07T A -11.84-4.6+-1.0 (-14, 8) 43.0 GEV
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LEPTONS

NOTE ON NEUTRINOS

(by R.E. Shrock, State Univ. of New York, Stony
Broock)

With the 1982 edition of this Review, the section on
neutrino properties was expanded and reorganized. As
before, there are listings which deal specifically with v,

v ,and v, In addition, in the category of searches near
the end of the Stable Particle Full Listings, we include
sections which deal with correlated bounds on neutrino
masses and lepton mixing but which do not pertain to
any one weak eigenstate individually. Furthermore, we
include constraints from cosmological and astrophysical
data. (Since this Review is a compendium of data tradi-
tionally derived more or less directly from particle and
nuclear physics, we have been somewhat less compre-
hensive in our coverage of astrophysical data.)

To summarize the current (December 1985) status,
there is no undisputed experimental evidence for
nonzero neutrino masses or mixing. The ITEP reports
of a nonzero m(v,) observed in the decay 3
Me+e ™ +7 v, (LUBIMOV 80, LUBIMOV 83, BORIS
85) remain the only definite claims not directly contrad-
icted by other experiments. However, from indepen-
dent theoretical analysis of these data, it has been
argued (SIMPSON 84, BERKVI1 85, BERKVI2 85)
that, contrary to the ITEP claims, the ITEP data do not
imply a nonzero value of m(u,).

In contrast to the other particles in this Review, the
neutrinos Vgr V
(that is, states which couple weakly with unit strength to
e, v, and 7) and are not, in general, states of definite
mass. In the standard model, where all neutrinos zre
assumed to be massless and hence degenerate, it is pos-
sible to define the weak eigenstates to be simultaneously
mass eigenstates. However, in the general case of possi-
bly massive (nondegenerate) neutrinos, the weak eigen-
states have no well-defined masses, but instead are
linear combinations of mass eigenstates. Let us denote
the charged leptons as the set {(a}, a=1,---.n, 7
where n = 3 is the number of generations, with € =e,
b= b= r In the standard SU(Z)L x U(1) elec-
troweak theory the mixing of the left-handed com-
ponents of the mass eigenstates (v;); to form the weak
gauge-group eigenstates (vg ) is specified by the
transformation

, and v are defined as weak eigenstates

(Vga ) = 2 (V ) L

where U = U~ (In the case of Dirac neutrinos there
are right-handed components of the v i but they are
singlets under the gauge group; in the case of Majorana
neutrinos in the standard theory there are no indepen-
dent right-handed components.) The ordering of the
mass eigenbasis is defined such that U is as nearly diag-
onal as possible, i.e., |U;;| (no sum on j) = ] sk

# j. This does not imply that m(u,-) > mv) 1f] >



For notation, see key on page 91.

k, although this ordering might be regarded as natural
in view of the similar one that obtains in the quark sec-
tor. The virtue of this convention is that a mass limit
on “m(v, )’ can

be used asa a definite limit on v it j = a, the dominantly
coupled mass eigenstate in v, .

Thus, in this general case gf n possibly massive
(Dirac or Majorana) neutrinos, decays such as H.
e+ e~ +7v, and a7 - u¥ +» , which have been
used to set the best bounds on the respective neutrino
masses, really consist of incoherent sums of the separate
decay modes 3H 5 3He + e~ +'V_j and 7t > u+ + v
where the v, v, are mass eigenstates, and the indices j
and k range over the subset {1, s, n} allowed by
phase space in these two respective decays.2 The cou-
pling strengths for the j " modes are given for the two
decays by the factors | U j |2 and | U, j |2, respectively.
There are, in addition, certain kinematic factors depend-
ing on the m{v j) which enter in determining the branch-
ing ratio for the j th decay mode. Assuming that the
off-diagonal elements of the lepton mixing matrix U are
small relative to the diagonal elements, the dominantly
coupled decays are the ones with coupling strength
| Uaj |2, a=j,lie., 3H > 3He+ e~ +71 and 77 >
u+ + vy.

It follows that the old neutrino mass limits quoted in
the literature for “m (v o) “mv ) and “m(uT)” are
meaningful only insofar as they are reinterpreted as lim-
its on the corresponding mass eigenstates. Specifically,
a bound such as the Bergkvist lirnil,3 “my ) < 60 eV
(90% CL), really constitutes a weighted limit on each of
the mass eigenstates v . in the weak eigenstate » e which
are kinematically allowed to occur in tritium decay and
which are coupled with strength | U, j |2 sufficiently
large to make a significant contribution to the observed
spectrum. It is thus certainly a limit on »;. If leptonic
mixing is hierarchical as quark mixing is known to be
(at least for the first three generations), i.e., |U i |2 >>
|U ik |2, Jj # k, then 2 is the only mass eigenstate sig-
nificantly constrained by a bound on “m (v 0)-” Further-
more, a neutrino mass limit cannot be stated in isola-
tion; it always contains some implicit dependence on
the relevant lepton mixing angles. Fortunately, this
dependence is relatively unimportant for the dominantly
coupled decay modes, i.e., €v, uv,, and 7v3. Since
these modes were the ones responsible for the mass lim-
its given previously, the latter can be reinterpreted
without significant complication as proper limits on
m;), j =1,2,and 3, respectively.
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In addition to mass and lifetime limits, we have
added data on neutrino magnetic dipole moments.
These are of interest because a massless, purely chiral
(empirically, left-handed) Dirac neutrino cannot have a
magnetic (or electric) dipole moment. The same is true
for a Majorana neutrino, whether massless or massive,
because of its defining property of being self-conjugate.

If one considers the possibility of nonzero masses for
neutrinos, for consistency one must also consider the
leptonic mixing which would in general occur concomi-
tantly. Accordingly we have devoted one category in
the searches section to correlated bounds on neutrino
masses and lepton mixing angles. These can be divided
into two types. First, there are those due to decays
involving neutrinos in the final state, which must be
recognized to have the possible multimode structure
pointed out above. In the two most sensitive cases sug-
gested as tests for neutrino masses and mixing,2 one
obtains a limit on m(v;) and | Uaj |2 individually for
each j. Second, there are those due to processes involv-
ing the propagation and subsequent interaction of neu-
trinos. The latter are often called neutrino “oscilla-
tion™3 limits, although this term is correct only if the
differences in neutrino masses are sufficiently small rela-
tive to their momenta that the propagation is effectively
coherent in a quantum mechanical sense; otherwise, the
individual v from a given decay such as T, OF Ku?-
propagate in a measurably incoherent manner and there
is no “oscillation.” Experimentalists usually present
their results in terms of a simplifying model in which
mixing is assumed to occur only between two neutrino
species. Then the transformation equation becomes

v ¢, cosf sinf v;

Vib = | —sinf® cosf v
Let the distance between the source of the neutrinos and
their point of interaction be labeled as x, and their
energy as E. Assume furthermore that the m (v j) are
such that the coherence assumption is valid. Then, the
probability of an initial Vfa being equal to V(;b at time 7,
or equivalently (given the above assumption) at distance
X =t,is

2
2 _ §in2 .2 | Amtx
|<ng(0)|vfa(z‘)>| = sin“2f sin [ iE J \

where

Aam? = m(vl-)z—m(vj)z.
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Thus, neutrino oscillation experiments cannot measure
individual neutrino masses, but only differences of
masses squared, and indeed these are generally weighted
in a more complicated way by mixing-matrix
coefficients than in the two-species model. Experimen-
tal results are presented as allowed regions on a plot, the
axes of which are |Am2| and sin20. These are often
summarized in terms of the asymptotic limits

|Am2 | max for sin226 = 1, and sin2 29 for “large”

|Am2 |, i.e., sufficiently Jarge ]Amzl that the detector
averages over many cycles of oscillation (or there ceases
to be any coherence). We refer the reader to the original
papers for the two-dimensional plots; for the purpose of
these Full Listings, we shall give only the asymptotic
limits.

An important question has to do with whether neu-
trinos are Dirac or Majorana (self-conjugate) particles.
In the former case neutrinoless double beta decay, (Z,A)
- (Z+2,4)y+ e + e, is forbidden from occurring."’
In the Majorana case it may occur if (a) neutrinos are
massive and/or (b) there are right-handed leptonic
currents. In the light-neutrino case an upper limit on
neutrinoless double beta decay yields a correlated upper
bound on the quantity

L 2
E L'lj m(vj)
j=1

m =

and 7, the fractional admixture of right-handed leptonic
current.

The correlated limits given in the section on Massive
Neutrinos and Lepton Mixing are in digital form. For
recent compendia of limits in convenient graphical
form, see Refs. S and 6, and Figs. 1 and 2 (pp. 332-333)
of Ref. 7.

Further explanatory notes are included in the Full
Listings.
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v, “MASS” (eV)

APPLIES TO NU(1), THE PRIMARY MASS EIGENSTATE IN NUCE). WOULD ALSO
APPLY TO ANY OTHER NU(J) WHICH MIXES STRONGLY IN NUCE) AND HAS
SUFFICIENTLY SMALL MASS THAT IT CAN OCCUR IN THE RESPECTIVE DECAYS.
THE NEUTRINO MASS MAY BE OF DIRAC OR MAJORANA TYPE; THE FORMER
CONSERVES TOTAL LEPTON NUMBER WHILE THE LATTER VIOLATES IT.

IN GENERAL, EITHER WOULD YIOLATE LEPTON FAMILY NUMBER, SINCE
NOTHING FORCES THE NEUTRIND MASS EIGENSTATES TO COINCIDE WITH THE
NEUTRING INTERACTION EIGENSTATES. FOR LIMITS ON MAJORANA NU(E)
MASS, SEE THE SECTION ON MASSIVE NEUTRINOS AND LEPTON MIXING,

PART 5(C), ENTITLED SEARCHES FOR NEUTRINOLESS DOUBLE BETA DECAY.

NOTE -- THE ABBREVIATION ANU IS USED BELOW FQR NUBAR

(250.3  OR LESS LANGER 52 CNTR  ANUCE), TRITIUM
(500.)  OR LESS HAMILTON 53 CNTR ANUCE), TRITIUM
(550.)  (280.) FRIEDMAN 58 CNTR ANUCE), TRITIUM
¢4100.)  OR LESS CL=.67 BECK 68 CNTR NU, SODIUM 22
(500.) OR LESS CL=.90  DARIS 69 CNTR ANUCE), TRITIUM
(320.) OR LESS CL=.90  SALGO 69 CNTR ANUCE), TRITIUM
¢60.)> OR LESS CL=.90 BERGKVIS 72 CNTR  ANUCE), TRITIUM
(B6.> OR LESS CL=.90 RODE 72 CNTR  ANUCE), TRITIUM
(100.)  OR LESS PIEL 73 CNTR  ANUCE), TRITIUM
(4.5E5)0R LESS CL=.90  CLARK 76 ASPK  KE3 DECAY
(35.)> OR LESS CL=.90 TRETYAKOV 76 SPEC  ANUCE), TRITIUM
(16.) TO 46. CL=.99  LUBIMOV 80 SPEC  ANUCE), TRITIUM
(65.) OR LESS CL=.95 SIMPSON 81 CNTR ANUCE), TRITIUM
¢1300.)  OR LESS ANDERSEN 82 CNTR NU, HOLMIUM 163
(50.) OR LESS CL=.90 DERBIN 83 CNTR  ANU(E), TRITIUM
¢500.) OR LESS CL=.90 JONSON 83 CNTR NU, PLATINUM 193
(20.> OR MORE CL=.95 LUBIMOV 835 CNTR  ANUCE), TRITIUM
(1250.) OR LESS YASUMI 83 CNTR NU, HOLMIUM 163
(20.> TO 45. NO CL BORLS 85 CNTR ANUCE), TRITIUM
DARIS 69 VALUE 75EV(CL=.67) DISAGREES WITH THEIR FIG.6. WE USE

FIG.6.

TRETYAKOV 76 DATA INCLUDED, AT LEAST IN PART, IN LUBIMOV 80.

NOTE THAT LUBIMDV 83 REMARKS THAT THE 14 EV LOWER LIMIT GOES TO
ZERO IF THE INTRINSIC RESOLUTION OF THE CONVERSION LINES USED FOR
CALIBRATION ARE TAKEN INTQ ACCOUNT. A DETAJLED DISCUSSION IS GIVEN
BY SIMPSON B4. SEE ALSO THE DISCUSSION OF THE LUBIMOY 80 RESULT
BY BERGKVIST 80, WE CONTINUE TO USE UPPER LIMIT FROM LUBIMOV 80
IN THE STABLE PARTICLE SUMMARY TABLE.

LIMIT OBTAINED BY YASUMI 83 ASSUMES UPPER LIMIT ON Q-VALUE
REPORTED BY ANDERSEN 82.

PRELIMINARY RESULT FROM BRIGHTON CONF. SEE SIMPSON 84 AND BERGKVI?
WHOSE INDEPENDENT THEORETICAL ANALYSES OF LUMIMOV 83 DATA DISAGREE
WITH LUBIMOV 83 CLAIM OF NONZERO MASS,

INDEPENDENT THEORETICAL ANALYSIS BY BERGKVI2 85 OF BORIS 85 DATA
(LUBIMOV DATA) DISAGREES WITH BORIS 85 CLAIM Of NONZERO MASS.
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¥y — v, MASS DIFFERENCE (eV)

EST OF CPT FOR A DIRAC NU (NOT A VERY STRONG TEST)
{4100.) OR LESS CL=.67 BECK 68 CNTR SODIUM 22
(4.5E5)OR LESS CL=.90 CLARK 74 ASPX KE3 DECAY
€1300.)> OR LESS ANDERSEN 82 CNTR NU, HOLMIUM 163
1250. OR LESS MI a3 U, HOLMIUM 163

YASU CNTR
ASSUMES UPPER LIMIT ON @-VALUE REPORTED BY ANDERSEN B82.

[ P R = g g
EEEEE-EE R

v (MEAN LIFE)/MASS (sec/eV)

3. E OR _MORE REINES 74 CNTR NUBAI

REINES 74 LOOKED FOR NU(E) OF NON-ZERG MASS DECAYING TO A NEUTRAL
OF LESSER MASS + GAMMA. USED LIQUID SCINT. DETECTOR NEAR FISSION
REACTOR. FINDS LAB LIFETIME 6.E? SEC OR MORE. ABOVE VALUE OF

(MEAN LIFE)/MASS ASSUMES AVG. EFFECTIVE NEUTRINO ENERGY CIF O 2MEV.
TO OBTAIN THE LIMIT 6.E7 SEC REINES 74 ASSUMED THAT THE
NUBARCE) REACTOR FLUX COULD BE RESPONSIBLE FOR YIELDING
WITH PHOTON ENERGIES IN THE INTERVAL 0.1 MEV TO 0.5 MEV.
REPRESENTS SOME OVERESTIMATE SO THEIR LOWER LIMIT IS AN OVER-
ESTIMATE OF THE LAB LIFETIME (P. VOGEL, PRIV. COMM., 1%84).

¥, MAGNETIC MOMENT (eV/gauss)

MUST VANISH FOR MAJORANA NEUTRINO OR PURELY CHIRAL MASSLESS
DIRAC NEUTRINO
MM B ¢1.1E-17)0R LESS BERNSTEIN 63
MM B BERNSTEIN 63 IS A THEQORETICAL ANALYSIS OF REACTOR NUBARCE)
MM B SCATTERING DATA.
REFERENCES FOR v,

LANGER 52 PR 88 689 L M LANGER,R J D MOFFAT (INDIANA)
HAMILTON 53 PR 92 1521 D HAMILTON,Ww P ALFQRD,L GROSS (PRINCETON)
FRIEDMAN 58 PR 109 22114 LEWIS FRIEDMAN,LINCOLN G SMITH (BNL)
BERNSTEI 63 PR 132 1227 BERNSTEIN,RUDERMAN ,FEINBERE (NYU+COLU)
BECK 68 ZPHY 216 229 E BECK,H DANIEL {MPIH
DARIS 69 NP A138 545 R DARIS,C ST-PIERRE (LAYAL~QUEBEC)
SALGO 69 NP A138 417 R C SALGO,H H STAUB C(ZURICH)
BERGKVIS 72 NP B39 317 KARL-ERIK BERGKYIST C(UNIV STOCKHOLM)
RODE 72 LNC 13 B RODE,H DANIEL (MUNICH+MPIH)
PIEL 73 NP A203 369 UILLIAM F. PIEL IND)
CLARK 74 PR D9 533 +ELIOFF,FRISCH, JOHNSON KERTH, SHEN+ (LBL)
REINES 74 PRL 32 180 +SOBEL , EURR uciy

ALSO 78 PRIVATE COMM. Y. BARNES (PURD)
TRETYAKO 76 BASUP 40 10-1 TRETYAKOV+ EP)

ALSO 76 NU CONF. AACHEN TRETYAKOV,MYASDEDCV, APAL IKOV, KONYAEV&(ITEP)
BERGKVIS. 80 NEUTRINO 80,ERICE K.E.BERGK VIST (STOH
LUBIMOV 80 PL 948 +NOVIKOV,NOZIK, TRETYAKDV,KOSIK (ITEP)

ALSO 80 SJUNP 32 154 (YF 32 301) KUZIK,LUBIHOV,NUVIKUV,& CITEP)

ALSO B1 JETP 54 616 (ZETF 81 1158) LUBIMOY,NOVIKOV,NOZIK+(ITEP)
SIMPSON 81 PR D23 649 J.J.SIMPSON C(GUEL)
ANDERSEN 82 PL 113B 72 +BEYER, CHARPAK,DERUJULA + (AARH+CERN+RISO)
DERBIN 83 SJUNP 3B 665 DERBIN,POPEKO CLENINGRAD)
JONSON 83 NP A396 479C +ANDERSEN ,BEYER+ {CERN+AARH+BOHR+LUND)
LUBIMOV 83 BRIGHTON CONF. PROC. OF HEP 83, 386 CITEP)
YASUMI B3 PL 122B 461 +RAJASEKARAN, ANDD+(KEK+OSAK+TINT¢TOH0+TSUK)
SIMPSON B4 PR D3D 1110 J.J. SIMPSON
BERGKVI1 BS PL 154B 224 K.E. BERGKVIST {STOH)
BERGKVI2 B85 PL 1598 4D8 K.E. BERGKYISY {STOH)
BORIS 85 PL 1598 217 +GOLUTVIN,LAPTIN,LUBIMOQV, + (ITEP)

ALSO 85 JETPL 42 130 BORIS,GOLUTVIN,LAPTIN,LUBIMOY, + (ITEP)

-1
J 2
e MASS (MeV)

M €0.511006 0.00002) CCHEN 65 RVUE
M €0.5110041 .0000016) TAYLOR 6% RVUE USING NEW E/H
L] 0.5110034 .0000014 COHEN 73 RVUE

L

B e b b e pugupg
w wn

wmwn

e MEAN LIFE / BRANCHING FRACTION (years)

TEST OF CHARGE CONSERVATION

(2. E21) OR MORE MOE 65 CNTR SEE NOTE S BELOW
(4. E22) OR MOE 65 CNTR E- —-> NU GAMMA
(5.3E21) OR STEINBERG 75 CNTR SEE NOTE S BELQW
2. E22 OR KOVALCHUK 72 CNTR SEE NOTE § BELOW
(3.5E23) DR KOVALCHUK 79 CNTR E- -=> NU GAMMA
(3. E23) BELLOTTI 83 CNTR E- -—> NU GAMMA

E2 UR MORE BELLOTTI 83 CNTR SEE NOTE B BELOW

L=
SEE HOE 65 FOR DISCUSSION OF EARLIER EXPERIMENTS.
MOE 65 LIMIT REESTIMATED BY STEINBERG 75 TO BE (1.
THESE LIMITS ARE FOR ALL MODES IN WHICH DECAY PART!CLES ESCAPE
FROM THE DETECTOR WITHOUT DEPOSITING ENERGY.
SECOND LIMIT OF BELLOTTI 83 IS FOR DISAPPEARANCE OF K-ELECTRONS IN
GE-ATOMS. THIS WOULD PRODUCE A PEAK IN THE GE(LI) COUNTER SPECTRUM.
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Vs e, I/,_L
e MAGNETIC MOMENT (e/2m,)
MM ELECTRON OR POSITRON G6/2-VALUE
MM THIS IS MAGNETIC MOMENT IN UNITS {(E/2ME-) FOR E-, (E/2ME+) FOR E+.
MM FOR REVIEWS OF THEORY AND EXPERIMENTS, SEE KINOSHIA 78, LAUTRUP 72,
MM AND RICH 72.
MM FOR MOST ACCURATE THEDRETICAL CALCULATION, SEE KINOSHITA 81.
MM ¢1.0011609) +=(24)E-7 SCHUPP 61 CNTR -
MM ¢1.001159622) +-(27)E-9 WILKINSON 63 CNTR
MM (1.001168) +-(22)E-6 RICH 66 CNTR + POSITRON
MM R (1.001159557) +-(30)E-9 RICH 68 CNTR
MM (1.0011596389)+-(31)E-10 TAYLOR 69 RVUE
MM (1.001159644) +«-(7)E-9 WESLEY 70 CNTR
MM (1.0011596577>+-(35)E-10 WESLEY 71 CNTR -
MM (1.0011603) +-{12)E-7 GILLELAND 72 CNTR +
MM (1.0011596567)+-(35)E-10 COHEN 73 RVUE
MM (1.001159667) +-(24)E-9 WALLS 73 CNTR - BOLOMETRIC TECHN
MM €1.00115965241)+-(20)E-11 VANDYCK 77 CNTR - RPL.BY VANDY({K?79
MM V 1.001159652200+-(40)E-12 VANDYCK 79 CNTR - PENNING TRAP
MM 1.001159652222+-(50)E-12 SCHWINBER 81 CNTR + PENNING TRAP
MM R RICH 68 18 REEVALUATION OF WILKINSON 63.
MM ¥V VANDYCK 79 CONFIRMED FINAL BY H. DEHMELT, PRIV. COMM,
MM AVG 1.001159652209+~(31)E-12 AVERAGE 1
MM AVERAGE ASSUMING EQUAL G/2-VALUES FOR E+ AND E- BY CPT.
MMR POS!TRDN/ELECTRON G-FACTOR RATIO MINUS ONE, (G+/G-)-1
MMR TEST OF
MMR (1.6E~ 8) OR LESS ({L=.95 SEREUNYAK 77 CNTR ME+=ME- ASSUMED
MMR 2.2E-11 6.4E-11 SCHWINBER 81 ELEC PENNING TRAP
e ELECTRIC DIPOLE MOMENT (units 10”2 e-cm)
FORBIDDEN BY BOTH T INVARIANCE AND P INVARIANCE
EDM 0.3 OR LESS (CL=.90 WEISSKOPF 68 MRS CESIUM
EDM (0.07) (0.22) CL=.90 PLAYER 70 MRS XENON
EDM 0.1 (0.34) (L=.90 SANDARS 75 MRS THALLIUM
EDM 8.1 11.6) VASILEV 78
EDM (0.4) {1.4) FLAMBAUM 85 THEO USE EDM OF 129XE |{
REFERENCES FOR e
SCHUPP 51 PR 121 1 A A SCHUPP,R W PIDD,H R CRANE (MICH)
WILKINSD 63 PR 130 852 D T WILKINSON,H R CRANE (MICH)
COHEN 65 RMP 37 537 COHEN,DUMOND (N.A.AVIATION SCI.CENTER-CIT)
MDE 65 PR 140 B 992 M K MOE,F REINES (CASE INST TECHNOLOGY)
RICH 66 PRL 17 271 A RICH, H R CRANE (MICH)
RICH 68 PRL 20 967 A RICH (MICH)
WEISSKDP 68 PRL 21 1645 WEISSKOPF,CARRICO, GOULD, LIPWORTH+ (BRAN)
TAYLOR 69 RMP 41 375 +PARKER,LANGENBERG (PRIN+UCI+PENN)
PLAYER 70 JPB 3 1620 M.A.PLAYER,P.G.H.SANDARS (OXF)
WESLEY 70 PRL 24 1320 J C WESLEY,A.RICH (MICHY
WESLEY 71 PR A4 1341 4 C WESLEY A RICH <HH‘.H)
GILLELAN 72 PR A5 38 J EILLELAND A RICH MICH)
LAUTRUP 72 PRPL 3 193 B.LAUTRUP,A. PETERMAN E.DE RAFAEL(CERN»EURE)
RICH 72 RMP 44 250 A RICH,J C WESL (M
CDHEN 73 J.PHYS.CHEM.REF. DATA 2, P.663, E.R.COHEN,B.N.TAYLOR
WALLS 73 PRL 31 975 oL HALLS T.5.STEIN (WASH)
SANDARS 75 PR A11 473 P G.H. SANDARS R.M.STERNHEIMER (OXF+BNL)
STEINBER 75 PR D12 2582 R.1.STEINBERG,KHIATKOHSK!,HAENHAUT+ (UMD)
SEREDNYA 77 PL 66B 102 SEREDNYAKOV,SIDOROV, SKRINSKY + {NOVO3}
VANDYCK 77 PRL 38 310 +SCHWINBERG, DEHMELTY (WASH)
KINOSHIT 78 TOKYD HEP P.577 T. KINOSHITA {CORN)
VASILEV 78 JETP 47 243 +KOLYCHEVA (JINR)
KOYALCHU 79 JETPL 29 145 KOVALCRUK , POMANSKY , SMOLNIKOV (INRM)

VANDYCK 79 BAPS 24 7 +SCHWINBERG , DEHMELT (WAS
ALSQ B1 AT.PHYS. 7, P.337 H.DEHMELT(EDS.KLEPPNER+,PLENUM,NY, 81)(HASH)
KINOSHIT 81 PRL 47 1 T.KINOSKITA, W.B,LINDQUIST
SCHWINBE 81 PRL 47 1679 SCHWINBERG, VAN DYCK,DEHMELT (NASH)
BELLOTTI 83 PL 1248 4 <CORTI, FIORINI, LIGUORT,PULL A+ C(MILA)
FLAMBAUM 85 JETP 627 TOBE PUB FLAMBALM,KHRIPLOVICH (NOVD)
1
J=4%
2
NOT IN GENERAL A MASS EIGENSTATE. SEE NOTE ON NEUTRINOS
IN THE ELECTRON NEUTRINO SECTION ABOVE.
v, “MASS” (MeV)
APPLIES TO NU(2), THE PRIMARY MASS EIGENSTATE IN NU(MU). WOULD ALSO

ZXTTITTITITITTXIEIITTEL

wowm

APPLY TO ANY OTHER NU(J) WHICH MIXES STRONGLY IN NU(MU) AND HAS
SUFFICIENTLY SMALL MASS THAT IT CAN OCCUR IN THE RESPECTIVE DECAYS.
(THIS WOULD BE NONTRIVIAL ONLY FOR J .GE. 3, GIVEN THE NU(E)

TIMASS'' LIMIT ABOVE.)

(3.5) BARKAS 56 EMUL

4.0) DUDZIAK 59 CNTR

(3.6 FEINBERG 63 RVUE

3.0) ALLLOCK 65 RVUE

(2.5 BARDOMN 65 ASPK

(2.8) SHAFER 65 CNTR

1.8 BOOTH 67 CNTR

2.2) HYMAN 67 HEBC
M 1.2) BACKENSTO 71 CNTR

€1.15) 1 CNTR
L] 1.15) BAEKENSTD 73 CNTR

(0.65) CLARK 74 ASPK KMU3 DECAY

€0.57) DAUM 79 SPEC  M¥*2= 0,13+-0.14
L €0.52) LU 80 CNTR . 102+-.119

0.58) ANDERHUB 82 SPEC 0.14+-0.20
A .25 L=.90 SPEC 0.16+-0.08 |
M WE CALCULATE UPPER LIMIT AT CL—.9O FROM M*#*2,

BACKENSTOSS 73 REPLACES BACKENSTOSS 71 AND USES THEIR NEW PI- MASS.
SHRUM 71 USES SHAFER 67 PI- MASS VALUE AND CRANE 77 MU MASS VALUE.
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Vo B

M L LU 80 COMBINES DAUM 79 Pl+ —-> MU+ NU(MU) MEASUREMENT WITH NEW LUBD
M L PI- MASS AND REPLACES DAUM 79.

M A ABELA 84 USE PDG84 VALUE FOR PI+- MASS, IN CONJUNCTION WITH MU

M A MOMENTUM MEASUREMENT IN PI -> MU NU(MU) DECAY.

vy — v, MASS DIFFERENCE (MeV)

TESY QF CPT FOR A DIRAC NEUTRING (NOT A VERY STRONG TEST)

DM (0.45) OR LESS CL=.90 CLARK 74 RSPK KMU3 DECAY
v, (MEAN LIFE)/MASS (sec/eV)
T B 0 (3. E-3) OR MORE BELLOTTI 76 HLBC NU, CERN GGM
T B 1 (1.3E-2) QR MORE BELLOTTI 76 HLBC NUBAR, CERN GGM
T B 0 (2.2E-3) OR MORE BARNES 77 DBC NU, ANL 12FT.
T B 0 (1.0E-2) OR MORE BLIETSCHA 78 HLBC NU(MU) CERN GGM
T B 0 (1.7E-2) OR MORE BLIETSCHA 78 HLBC NUBAR(MU)U CERN GGM
T B ) 0.11 OR MORE CL=.90 RANK 81 CNTR NU, NUBAR LAMPF
T B THESE EXPERIMENTS LOOK FOR NU(MU) —-> NUCE) +GAMMA OR NUBARCMU) -->
T B ANUCE) +GAMMA.
veel| its 10-4
| (v=v; VELOCITY) (units 10~%)
¢
EXPECTED TO BE ZERD FOR MASSLESS NEUTRINO
v 77 (2.0) OR LESS ALSPECTOR 76 SPEC >50BEV NU
v 26 (4.0) OR LESS ALSPECTOR 76 SPEC <50BEV NU
v 9800 (0.4) OR LESS (CL=.95 KALBFLEIS 79 SPEC
v, MAGNETIC MOMENT (eV/gauss)
MUST VANISH FOR MAJORANA NEUTRINO OR PURELY CHIRAL MASSLESS
DIRAC NEUTRIND
MM (4.7 E-17)0R LESS
MM KIM 74 IS A THEORETICAL ANALVSIS o: NUBAR(MU) REACTION DATA.
REFERENCES FOR v,
BARKAS 56 PR 101 778 W H BARKAS,W BIRNBAUM,F M SMITH {LRL)Y
DUDZIAK 59 PR 114 336 W F DUDZIAK,R SAGANE,J VEDDER (LRL
FEINBERG &3 ARNS 13 431 G FEINBERG, L M LEDERMAN (COLUMBIAY
ALLCOCK 65 PPSL B85 875 G R ALLCOCK (LIVERPOOL )

BARDON 65 PRL 14 449 BARDON NORTON,PEQPLES + (COLU+STONY BRQOK)
SHAFER 65 PRL 14 923 R E SHAFER,CROWE, JENKINS (LRL)
BOOTH 67 PL 26B 39 BOCTH, JOHNSON,WILLIAMS ,WORMALD (LIVERPOOL)
HYMAN 67 PL 25B 376 +LOKEN, PEWITT,MCKENZIE+ CANL +CARN+NWES )
BACKENST 71 PL 386B 403 BACKENSTOSS, DANIEL ,KOCH+ (CERN,KARL HEID)
SHRUM 71 PL 37B 114 E V SHRUM,X O H ZIOCK (UNIV OF VIRGINIA)
BACKENST 73 PL 43B 539 BACKENSTOSS,DANIEL ,KOCH+ (CERN+KARL+MUNICH)
CLARK 74 PR D9 533 +EL[UFF,FRISCH,JDHNSON,KERTH,SHEN + (LBL)
KIM 74 PR D9 3050 J.E.KIM, V.S, MATHER,S.OKUBI (ROCH)
ALSPECTQ 76 PRL 36 B37 ALSPECTOR + (BNL*PURD&CIT+FNAL¢ROCK)
BELLOTTI 76 LNC 17 553 +CAVALLL, FIORINI,ROLLIER LA)
BARNES 77 PRL 38 1049 +CARMONY, DAUWE FERNANDEZ + (PURDM\NL)

BLIETSCH 78 NP B133 205
KALBFLEI 79 PRL 43 1361
DAUM

ALSC 76 PL 60B 380
ALSO 7B PL 74B 126

BLIETSCHAU~(AACH!LlEH~CERN¢EPOL~MlLA%URSA*‘)

KALBFLEISCH,BAGGETT, FOWLER~ (FNAL+PURD+BELL)
+EATON, FROSCH, HIRSCHMANN, MCCULLOCH+ (SIN)
DAUM,DUBAL ,EATON ,FROSCH, MCCULLOCH+(SIN+ETH)
DAUM,EATON,FROSCH, HIRSCHMANN , +

79 PR D20 2692

Ly 80 PRL 45 1066 +DELKER ,DUGAN WU, CAFFREY+ (YALE+COLU+JHU)
FRANK 81 PR D24 2001 +BURMAN+ (LASL+YALE+MIT+SACL+SIN+~CNRC+BERN)
ANDERHUB 82 PL 114B 76 +BOECKLIN,HOFER,KOTTMANN+ (ETH+SIN)
ABELA 84 PL 1468 431 +DAUM,EATON, FROSCH, JOST ,KETTLE« (SIN)

TXTTTTIIXTIXTTTLX

e

ELELTEE S 34

i MASS (MeV)

€105.659) ¢0.002)
€105.6599) (0.0014)

FEINBERG 63 RVUE

TAYLOR 69 RVUE USING NEW E/H
€105.6597) (0.0005> CRANE 71 CNTR INCLUDED IN COHEN73
€105.6594) (0.0004) CROWE 72 CNTR INCLUDED IN COHEN?3Z
(105.65948)(0.00035) COHEN 73 RVUE
(105.65945)(0.00033) CASPERSON 77 CNTR +
(105.659333¢0.00029) KLEMPT 82 CNTR + INCL IN MARIAM 82
105.65928 . 0.00029 MARIAM 82 CNTR

CRANE 71 GIVES MU/ME=206.7687B(85). WE USE HE—.5110041(‘|6)HEV

CROWE 72 GIVES MU/ME=206.7682(5) AND USES ME=.5110041(16)}MEV.

CASPERSDN 77 GIVES MU/ME=206.76859(29). WE USE ME=.5110034(14)MEV,

KLEMPT 82 GIVES MU/ME=206.76835(11).

MARIAM 82 GIVES MMU/ME=206.768259(62). WE USE NE7.5110034(’|1¢)HEV

FIT 105.65916 0.00030 FROM FIT C(ERROR INCL. SCALE FACTOR 1.1

& MEAN LIFE (usec)

T 2,198 0.001  0.001 FARLEY 62 CNTR
T 2.203  0.004 LUNDY 62 CNTR  CONLEV=.98
T 2.202  0.003  0.003 ECKHAUSE 63 CNTR
T 2.197  0.005  0.002 MEYER 63 CNTR +
T 198 0.002 1002 MEYER 63 CNTR -
T W (2.20026>¢0.00081) WILLIAMS 72 CNTR +
T 197 0.0003 DUCLOS 73 CNTR +
T 2.19711  0.00008 BALANDIN 74 CNTR +
T 2.1948 a1 BAILEYZ 77 CNTR - STORAGE RINGS
T 2.1966 0.0020 BAILEY2 77 CNTR + STORAGE RINGS
T (2.197182 0.000121) BARDIN 81 CNTR REPL. BY BARDIN B4
T 2.197078 ©.000073 BARDIN 84 CNTR +
T 2.197025 0.000155 BARDIN 84 CNTR -
T 2.19695 0.00006 GIDVANETT 84 CNTR +
T W WILLIAMS 72 MEAN LIFE MEASUREMENT WAS NOT THE PRIMARY PURPOSE OF
T W THEIR EXPERIMENT AND DISAGREES STRONGLY WITH LATER EXPTS. NOT AVGD.
T P N S TR
T AVE 2.197033 0.000039 0.000038 AVERAGE
ut/u~ MEAN LIFE RATIO
ot TEST OF CPT
oT 1.000 0. ot MEYER 63 CNTR MEAN LIFE MU+/MU-
0T 1.0008 0. BAILEY 75 CNTR  STORAGE RING
0T 1.000025 0. 000075 BARDIN 84 CNTR
o1
DT  AVG 1.000029 0.000078 AVERAGE
£ ANOMALOUS MAGNETIC MOMENT (units lﬂ_ﬁe/zmu)
M FOR_REVIEWS OF THEORY AND EXPERIMENTS, SEE WUGHES 85, KINOSHITA 8¢,
M COMBLEY 81, FARLEY 79, AND CALMET
MM 1162. 0) (5.0 CHARPAK 62 CNTR +
MM (1166.16) €0.31) BAILEY 68 CNTR +- STOR. RINGS
MM IR (1165.922) (0.009) BAILEY 77 CNTR +- STORAGE RING
MM 1 (1163.910) (0.011) BAILEY 79 CNTR + STORAGE RING
MM (1165.937)  ¢0.012) BAILEY 79 CNTR - STORAGE RING
MM 1 1165.923 0.0085 BAILEY 79 CNTR +- STORAGE RING
MM 1 BAILEY 79 IS FINAL RESULT. INCLUDES BAILEY 77 DATA
MM 1 WE USE MUON/PROTON MAGNETIC MOMENT RATIO = 3.183 345 2 AND
MM 1 RECALCULATE THE BAILEY 79 VALUES.
MM 1 THIRD BAILEY 79 RESULT IS FIRST TWO COMBINED.
MMR MU+/MU- G-FACTOR RATIO MINUS ONE, (G+/G-)-1
MMR TEST OF CPT
MMR -2.6E-8  1.6E-8 BAILEY 79
& ELECTRIC DIPOLE MOMENT (units 10~ e—cm)
FORBIDDEN BY BOTH T INVARIANLCE AND P INVARIANCE
EDM B (8.6) (4.5) BAILEY 78 CNTR + STORAGE RINGS
EDM B (0 8) (4.3) BAILEV 78 CNTR - STORAGE RINGS
EDM B 3.7 3.4 78 CNTR +- STORAGE RING
EDM B BAILEY 78 YIELDS EDM < 1. 05*10** 18 WITH €1=.95. THIRD RESULT IS
EDK B FIRST TWO COMBINED ASSUMING CPT.
1/p MAGNETIC MOMENT RATIO
HPR THIS RATIO IS USED 70 OBTAIN A PRECISE VALUE DF THE MUOK MASS.
MPR ¢3.1865) ¢0.0022) 58 CNTR + SPIN RESONANCE
MPR ¢3.1830) (0.0011) LokbY. 38 CNTR . SRECESSION STROB
MPR (3.176>  (¢0.013) LUNDY 58 CNTR - PRECESSION STRO8
NPR (3.1834) ¢0.0002) GARWIN 60 CNTR + PRECESSION PHASE
MPR (3.18336)(0.00007) BINGHAM 63 CNTR - PRECESSION STROB
MPR (3.1808) ¢0.0004) BINGHAM 63 CNTR - PRECESSION STROB
MPR (3.18338)(0.00004) HUTCHINS 63 CNTR + PRECESSION PHASE
MPR D <3.183351 0,000016) EHRLICH 69 CNTR  HFS SPLITTING
MPR € ¢3.183314 0.000034) THOMPSON 69 CNTR  HFS SPLITTING
HPR <3.183330 0.0D0046) HUTCHINS 70 CNTR + PRECESSION PHASE
MPR H (3.183347 0.000009) HAGUE 70 CNTR + PRECESSION PHASE
MPR € (3.183336 0.000013) CRANE 71 CNTR  HFS SPLITTING
MPR D (3.183349 0.000015) DEVOE 71 CNTR HES SPLITTING
MPR F (3.183326 0.000013) FAVART 71 GNTR - Hrs SPLITTING
MPR W (3.1833467 .0000082) 7, PRECESSION PHASE
MPR R THE RESULTS THROUGH 1972 AR INCLUDED IN CoREN 75,
MPR R . 1833402 000007, 73 RVUE
MPR E (3.1833299 0000025) CASPERSON 75 LN TR
MPR 3.1833403 0000044 CASPERSON 77 CNTR + HFS SPLITTING
MPR (3.1833448 .0000029) CAMANI 78 CNTR + REPL.BY KLEMPT82
PR 3.9833441 .0000017 KLEMPT 82 CNTR + PRECESSION STROB
MPR 3.1833461 0000011 MARIAM 82 CNTR + HFS SPLITTING
MPR D DEVOE 71 SUPERCEDES EHRLICH 69. THIS IS NOT A DIRECT MEASUREMENT.
MPR D WE GIVE A NEW VALUE WHICH CONTAINS A THEORETICAL CORRECTION OF
MPR D -7.8+-2.3 PPM, AS DISCUSSED IN FOUTNDTE 35 OF CROWE 72.
MPR € CRANE 71 SUPERSEDES THOMPSON 69. THIS 1S NOT A DIRECT MEASUREMENT.
MPR H  CROWE 72 SUPERSEDES HAGUE 70.
MPR F FAVART 71 ASSUMES A ZERQ VALUE FOR THE PROTON POLARIZABILITY.
MPR E USES INCORRECT THEO. EXPRESSION FOR NUCHFS), SEE KLEMPT 82, TBL.XI.
MPR e e a e e x e e
MPR AVE  3.1833452 .0000070 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.1)
p PARTIAL DECAY MODES
DECAY MASSES
P e A 511 0+ 0
P2 u- - e“?zvﬂ-y L511¢ 0+ 0+
»3 BT~ e v,y 511+ 0+ 0
P& T - €7y L5114 0
PS rT > 3¢~ 251145114511
P& Ho o> e 2y 511 0+ @
p7 wo o~ e"ete v,y 511+.511+.5114

0+



For notation, see key on page 91.

# BRANCHING RATIOS

r - (€7 & ¥y Y)total P2y
R1 27 EVENTS SEEN ASHKIN 59 CNTR

R1 1.4E-2  0.4E-2 CRITTENDE 61 CNTR T(GAM) GT 10 MEV

R1 (3.3E-3) (1.3E-3) CRITTENDE 61 CNTR TCGAM) GT 20 MEV

R1 862 EVENTS SEEN BOGART 67 CNTR T(GAM) GT 14.5 MEV
wt ~ (et v, totl P3)
R2 FORSIDDEN 8Y AODITIVE CONSERVATION LAU FOR LEPTON FAKILY NUMBER.

R2 MULTIPLICATIVE LAW PREDICTS THIS BRANCHING RATIO TO BE 1/2.

R2 FOR A REVIEW SEE NEMETHY 81

R2 (0.25) OR LESS CL=. 90 EICHTEN 73 HLBC +

R2 (0.73) (0.15) BLIETSCHA 78 HLBC +- AVG. OF & VALUES
R2 €0.09) OR LESS CL=.90 JONKER 80 CALO REPL. BY BERGSMA 83
R2 ¢-0.001)  €0.061) WILLIS 80 CNTR +

RZ A 0.05 OR LESS CL=.90 BERGSMA 83 CALO ANUMU E -_>MU- ANUE
R2 A BERGSMA 83 GIVES LIMIT ON INVERSE MUON DECAY CRDSS SECTION RATIO
R2 A SIG(NUBAR(MU) E- --> MU- NUBAR{E)) / SIG{NU(MU) E- --> MU- NU(E)),
R2 A WHICH IS ESSENTIALLY EQUIVALENT 70 R2 FOR SMALL VALUES LIKE THAT
R2 A QUOTED

1 - (e+)/total (units 1078) [
R3 FORBIDDEN BY LEPTON FAMILY NUMGER CONSERVATION

R3 Ch. L CL=.%0 FRANKEL1 63 0S

R3 (2.2) OR LESS CL=.90 PARKER 64 OSPK

R3 (2.9) OR LESS CL=.90 KORENCH? 71 OSPK + DUBNA

R3 (0.10) OR LESS CL=.90 SCHAAF 80 ELEC + SIN

R3 0.017 OR LESS (L=.90 KINNISON 82 SPEC + LAMPF

R3 (0.10> OR LESS CL-.90 AZUELDS 83 CNTR +

u — (3¢)/toral (units 1019 5>
Rb FORBIDDEN BY LEPTON FAMILY NUMBER CONSERVATLON.

R4 F CL=.90 62

R4 F AeTKhRNOY 65 o8P

R4 F FRANKELZ 63 CNTR

R4 F BABAEY 63 DSPK

R4 X KORENCHZ 71 OSPK DUBNA

RG K KORENCHEN 76 SPEC + DUBNA

Ré& K BERTL 84 SPEC + SINDRUM

R& K BOLTON 84 CNTR LANL

R4 K CL=,90 BERTL 85 SPEC SINDRUM

RG F FOUR ABOVE EXPERIMENTS EVALUATED UPPER LINITS ASSUMING A SECOND

Ré& F ORDER V-A NEUTRIND LOOP DIAGRAM. LIMITS NOT SIGNIFICANTLY CHANGED
R4 F BY ASSUMING A CONSTANT MATRIX ELEMENT.

R4 K THESE EXPERIMENTS ASSUME A CONSTANT MATRIX ELEMENT.

i > (e2y)/total (units 10°7) &)
R5 FORBIDDEN BY LEPTON FAMILY NUWBER CONSERVATION

R5 (160.) OR LESS CL=.90 FRANKEL? 63 OSPK +

RS P <40.)  OR LESS POUTISSOU 74 CNTR +

RS A <0.5) OR LESS BOWMAN 78 CNTR DEPOMHIER 77 DATA

RS 8 0.084 OR LESS L= AZUELDS 83 CNTR
RS P POUTISSOU 74 LIMIT APPLIES TO SUM OF ALL NEUTR!NOLESS MU+ DECAYS.

RS A BOWMAN 78 ASSUMES INT. LAGRANG. LOCAL ON SCALE OF INVERSE MU MASS.
R5 B AZUELDS 83 USES PHASE SPACE DISTRIBUTION OF BOWMAN 78. SEE ABOVE.
B~ (e"ete v, v,)wotal (units 10°5) 7y
R&é L 3 (1 5) 1.0y LEE 59 HBC +

R6 G 1 2) GUREVICH 60 EMUL +

R6 C 7 (2 2) (1 5) CRITTENDE 67 HLBC + E(ErE )>10MEV
R6 B7443 3.4 BERTL 85 SPEC + SINDRUI

R6 L IN THE THREE LEE 59 EVENTS, THE SUH OF ENERGIES SsE(E+)+E(E I+ECE+)
R6 L  WAS $=51 MEV, 55 MEV, AND 33 M

R6 G GUREVICH 60 INTERPRET THEIR EVENT AS EITHER VIRTUAL OR REAL PHOTON
R6 G CONVERSION. E+ AND E- ENERGIES NOT MEASURED

R6 C CRITTENDEN 61 COUNT ONLY THOSE DECAYS WHERE TOTAL ENERGY OF EITHER
R6 C (E+,E~) COMBINATION IS >10 MEV )

R6& B HERTL 85 HAS TRANSVERSE MOMENTUM CUT PT> 17 MEV/C.
Ré& B STAT ERROR (0.2) AND SYST ERROR (INCREASED BY US) ADPED IN QUADR.

LIMIT ON u~ — e~ CONVERSION
FORBIDDEN BY LEPTON FAMILY NUMBER CONSERVATION
u'(u_ M8 o e~ M) o(uT S - v, P
(4. E-10)0R LESS (L=.90 BADERTSCH 77 STRC SIN
RE 0.7E-10 OR LESS CL=,90 BADERTSCH 80 STRC SIN

o(u” Cu > e~ Cu)/o(r~ Cu — capture)
RF 1.6E-8 OR LESS CL=.90 BRYMAN 72 SPEC

o~ Ti - e~ Ti)fo(u™ Ti — capture)
RG 1.6E-11 OR LESS CL=.90 BRYMAN 85 SPEC  TRIUMF

LIMIT ON p~ - et CONVERSION
FORBIDDEN BY TOTAL LEPTON NUMBER CONSERVATION

(e~ 38 et BSi/o(u— 38 ~ v, )
RP1 ¢1.5E-9) OR LESS C(L=.9¢ BADERTSCH 78 STRC SIN
RP1 0.9E-9 OR LESS (L=.90 BADERTSCH B0 STRC SIN

a(e= 71~ et 127Sh)/o(u~ 121 - anything)

RPZ2 A 0.3E-9 OR LESS CL=.90 ABELA 8G CNTR RADIQCHEMICAL TECH.
RP2 A ABELA 80 IS UPPER LIMIT FOR MU- E+ CONVERSION LEADING TO PARTICLE-
RP2 A STABLE STATES OF SB127. LIMIT FOR TOTAL CONVERSION RATE IS HIGHER
RP2 A BY A FACTOR LESS THAN & (G. BACKENSTOSS, PRIVATE COMM.)

a(p~ Cu -~ et Co)/o(u™ Cu — v, Ni)
RP3 (2.2E-7) OR LESS CL=.%90 CONFORTO 62 OSPK
RP3 2.6E-B QR LESS CL-=.90 BRYMAN 72 SPEC
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u

LIMIT ON (zt,e”) BOUND STATE CONVERSION TO (u~,e%)

FORBIDDEN BY LEPTON FAMILY NUMBER CONSERVATION

R,=gc/gr

ue WHERE GF = 1.16637E-5 GEV**(-2) IS THE FERMI CONSTANT AND
e GC IS AN EFFECTIVE COUPLING (DIMENSIONS GEV**(-2)) FOR A
e FOUR-FERM[ON INTERACTION ASSUMED TO BE RESPONSIBLE FOR THE
uc CONVERSION OF THE (MUs,E-) BOUND STATE TO (MU,Eo).

me

Me 42 OR LESS CL=.95 MARSHALL 82 CNTR

NOTE ON MUON DECAY PARAMETERS

(by F. Scheck, University of Mainz, West Germany and
K. Mursula, Nordita, Copenhagen, Denmark )

The muon decay parameters describe the momen-
tum spectrum {p and 7), the asymmetry (¢ and 06), and
the polarization of the electron (¢, £7, «, 8, o', §’) in the
process g~ —> ¢+ Vu +Ve. Assuming a local, lepton-
number-conserving, derivative-free, four-fermion
interaction, the matrix element in charge-changing form
may be written as!

G_\/g { ?Ehik<?| 11+ (=Y " Myg]lv,)
X @ | 1[1+ (=Y " Lyg] )
’ él:gik @171+ ] 1)
X 1 ygll+ (F T vg] | w
+ ?Efﬂ%@Ia“B[l T hsllve)

AWML +(—)"‘1~/5]|p>} (1)

The definitions of covariants and the sign conventions
are the ones of Sachs and Sirlin ( 1975)2 and Scheck
(1978).3 The connection to other charge-changing and
charge-retention forms is worked out in Mursula and
Scheck (1985).4 Note that for massless particles the
covariants chosen above project onto states of definite
helicity. In the standard model, g5, = 1 and all other
coupling constants vanish.

All electron observables can be expressed, in a
model-independent way, as functions of the ten stan-
dard real constants (see references above) a, b, ¢, a’, b’,
¢’, a, B, o, and #'. The rate is proportional to
A = g +4b + 6¢. The above decay parameters depend
on nine of these constants only:
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u

p—% = %[—a +2c]/4,

= [a-28)/4,

[a’=2¢")/4
1—[a+3a +4b +b)+6c—l4c’| /4’

4Jjb +b)+2(c —cn]/4
p 1—[a-2c]/4

3.9
54 4

; )

1=§ =[a+a'+4b+b)+6(c+cH]/A,
1—§ =[-2a+20c]/4 ,

o/, 8/4, o'/A, B'/A,

the last four of which are obtained from the transverse
components of the electron polarization. These real
constants are easily related to bilinear combinations of
coupling constants in any form of the interaction. For
the case of the form (1), they are given by [note the
scale factor GF/\/E in Eq. (1],

a

- 2 2 2
ar [ = 16081 = &g 1) = Ay +6f 4

6l pl%, 3)

]

2 2 2 2
Ag) 1° £ |80l = [hp P+ 1Ay |,

_1 2 2
E[ilhn‘zfnl + | hpy =275l ] 5

a o
|

«a Re
o [ = 1m [ 8l821(A%2 +6/%) + g 5(hY  + 6/ ], (O
8 Re
g [ = m [ CVEnk% 1] M

As the decay parameters (2) depend on (b +5’) but not
on (b —b’), the constant A 12 appears only in 8 and 3,
Eq. (7). However, g, is found to be compatible with
zero, so the decay parameters do not determine /2 12
(The coupling constant £, does occur in the rate
parameter A and may, in principle, be obtained by com-
paring u decay to other data.) By using Egs. (2) and the
experimental determinations of p, n, £6/p, 6, &, &, «, 3,
«’, and {8, limits can be placed on the nine parameters
alA,a’JA, (b +bYA,c/A,c’'/A,a/Ad, o' /A, B/A,
anc 3’/A. These are given in the Listings. These limits
are easily translated into limits on specific coupling con-
stants in Eq. (1), depending on what kind of extension
of the standard model one wishes to test. Examples

such as tests for right-handed interactions or for
scalar/pseudoscalar effective couplings are given in Mur-
sula and Scheck (1985).4

The limits on a, a’, , can be recast into limits
on the effective charge-retention coordinates g¢ /gy,
&p/8y> 84/8v, &7/8ys by, and ¥y, which were
used in the earlier literature (cf., e.g., DERENZO 69).
The most recent values are found in BURKARD?2 85.

Note that the radiative corrections are unambiguous
only if &, A5y, 812> 821> /11> @nd f 55 vanish.
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i DECAY PARAMETERS

p PARAMETER (Y—A theory predicts p=0.75)

RHO € 0.741) (0. 027) DUDZIAK 59 CNTR + 20-53 MEV E+
RHO P9213 0.745 0.025 PLANO 60 HBC + WHOLE SPECTRUM
RHO P TWO PARAMETER FIT Tu RHO AND ETA.

RHO C 2276  (0.751) (0.0 BLOCK 62 HEBC - WHOLE SPECTRUM
RHO D €0.64) (0.04) BARLOW 64 CNTR - WHOLE SPECTRUM
RHO D €0.661)  (0.016) BARLOW 64 CNTR + WHOLE SPECTRUM
RHO D €0.867) (0.035) PONTECORV 64 CC -

RHO D RESULTS IN DOUBT.

RHO C 800K €0.7503) (0.0026) PEDPLES 66 ASPK + 20-53 MEV E+
RHO C 280K  (0.760) <0.Do9) SHERWOOD 67 ASPK + 25-53 MEV E+
RHO C 170K  ¢0.762) ¢0.008 FRYBERGER 68 AS 25-53 MEV E+
RHO € ETA CONSTRAINED =0. THESE VALUES INCDRPDRATED mm A TWO PARAMETER
RHO C  FIT TO RHO AND ETA BY DERENZO 69.

RHO 0.7518  0.0026 DERENZO 69 RVUE

RHO L.

RHO AVG 0.7517  0.0026 AVERAGE

7 PARAMETER (V- A theury predicts n=0)

ETA P 9213 (-2.0) 0.9 ND 60 HBC + WHOLE SPECTRUM
ETA P TWO PARAMETER FIT TD RHO AND ETA— PLAND 60 DISCOUNTS VALUE FOR ETA
ETA C BOOK (D.05) (0.5 PEOPLES 66 ASPK + 20-53 MEV E+
ETA C 280K (-0.7) (0 6) SHERWOOD 67 ASPK + 25-53 MEV E+
ETA C 170K (-0.7) FRYBERGER 68 ASPK + 25-53 MEV E+
ETA C  RHO CDNSTRAINED vo 75.

ETA 6346 0.1 2 0 DERENZO 69 HBC + 1.6-6.8 MEV E+
ETA B5.3M 0 085 BURKARD2 85 CNTR + 9-53 MEV E«
ETA DB5.3M 12) 0.016 BURKARDZ 85 CNTR + 9-53 MEV E+

ETA B STATXSTICAL (0.0B1) AND SYSTEMATIC ERRORS ADDED IN QUADRATURE.
ETA B MEASURED VALUE OF ETA IS AN ENERGY AVERAGE.
ETA D ALPHA=ALPHA-PRIME=0 ASSUMED

ETA
ETA AVG -0.007 0.079 AVERAGE

£” PARAMETER

XPP  B326K 0.65 0.36 BURKARD1 85 CNTR BHABHA + ANNIHIL

+

XPP B BURKARD1 85 MEASURE (XI''-XI*XI')/XI AND XI'
XPP B AND SET XI=1.

(E PARAMETER)*(# LONGITUDINAL POLARIZATION)
(V-A THEORY PREDICTS XI=1, LONG.POL.=1)

Xl 9K (0.97) (0.05) BARDON 59 ENTR BROMOFORM TARGET
X1 B354 (0 93) (0.06) PLAND 60 HBC + 8.8 KGAU

XI A .903) (D 027) ALI-ZADE 61 EMUL + 27 KGAUSS

XL A DEPOLARIZATION BY MEDIUM NOT KNOWN SUFFICIENTLY WELL.

X1 66K (0.975) (0.030) GUREVICH 64 EMUL REPL.BY AKHMANOV &8
XI (0.975) (0.015) AKHMANOV 68 EMUL 140 KGAUSS

(¢! PARAMETER)*(z LONGITUDINAL POLARIZATION)*3/p
X1 €0.9959)0R MORE CL=.90 CARR B3 SPEC + 11 KGAUSS

XID § 0.9966 OR MORE CL=.50 STOKER B85 SPEC &+ MU-SPIN ROT
XID S STOKER 85 FIND (XI*PMU¥DELTA/RH0)>0.9955 AND >0,9966, WHERE FIRST
XID S LIMIT IS FROM NEW MU-SPIN ROTATION DATA AND SECOND IS FROM

XID S COMBINATION WITH CARR B3 DATA. (DELTA/RHO)=1.0 IN V-A THEORY.

5 PARAMETER (V—A theory predicts &=0.75)

DEL B354 0.78 0.05 PLANO 6D HBC + WHOLE SPECTRUM
DEL 0.732 0.031 KRUGER 61

DEL 490k 0.7 0.009 FRYBERGER 68 ASPK + 25-53 MEV E+
DEL VOSSLER 69 HAS MEASURED THE ASYMMETRY BELOW 10 MEV

DEL . ...

DEL AVG 0.7551  0.0085 AVERAGE



For notation, see key on page 91.

£ =
b
PL D

PL 2

PL AVG

TRANSVERSE e+ POLARIZATION IN PLANE OF p SPIN, e¥ MOM

0.023 ANNIHIL 9-53 MEV
STAT. ERROR (0.021) AND SYSTEMATIC ERROR ADDED IN QUADRATURE.

TRANSVERSE et POLAR. NORMAL TO PLANE OF u SPIN, et MOM

PT1 B5.
PT1 B

PT2

PT2 85.
PTZ B
afA

AL B 5.
AL F
AL B

AL f
AL F
a’fA
ALP

LONGITUDINAL POLARIZATION OF e*
(V-A THEORY PREDICTS THE LONG.

POL=+-1 FQR E+~ RESPECTIVELY)

WE HAVE FLIPPED THE SIGN FOR E SU OUR PRDGRAHS CAN AVERAGE

CNTR + ANNIHILATION

4
IN DOUET— PUSITRUNS POSSIBLY DEPDLARIZED lN BE MODERATOR.
1.05 ¢.30

9K
™

3M

3 63 CNTR + ANNIRILATION
u 94 0.38 BLDOM 64 CNTR + BREMS TRANSMISS
.04 0.18 bUELOS 64 CNTR + BHABHA SCATT
0 89 0.28 SCHWARTZ 67 OSPK - MOLLER SCATT
0.998 0,045 BURKARDY 85 CNTR + BHABHA + ANNIHIL
0.998 0.042  AVERAGE

0.016

BURKARDZ 85 CNTR +

ZERQ IF TIME REVERSAL INVARIANCE HOLDS.

3M

STAT.

(units 1073)

3M

STAT.

ARE

(15.) (52.)
0.4 4.3

BURKARDZ 85 CNTR + ANNIHIL 9-53 MEV

0.0 .023
ERROR (0.022) AND SYSTEMATIC ERROR ADDED IN QUADRATURE.

BURKARDZ 85 CNTR + 9-53 MEV E+
FIT

BURKARDZ 85

ERROR (50) AND SYSTEMATIC ERROR ADDED IN QUADRATURE.
GLOBAL FIT TO ALL MEASURED PARAMETERS.

CORRELATION COEFFICIENTS

GIVEN IN BURKARDZ B5

(units 1073)
ZERO IF T INVARIANEE HOLDS.
52.

ALP BC5.3M (-47.)
ALP. .2

A e
ALP B

ALPF

ALPF

8/4

BT B 5.3M
BT F

BT B STAT.
BT F

BT F ARE
8/4

BTP

BTP BCS.3M
i

BTP B STAT.
BTPF

BTPF

ajA

shF

SA F

SA  F ARE
a’'fA

SAP

SAP F

SAP F
B'+b)/A
SBPF

SBP F

SBP F

c/A

st F
sCF

SC F ARE
c’/A

SCP

SCP F

stp F

BURKARD2 85 CNTR +
BURKARDZ 85 FIT

9-53 MEV E+

BLIRKARDZ 85 HEASURE PT1 AND PT2 VERSUS E+ ENERGY.
STAT. ERROR (5(3) AND SYSTEMATIC ERRDR ADDED IN QUADRATURE.

GLOBAL FIT TO ALL MEASURED PARAMETERS.

CORRELATION COEFFICIENTS

ARE GIVEN IN BURKARD2 85.

(units 1073)

@.) €18.)
3.9 6.

GIVEN IN BURKARD.

(units 1073)

BURKARD2 85 CNTR +
BURKARDZ 85

9-53 MEV E+

ERRDR (17) AND SYSTEMATIC ERROR ADDED IN QUADRATURE.
GLOBAL FIT TO ALL MEASURED PARAMETERS.
2 85.

CORRELATION COEFFICIENTS

ZERD IF T INVARIANEE HOLDS.

7. )
1.

BURKARDZ 85 CNTR +
BURKARDZ2 85 FIT

9~53 MEV E+

BURKARDZ 85 HEASURE PT1 AND PT2 VERSUS E+ ENERGY.

ERROR (17) AND

SYSTEMATIC ERROR ADDED IN QUADRATUI
GLOBAL FIT TO ALL MEASURED PARAMETERS.

CORRELATION CUEFF!CZENTS

ARE GIVEN IN BURKARDZ 85.

5.3 B
GLOBAL FIT TO ALL HEASURED PARAMETERS .

(upits 10°3)

5.9 OR LESS

CL=.90
GLOBAL FIT TO ALL MEASURED PARAMETERS.

BURKARD2 85 FIT
CORRELATION COEFFICIENTS

GIVEN IN BURKARD2 85.

(units 1073)

RKARD2 85 FIT
CORRELATION COEFFICIENTS

ARE GIVEN IN BURKARDZ 85.

(umits 10~3)
1.04 OR LESS

CL=.90
GLOBAL FIT TO ALL MEASURED PARAMETERS.

BURKARDZ 85 FIT
CORRELATION COEFFICIENTS

ARE GIVEN IN BURKARDZ B5.

3.5 2. BU
GLOBAL FIT TQ ALL HEASURED PARAMETERS .

(units 1073)

OR LESS
GIVEN IN BURKARDZ

(units 1073)

6.4 CL=.90
GLOBAL FIT TO ALL MEASURED PARAMETERS.

BURKARDZ 85 FIT
CORRELATION COEFFICIENTS
85.

RKARDZ 85 FIT
CORRELATION COEFFICIENTS

ARE GIVEN IN BURKARD2 85.

7 PARAMETER (V—A theory predicts n=0)
ETB ETA-BAR AFFECTS SPECTRUM OF RAD]ATIVE MUON DECAY.
ETB +0.09 0.14 OGART 67 CNTR +
ETB -0.014 0.090 EICHENBER 84 ELEC + RHO FREE
ETB ¢-0.035) (0.0%8) EICHENBER 84 ELEC + RHO=0.75 ASSUMED
ETB e e e
ETE AVG 0.016 0.076  AVERAGE

REFERENCES FOR u
COFFIN 58 PR 109 973 +GARWIN,PENMAN, LEDERMAN, SACHS (COLUMBIA)
LUNDY 58 PRL 1 38 +SENS , SWANSON, TELEGDI , YOVANOVITCH (CHICAGO)
ASHKIN 59 NC 14 1266 +FAZZINI,FIDECARD,LIPMAN,MERRISON + (CERN)
BARDON 59 PRL 2 56 M BARDON, D BERLEY, L LEDERMAN (CULUHBIA)
DUDZIAK 59 PR 114 336 W DUDZIAK,R SAGANE, .| VEDDER (
LE 9 PRL 3 55 JULIET LEE, N. P. SAM c
GARWIN 60 PR 118 271 GARMIN HUTCHINSON, PENHAN SHAPIRO (EOLUHBIA)
GUREVICH 60 JETP 10 225 GUREVIEH,NIKOLSK LT, SURKOVA (ITEP)
PLANO 60 PR 119 1400 R J PLAND (COLUMBIA}
ALI-ZADE 61 JETP 13 313 ALI-ZADE,GUREVICH,NIKOLSKI (USSR}
CRITTEND 61 PR 121 1823 CRITTENDEN, WALKER,BALLAM (WISC+MSU)
KRUEER 61 UCRL- 9322 CUNPUB) H KRUGER (LRL)
ALIKHAND 62 CERN CONF 423 A I ALIKHANOV,A BABAEV + CITEP MOSCOW)
BLOCK 62 NC 23 1114 BLOCK, FIORINI,KIKUCHI + (DUKE, BOLOGNA, MILANO)
CHARPAK 62 PL 1 16 G CHARPAK,F J M FARLEY,R L GARWIN + (CERN)
CONFORTO 62 NC 26 261 CONFORTO, CONVERST DILELLA,+(INFN+ROMAvCERN)
FARLEY 62 CERN CONF 415 FARLEY,MASSAM,MULLER,ZICHICHI (CER|
LUNDY 62 PR 125 1686 RICHARD A LUNDY (EFI)
PARKER 62 NC_ 23 485 S PARKER,S PENMAN (EFI1)
BABAEV 63 JETP 16 1397 BABAEV,BALATS,KAFTANOV,LANDSBERE +  (ITEP)

BINGHAM
BUHLER
DICK

ECKHAUSE
FEINBERG
FRANKEL1
FRANKEL?2
HUTCHINS
MEYER

BARLOW
BLOOM
pucLos
GUREVICH
PONTECOR
PARKER

PEOPLES
BOGART
SCHWARTZ
SHERWQOD
AKHMANOV
BAILEY
ALSO
FRYBERGE

DERENZO
EHRLICH
TAYLOR
THOMPSON
HAGUE
HUTCHINS

CRANE

FAVART
KORENCH1
KORENCHZ

BRYMAN
CROWE
WILLIAMS
COHEN
DuCLOS
EICHTEN

BALANDIN
POUTISSO
CASPERSQO
KORENCHE
BADERTSC

BAILEY
OR

ALSO
BAILEYZ

EASPERSU

BADERTSC
BAILEY
ALSO
BLIETSCH
BOWMAN
CAMANI
BAILEY

ABELA
BADERTSC

BARDIN
NEMETHY
KINNISON

MARIAM
MARSHALL

AZUELOS
ALSO

BERGSMA

CARR

BARDIN
BERTL
BOLTON
EICHENBE
GIOVANET
KINDSHIT

BERTL
BRYMAN
BURKARD 1
BURKARD2

MURSULA
STOKER

FISHER
ASTBURY
DEVONS
LATHROP
LATHROP
REITER
TELEGDI

CHARPAK
HUTCHINS
SHAPIRD
FAIRLEY
VOSSLER

LAUTRUP
RICH
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63 NC 27_1352 §.MCD.BINGHAM (LRL)
63 PL 7 368 +CABIBBO, FIDECARO,MASSAM, MULLER+ CCERN)
63 PL 7 150 DICK,FEUVRAIS, SPIGHEL (CERN)
63 PR 132 422 M ECKBAUSE,T A FILIPPAS + (CARNEGIE)
63 ARNS 13 431 GERALD FEINBERG, L M LEDERMAN (COLUMBIA)
63 27 894 S FRANKEL,W FRATI,J HALPERN + (PENN)
&3 br 130 391 S FRANKEL,W FRATI,J HALPERN « (PENN)
63 PR 131 1351 HUTCHINSON,MENES, PATLACH, SHAPIRO (COLUMBIA)
63 PR 132 2693 S L MEYER,ANDERSON,BLESER,LEDERMAN+ (COLU)
64 PPSL 84 239 +BOOTH, CARROL , COURT ,DAVIES, EDWARDS+  (LIVP)
64, PL 8 87 +DICK , FEUVRAIS, HENRY, MACQ, SPIGHEL (CERN)
64 PL 9 62 +HEINTZE,DE RUJULA,SDERGEL (CERN)
64 PL 11 185 GUREVICH ,MAKARTYNA+ (KIAE)
64 DUBNA CONF PONTECORYO, SULYAEV (MOSCOW)
64 PR 133B 768 S PARKER,H L ANDERSON,C REY (EFI)
66 NEVIS- 1&7 (uneue) J PEOPLES CCOLUMBIA)
67 PR 156 14 +DICAPUA, NEMETHY , STRELZOFF <coLu)
67 PR 162 1306 D M SCHWARTZ (EFI)
67 PR 156 1475 B A SHERWOOD (EFI)
68 SJNP 6 230 +GUREVICH, DOBRETSOV , MAKARINA + (KIAE)
68 PL 288 287 +BARTL,VON BOCHMANN,BROWN,FARLEY+  (CERN)
72 NC 9A 369 +BARTL ,VON BOCHMANN ,BROWN,FARLEY+ CCERN)
68 PR 166 1379 D FRYBERGER (EFI)
69 PR 181 1854 S DERENZO {338}
69 PRL 23 513 +HOFER ,MAGNON , STOWELL , SWANSON+ (CHICAGO)
69 RMP 41 375 +PARKER , LANGENBERG CPRIN+UCT4PENN)
69 PRL 22 163 +AMATO, CRANE , HUGHES ,MOBLEY + (YALE)
70 PRL 25 628 +ROTHBERG  SCHENCK ,WILLIAMS+ (WASH+LRL)
70 PRL 24 1254 HUTCHINSON, LARSON , SCHOEN, SOBER, + <PPA)
71 PRL 27 474 +CASPERSON, CRANE , EGAN, HUGHES+ CYALE)
71 PRL 25 1779(ER)  +MCINTGRE,MAGNON,STOMELL,SWANSON+ (CHICAGD)
71 PRL 26 213 DEVOE , MC INTGRE ,MAGNON, STOWELL+ (CHICAGO)
71 PRL 27 1336 +MCINTYRE ,STOMELL, TELEGDI ,DEVOE+ (CHICAGO)
71 SJNP 13 190 KORENCHENKD,KOSTIN,MICELMACHER+ CJINR)
71 SINP 13 728 KORENCHENKD, KOSTIN,MICELMACHER+ CJINR)
72 PRL 28 1469 +BLECHER, GOTOW, POWERS WPI)
72 PR D5 2145 +HAGUE ,ROTHBERG , SCHENCK + CLBL+WASH)
72 PR D6 737 R W WILLIAMS,D [ WILLIAMS (WASHINGTON)
73 J.PHYS.CHEM.REF.DATA 2, P.663, E.R.COHEN,B.N.TAYLOR
73 PL 47B 491 +MAGNON  PICARD (SACL)
73 PL 46B 281 +DEDEN+(AACH+BELG+CERN+EPOL+MILA+LALO+LOUC)
74 JETP 40 811 +GREBENYUK , ZINOV, KONIN, PONOMAREV CJINR)
74 NP B8O 221 POUTISSOU, FELAWKA, INGRAM + (MONT+BRCO)
75 PL 598 397 CASPERSON, CRANE+ (VALE+LASL4HEID+BERN+WYOM)
76 JETP 43 1 KORENCHENKO, KOSTIN ,MITSELMAKHER + CJINR)
77 PRL 39 1385 BADERTSCHER, BORER, CZAPEK , FLUECKIGER+ (BERN)
77 PL 67B 225 +BORER+(CERN+DARE+BERN+ SHEF +MANZ+RMCS+BIRM)
77 PL 688 191 +BORER+(CERN+DARE+BERN+SHEF +MANZ +RMCS +BIRM)
75 PL 558 420 BAILEY+(CERN+DARE +BERN+SHEF +MANZ +RMCS+BIRM)
77 NATURE 268 301 (DARE+BERN+SHEF + CERN+MANZ +RMCS +BIRM)
79 BAILEY
77 PRL 38 956 CASPERSON, CRANE+ (BERN+HEID+LASL+WYOM+YALE)
78 PL 798 37 BADERTSCHER, BORER, CZAPEK , FLUECKIGER+ (BERN)
78 JPG & 3:.5 (DARE+BERN+SHEF +MANZ+RMCS+CERN4+BIRM)
79 BAILEY
78 NP B133 205 BLIETSCHAU+(AACH+LIBH+CERN+EPOL+MILA~DRSA+)
78 PRL 41 442 +CHENG, LI, MATIS (LASL+IAS+CARNSEFI)
78 PL 77B 326 +GYGAX,KLEMPT,SCHENCK SCHULZE+  (ETH+MANZ)
79 NP 8150 1 (DARE+BERN+SHEF +MANZ+RMCS+CERN+BIRM+LBL+)
80 PL 958 318 +BACKENSTOSS, SIMONS WUEST + (BASLA+KARL)
80 LNC 28 401 BADERTSCHER, BORER, CZAPEK , FLUECKIGER+ (BERN)
82 NP A377 406 BADERTSCHER , BORER, CZAPEK , FLUCKIGER+ (BERN)
80 PL 938 203 CHARM COLLAB. CANIK+CERN-HAMB+ITEP «ROMA)
80 NP A340 249 +ENGFER , POVEL , DEY+ (ZURT+ETH+SIN)
77 PL 72B 183 POVEL,DEY,WALTER,PFEIFFER « (ZURI+ETH+SIN)
80 PRL 44 522 +HUGHES+ (YALE+LBL+LASL+SACL+SIN+CNRC+BERN)
0 PRL 45 1370 WILLIS+ (YALE+LBL+LASL+SACL+SIN+CNRC+BERN)
81 NP A352 365 +DUCLOS , MAGNON+ (SACL4+CERN-BGNA+TRIU)
&1 CNPP_10 147 P.NEMETHY V. W. HUGHES (LBL+YALE)
82 PR D25 2846 +ANDERSON ,MATIS WRIGHT +  (EFI+STAN+LANL)
79 PRL 42 556 BOWMAN , COOPER , HAMM , + (LASU+EF14STAN)
82 PR D25 652 +SCHULZE , WOLF , CAMANT , GYGAX+ (MANZ+ETH)
82 PRL 49 993 +BEER ,BOLTON, EGAN , GARDNER+ (YALE~HEID~BERN)
82 PR D25 1174 +WARREN,ORAM,KIEFL (BRCO)
83 PRL 51 164 +DEPOMMIER, LEROY MARTIN+  ¢(MONT+TRIU4BRCD)
77 PRL 39 1113 DEPQMMIER , MART IN+ (MONT+BRCO4TRIU+VICT+MELB)
83 PL 1228 465 CHARM COLLAB. (ANTK+CERN+HAMB + ITEP +ROMA)
83 PRL 51 627 +GIDAL,GOBBI, JODIDIO, ORAM+  (LBL+NWES+TRIU)
84 PL 137B 135 +DUCLOS , MAGNON+ (SACL+CERN+BGNA+FIRZ)
84 PL 1408 299 SINDRUM C., EICHLER+ (ETH+ZURT+SIN+SACL)
84 PRL 53 1415 +BOWHAN  CARLINI+ CLANL+CHIC+STAN+TEMP)
84 NP A412 523 EICHENBERGER , ENGFER VAN DER SCHAFF  (ZURI)
84 PR D29 343 GIOVANETTI,DEY,ECKHAUSE , HART+ CWILL)
84 PRL 52 717 KINOSHITA,NIZIC, OKAMOTO C(CORN)
85 NP B260 1 smnnun C.,EGLI,EICHLER+(ETH+ZURT+SIN+SACL)
85 PRL 55 465 (TRIU+CNRC+BRCO+LANL+CHIC+CARL+)
85 PL 1508 242 BURKARD , CORRIVEAU, EGGER+ CETH+SIN+MANZ)
85 PL 1608 343 BURKARD , CORRIVEAU; EGGER+ CETH+SIN+MANZ)
81 PR D24 2004 CORRIVEAU,EGGER, FETSCHER +  (ETH+SIN+MANZ)
83 PL 1298 260 CORRIVEAU,EGGER, FETSCHER+  (ETH+SIN+MANZ)
85 CNPP 14 341 HUGHES [KINOSHITA (YALE+CORN)
85 NP B253 189 MURSULA, SCHECK (BERN+MANZ)
85 PRL 54 1887 STOKER ,BALKE,CARR,GIDAL, + (LBL+NWES+TRIU)
PAPERS NOT REFERRED TO IN DATA LISTINGS
59 PRL 3 349 FISHER,LEONTIC,LUNDBY MEUNIER, STROOT (CERN)
60 ROCH CONF_60 542 ASTBURY,HATTERSLEY,HUSSAIN +  (LIVERPOOL)
60 PRL 5 330 DEYONS,GIDAL,LEDERMAN,SHAPIRG  (COLUMBIA)
60 NC 17 109 4 LATHROP,R A LUNDY,V L TELEGDI + CEFI)
60 NC 17 114 1 LATHROP,R A LUNDY,S PENMAN + CEFI)
60 PRL 5 22 REITER ,ROMANOWSK I, SUTTON + (CARNEGIE)
60 ROCH CONF 60 713 V L TELEGDI (CERN)
61 PRL 6 128 CHARPAK, EARLEY, GARWIN ULLER SENS +  (CERN)
&1 PRL 7 129 B P HUTCHINSON, 4 ME (COLUMBIA)
62 PR 125 1022 G SHAPIRO,L M LEDERHAN (COLUMBIA)
66 NC 45A 281 FAIRLEY,BAILEY,BROWN,GIESCH + (CERN)
69 NC 634 423 C VOSSLER CEFI)
72 PRPL 3 193 B.LAUTRUP,A.PETERMAN, E.DE RAFAEL(CERN+BURE)
72 RMP 44 250 ARICH,J C WESLEY ™

u
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s T
M Vo
COMBLEY 74 PRPL 14 1 F.COMBLEY,E.PICASSU (CERN}Y 7 MEAN LIFE (units 107" sec)
CALMET _ 77 RMP 49 21 J.CALMET,S.NARISON,M.PERROTTET+ (MARS)
KINOSHIT 78 TOKYO HEP P.571 T. KINOSHITA CCORN)
SCHECK 78 PRPL 44C 187 F. SCHECK (MANZ) T 102 4.6 1.9 FELDMAN 82 SMK2 E+E- ECM=29 GEV
FARLEY 79 ARNPS 29 243 F.J.M_FARLEY,E.PICASSO (RMCS+CERN) T 121 5.9 2.0 FORD 82 MAC E+E- ECM=28,29 GEV
DEPOMMIE 80 NP A335 97 P.DEPOMMIER CHONT) T 143 4.7 3.9 2.9  BEHREND2 83 CELL E+E~ ECM=22,34 GEV
COMBLEY 81 PRPL 68 93 COMBELY, FARLEY,PICASSO (SHEF +RMCS+CERN) I 156 3.20 0.54 JAROS 83 SMK2 E+E- ECM=29 GEV
T 50  3.18 0.81 0.94 ALTHOFF 84 TASS E+E- ECM=43 GEV
T B 10K 3.15 0.6 FERNANDE B85 MAL E+E- ECM=29 GEV
T B STATISTICAL AND SYSTEMATIC ERRORS ARE 0.36 AND 0.4.
T AVG 3,30 0.35  AVERAGE 1
_1
- 7 2
EXISTENCE INDIRECTLY ESTABLISHED FROM TAU DECAY DATA COMBINED T PARTIAL DECAY MODES
WITH NU REACTION DATA. SEE FOR EXAMPLE FELDMAN 81. KIRKBY 79
RULE OUT J=3/2 USING TAU ——> PI NUCTAU) BRANCHING RATIO. DECAY MASSES
NOT IN GENERAL A MASS EIGENSTATE. SEE NOTE ON NEUTRINOS P1 T o pEy,v, 106~ 0+ 0
IN THE ELECTRON NEUTRINO SECTION ABOVE. b2 TE L ety u, S11e e 0
P3 TE o SmEy,
+ £ .0
vy “MASS” (MeV) P4 TE > SwEale,
B5 T o Ktk wtv, 494+ 494+ 140+ 0
APPLIES TO NU(3), THE PRIMARY MASS EIGENSTATE IN NU(TAU). WOULD P6 T Ki7r+1r_(>0 1r°) vy
ALSO APPLY TO ANY OTHER NUCJ) WHICH MIXES STRONGLY IN NU(TAU) AND . x Kt 94
HAS SUFFICIENTLY SMALL MASS THAT IT CAN OCCUR IN THE RESPECTIVE P T - K&y, « 0
DECAYS. (THIS WOULD BE NONTRIVIAL ONLY FOR A HYPOTHETICAL J .GE. &, o9 i L pnty, 769+ 1pe 0
SIVEN THE NUCE) AND NUCMU) ''MASST' LIMITS ABOVE.) + -
P10 o a(1270)% v, 1275+ D
M BA 594 (250.) OR LESS CL=.95 BACINO 79 DLCO E+E- ECM=3.5-7.4BEV + ES
A (2500)  OR LESS CL=.95 BLOCKER 82 SMK2 E+E- 12 GEV P 77 = K*neutral(s)
M E 102 70, OR LESS (L 95 ALBRECHT B5 ARG E-E- GEV P12 ¥ o owEy, 140+ 0
M F 3 (125.) OR LESS CL-.95 BURCHAT 85 SMK2 E+E- GEV . .
M 6 4 (157.) DR LESS CL=.95 MILLS 85 DLLO E+E- GEV P13 7% ~ 2r* 7%y, (including P9, P10) 140+ 140+ 140+ 0
M H 22 (1630) OR LESS CL=.95 MATTEUZZI 85 SMK2 E+E- GEV P16 ¥ L pEy, 769+ 0
M 1 10 (B4.) OR LESS CL-.95 ABACHI 86 HRS E~E- ECM=29 GEV + .
M P PERL 77 IS E+E- TO TAU~ TAU- EXPT. VALUE QUOTED ASSUMES V-A DECAY p17 7% . 3 hadrons* v,
M P AND TAU MASS-1900 MEV. + Y
M B BACINO 79 EXPT RULES OUT V<A DECAY, DISFAVORS PURE V OR A, AND IS P18 7% = 3 hadrons® y(s) v7
M B IN GOOD AGREEMENT WITH V-A, P19 7% _ hadron* (not P7,P12,0R P16) neutral(s)
M A BOUND COMES FROM ANALYSIS OF LEPTONIC DECAY SPECTRUM. + +
M © BOUND COMES FROM ANALYSIS OF TAU - P NU(TAU) DECAY MODE. P20 7= - 5 hadrons™ neutral(s)
M E BOUND COMES FROM ANALYSIS OF TAU —> 3PI+- NUCTAU) DECAY MODE. P21 7 o KY892) vy 892: 0
M F BOUND COMES FROM ANALYSIS OF TAU -> 5PI.+- (PID) NUCTAU) DECAY. + .
M G BOUND COMES FROM ANALYSIS OF TAU -> K+~ K-+ PI+- NU(CTAU) DECAY p22 7¥ - K3(1430) v 1425+ 0
M G HODE F T
. S Fap
M H BOUND COMES FROM ANALYSIS OF TAU -» 3PI+- PIO NU(TAU) DECAY MODE. P24 7% - = x (non-resonant) ¥y 140+ 135+ 0
M 1 BOUND COMES FROM ANALYSIS OF TAU —> 5PI.— PIO NUCTAU) DECAY MODE P25 7 L atop-wEaly, 160+ 140+ 1404+ 135+
M 1 (5 EVENTS) AND TO A LESSER EXTENT FROM TAU -> 5PI+- NU(TAU) MODE + £ 000
M1 (5 EVENTS). P26 7% & wEgx0n0p, 140+ 135+ 135+ 135+
p27 T o 7Oy, 140+ 135+ 135+ 0
P28 7% o K*(2 charged) (=0 neutrals) v,
v; BOUNDS ON MASS AND MIXING P29 TE o 3rtK%=0 v) v,
N P30 7%  hadront (=1 7% v,
LIMITS ON |U,.|> AS FUNCTION OF », MASS
UET (1.E-2)0R LESS  CL=.90 BERGSMA 83 BDMP  M(NU(CTAU))=10 MEV LEPTON FAMILY NUMBER VIOLATING MODES.
UET (9.E-9)0R LESS  CL=.90 BERGSHA 83 BOMP =100 MEV
P31 TE L ou*sy 106+ 0
P32 T L ety L5114 0
REFERENCES FOR vy P33 7% 5 u? charged particles
S S i
ALLES 79 LNC 25 404 W.ALLES (BGNAY S P34 7% - €% charged particles
BACIND 79 PRL 42 749 ~FERGUSON, NODULMAN+  (UCLA+SLAC+UCT+STON) P35 TE opEutus 106+ 106+ 106
KIRKBY 79 SLAC-PUB-2419  J.KIRKSY(LEPTON PHOTON SYMP, BATAVIA)(SLAC)J + PIRAT . 511 6
FELDMAN 81 SLAC-PUB-2839  G.J.FELDMANCSANTA CRUZ APS 1981)CSLAC+STAN) P36 TT et pT 511+ 106+ 1
BLOCKER 82 PL 1098 119 +DORF AN, ABRAMS , ALAM ,BLONDEL + (LBL+SLAC) P37 7% o putete 106+.511+.511
BERGSMA 83 PL 128B 361 +DORENBOSCH+ CANTK-CERN+HAMB+ITEP + INFN) + P
ALBRECHT 85 PL 163B 404 ARGUS €, +BINDER+(DESY+DORT+HEID+IPPC+KANS+) P38 75 > eveve 511+.511+.511
BURCHAT 85 PRL 54 2489 MARK 11'C,+SCHMIDKE,YELTON+ (SLAC+LBL+HARV) P30 7t L opEgl 106s 135
MATTEUZZ 85 PR D32 800 MARK 11 C,MATTEUZZI,BARKLOW+(SLAC+LBL+HARV) :
MILLS 85 PRL 54 624 DELCO C.,PAL,ATWOOD,BAILLON+(CIT+SLAC+STAN) 240 7t L etql L5114 135
Pl . Py FF
ABACHI 86 PRL (TO BE PUBL.) HRS C.,+AKERLOFF+  (ANL+IND+LBL+MICH+PURD) et % . pEKO 106, 498
P42 7t L et KO 511« 498
43 1% L opE g0 106+ 769
~ e*pP .511s 769

P4s T*
J=

TAU DISCOVERY PAPER 1S PERL 75.
E+E- —-> TAU+TAU- CROSS SECTION THRESHOLD REHAVIDR AND FITYED PARTIAL DECAY MODE BRANCHING FRACTIONS
MAGNITUDE CONSISTENT WITH POINTLIKE SPIN 1/2 DIRAC PARTICLE.

BRANDELIK 78 RULES OUT K P 5P . B N N .
FELDMAN 78 RULES OUT J;;%'_‘TLLEK;K’;QOA%O RLIJEE; gﬁ?TICLE The matnx below is derived from the errar matrix for the fitted partial decay mode

J=INTEGER, J=3/2. branching fractions, P, as follows: The diagonal elements are P xiP, where

8P, = \/(3P,8P;), while the off-diagonal elements are the normalized correlation coeffi-

cients (5P;P;}/(3P,'4P). For the definitions of the individual P;. see the listings above;

T MASS (MeV) only those P; appearing in the matrix are assumed in the fit to be nonzero and are
thus constrained to add to 1.

rol—

M A 692 1783. 3. 4. BACINO 78 DLCO E+E- 3.1-7.4GEV ECM

M R 299 1787. 10. 18. BARTEL 78 SPEC E+E- 3. -4GEV ECM P P2 P7 P12 P16 P17 P18 P19 P20
M 1807. 20. BRARDELIK 78 DASP E+E- 3.1-5.2GEV ECM P .17574-.0055

M 1787. 10. BLOCKER 80 SMK2 E+E- 3.5-6.7GEV ECM P2 ~.204 -1735+-.0051

M 1138¢1803.) (16.) BLOCKER1 82 SMK2 INCL. IN BLOCKER 80 P 7 -.005 -.003 .0067+-.0017

M P12 -.D26 024 .

M A BACINO 78 VALUE COMES FROM Es+- X-+ THRESHOLD. PUBLISHED MASS 1782 P16 -.D35 . -2181+-.0203

M A MEV INCREASED BY 1 MEV USING THE HIGH PRECISION PSI(3685) MASS P17  -.001 .0810+-,0073

M A MEASUREMENT OF ZHOLENTZ 80 TO ELIMINATE THE ABSOLUTE SPEAR ENERGY P18 -.008 -.922 .0527+-.0078

M A CALIBRATION UNCERTAINTY. P19 -.143 -.003 -.039 . 1896+-.0236
M P2¢ -.003 -.000 -.001 -.013 -0015+-.0004
M R BARTEL 78 FITS ENERGY DEPENDENCE OF C5 FOR E+— AND MU+- EVENTS.

M R MASS VALUE NOT DEPENDENT ON WHETHER V-A OR V+A DECAY ASSUMED.

M e e e e e

M AVG 1784.2 3.2 AVERAGE




For notation, see key on page 91.

7 BRANCHING RATIOS

Tt (1 * v, vr)/total ®D
R1 220 0.15 0.03 BURMEST1 77 PLUT ASSUMES V-A DECAY
R1 .175 0.040 PERL 77 SMAG E+E- TO MU+- X-+
R1 ‘22 010 0.07 CAVALLISF 77 SPEC  E+E- TO MU+- X-+
R1 1M 0.22 0.07 0.08 SMITH 8 SPEC  E<E- TO MUsMU-X0
R1 0.35 .14 BRANDELIK 80 TASS  E+E- ECM-30GEV
R1 o.178  0.027 BERGER 81 PLUT  E+E~ 9-32GEV ECM
R1 E 47 0.176  0.033 BEHREND 83 CELL  E+E- ECM=34 GEV,
R1 F 0.129 018 ALTHOFF 85 TASS E+E- EC

R1 1 473 183 010 ASH 85 MAC E+E- EC

R1 ) €0.173)  (0.005) ASH 5 MAC E+E- EC|

RT H 180 12 BALTRUSA 85 SMK3 E+E- EC

R1 G 155 0.194  0.023 GER 85 PLUT E+E- ECM

R1 E STATISTICAL AND SYSTEMATIC ERRORS COMBINED IN QUADRATURE.

R1 F STATISTICAL AND SYSTEMATIC ERRORS ARE 0.017 AND +0.007 -0.005.

R1 1 ERROR CORRELATED WITH FERNANDEZ 85 1-PRONG VALUE.

R1 I STATISTICAL AND SYSTEMATIC ERRORS ARE D.009 AND 0.005.

R1 J COMBINED RESULT OF ASH 85 R1, R2, AND R& MEASUREMENTS ASSUMING

R1 4 BR(MU NU NU)/BRCE WU NUY=0.97.

R1 H ERROR CORRELATED WITH BALTRUSAI 85 E NU NU VALUE.

R1 H STATISTICAL AND SYSTEMATIC ERRORS ARE 0.01 AND 0.006.

R1 G STATISTICAL AND SYSTEMATIC ERRORS ARE 0.016 AND 0.017.

R1 R

R1 AVG 0.1753 0.0069 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.1}
R1FIT 0.1757 00055 FROM FIT

r* (e v, vr)/total

R2 B 459 0.160° 0.013 BACINO 78 DLCO E+E-

H 0.19 0:09 BRANDELIK 80 TASS E+E-

R2 E 60  0.183  0.031 BEHREND 83 CELL E+E-

R2 F 0.204  0.033 ALTHOFF 85 TASS E+E-

R2 1390  0.180 1011 85 MAC E+E-

R2 4 (0.178)  (0.005) ASH 85 MAC E+E-

R2 R 1182 0.009 BALTRUSA 85 SHKZ E-E- EM-3.77

R2 6 130 .035 BERGER E+E- ECM=34.6 GEV
R2 B BACINO 78 VALUE COMES FROM FIT TO EVENTS \-IITH 54— AND 1 OTHER

RZ B NONELECTRON CHARGED PRONG.

R2 E STATISTICAL AND SYSTEMATIC ERRORS COMBINED IN QUADRATURE.

RZ F STATISTICAL AND SYSTEMATIC ERRORS ARE 0.030 AND +0.014 -0.009.

RZ I ERROR CORRELATED WITH FERNANDEZ 85 1-PRONG VALUE.

RZ 1 STATISTICAL AND SYSTEMATIC ERRORS ARE 0.009 AND 0.006.

R2 J COMBINED RESULT OF ASH 85 R1, R2, AND R4 MEASUREMENTS ASSUMING

R2 J BRCMU NU NU)/BRCE NU KU)=0.97.

RZ H ERROR CORRELATED WITH BALTRUSAL 85 R1.

RZ H STATISTICAL AND SYSTEMATIC ERRORS ARE 0.007 AND 0.005.

R2 G STATISTICAL AND SYSTEMATIC ERRORS ARE 0.019 AND 0.029.

R2 TP

RZ  AVG 0.1763  0.0058 AVERAGE

RZ FIT 0.1735  0.0051 FROM FIT

TE (wtvyr ety vy)

R3 SART(P1*P2)

R3 P 105 0.17 0.06 0.03 PERL 76 SMAG

R3 B 144  0.186  0.D30 PERL 77 SMAE

R3 B 21  0.224  0.055 BARBARO-G 77 SMAG

R3 B 13 0.182 0.031 BRANDELIK 78 DASP ASSUMES V-A DECAY
R3 B WE HAVE COMBINED STATISTICAL AND SYSTEMATIC ERRORS QUADRATICALLY.
R3 P ASSUMES V-A COUPLING, TAU MASS=1.8 GEV, TAU NEUTRINO MASS=0.

RS B ASSUMES V-A COUPLING, TAU MASS=1.9 GEV, TAU NEUTRINO MASS-O.

R . e

R3 AVG 0.186 0.018 AVERAGE

R3S FIT 0.1746  0.0033 FROM FIT

Tt vy vy, v;) (P1*CP2)
R6 B 20 0.034  0.009 BACINOT 79 DLCO E+E- ECM=3.6-7.4GEY
Ré 257 0.030  0.005 BLOCKER1 82 SHKZ E+E- ECM-3.5-6. 7GEV
RG A 0288 0.0025 5 MAC E+E- ECM=29 GEV

R B BACINGT 75 GUOTES BRMUI=0.21+m0, R 058(STAT s S¥eT. ERRORS COMAINED I
R4 A STATISTICAL AND SYSTEMATIC ERRORS ARE 0.0017 AND 0.0019

Ré& B QUADRATURE) ASSUMINE BR(E)=0.16.

Ré B VALUE.

WE MULTIPLY BY 0.16 TO GET ABOVE

R4 AVE 010293 © 0.0022 AVERAGE

R& FIT 0.0305 0.0012 FROM FIT

L CEb P 257/ (Tl P 20 P2y scp1
RS PREDICTED TO BE 1 FOR SEQUENTIAL LEPTON, 2 FOR PARAELECTRON,

RS AND 1/2 FOR PARAMUDN. PARAELECTRON ALSO RULED QUT BY HEILE 78.

RS 1 0.92 .37 BURMEST2 77 PLUT ASSUMES V-A DECAY
RS B 18 1.09 0.38 BRANDELIK 78 DASP E+E- 3.1-5.2GEV ECM
R5 L 154 0.75 0.23 BLOCKER1 82 SMK2 E+E- ECM=3.5-6.7GEV
R3 A 390 €0.98) (0.08) 5 MAC E+E~ ECM=29 GEV

R3 B BRANDELIK 78 QUOTES THE INVERSE OF THIS RATIO AS .92+-.32

RS L BLOCKER 82 GIVES THE INVERSE OF THIS RATIO AS 1.33+-.18+-. 36 -

RS A STATISTICAL AND SYSTEMATIC ERRORS ARE 0.07 AND 0.04.

RS A NOT INDEPENDENT OF ASH 85 R1 AND R2 VAULES.

RS .

R5 AVG 0.86 0.17 AVERAGE

RS FIT 0.988 0.D47 FROM FIT

7% o (7T ) t0tal 12>
RG 1138 0. 117 4.019 BLOCKER1 82 SMK2 E+E- ECM=. 3 5-6.7GEV
R6 E 34 0.0 ¢.021 BEHREND 83 CELL E+E- ECM=34 GEV.

R6 E STATISTICAL AND SYSTEMATIC ERRORS COMBINED IN QUADRATURE.

86 .

R6 AVG 0.109 0.0110 AVERAGE

R& FIT 0.101 0.011 FROM FIT

7% o (K*v;)/total P
R7 15 0.013 0.005 BLOCKER2 82 SMK2 E+E- ECM=3.9-6.7GEV
R; 16 0.0059 0.0018 MILLS B84 DLLO E+E- ECM=29 GEV

R P T T

R7 AVG 0.0067 0.0023 AVERAGE (ERROR INCLUDES SCALE FACTOR 0fF 1.3)
R7 FIT 0.0067 0.0017 FROM FIT

Tt (p £ v, )/total P16>
R& 0.221 0.025 BEHREND 84 CELL E+E- ECM=14,22 GEV
RS T

R& FIT 0.218 ¢.020 FROM FIT

T . (K'(892)* v.,-)/totxl *21)
R9 1" 0.017 .007 DORFAN 81 SMK2 E+E- 4.2-6.7GEV ECM
7%~ (K3(1430)% p;)/total °22)
R10 0 0.009 OR LESS CL=.95 DORFAN 81 SMK2 E+E- 4.2-6.7GEV ECM

105
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— (a;(1270)% v )/total ®10)

W 27 (0.108) (H.034) WAGNER 80 PLUT E+E- 4-5 GEV ECM

W NOT INDEPENDENT OF WAGNER 80 R22 VALUF BELOW. ASSUMES THAT ALL

W (NU RHOO P1+-) EVENTS ARE (NU Als-) AND BR(L.- AU NUY=

W .17340.013 .
v M utv,vr) (P16I*(P1)
103 0.041 0.009 BLOCKER 80 SMKZ2 E+E- ECM=3.5-6.7GEV

FIT "0l0383 ~ 9.6037 FROM FIT

- (eEv ety vy) (P16)*(P2)
135 0.034  0.008 BLOCKER 80 SMK2 E+E- ECM=3.5-6.7GEV

FIT 00379 T 0.0036 FROM FIT

> (mEy et vovr)
A 25 0.015  0.006 ALEXANDZ 78 PLUT E+E- ECM=3.6-5 GEV
B 10 0.013 0.0 BACINOT 79 DLCO E+E- ECM=3.6-7.4GEV
A ALEXANDERZ 78 QUOTE BR(PI)-.090+-,038(STAT.+SYST.ERRORS COMBINED IN
A QUADRATURE) USING BR(E)=.167+-.010. WE MPY. BY .167 TO GET ABV.VAL.
B BACINO] 79 QUOTES BR(P1)-0.080+-0.035(STAT.+SYST.ERRORS COMBINED IN

(P12)*(P2)

B QUADRATURE) ASSUMING BRCE)=D.16. WE MPY. BY 0,16 TO GET ABOVE VAL,
AVG 070140 © 0.0042 AVERAGE
FIT 0.0176  0.0020 FROM FIT
(7 % 7" (non-resonant) »;)/total (P24)
0.003 0,003 BEHREND 84 CELL E+E- ECM=14;22 GEV
(m£27x% . )/total P27
0.060  0.035 BEWREND 84 CELL E+E~ ECM=14,22 GEV
(w370 p.)/total P26
0.030 0.027 BEHREND 84 CELL E+E- ECM=14,22 GEV
- (7% p°r;)/total *9)
27 0.05  0.017 WAGNER 80 PLUT E+E- 4-5 GEV ECM

— ((1 charged) (=0 neutrals) v.)/total
(P14+P2+P7+P12+P16+P19)

CHARGED PARTICLE CAN BE E, MU, OR HADI

SINCE 5 PRONG BR. FRACTLON IS VERY SMALL THIS BR. FRACTION

IS NOT INDEPENDENT OF 3 PRONG VALUE (R31).

(0.840)  0.020) BEHREND ~ 82 CELL E+E- 32-36.BGEV ECM

B 764 (0.B6)  (0.022) BLOCKER3 82 SMK2 E+E- ECM = 29 GEV
A 680 (0.852) (0. 017) ATHARA 84 TPC E+E- ECM=29 GEV
D 4098  (0.869) (0.004 AKERLOF 85 HRS E+E- ECM=29 GEV
F 169 (0.847) (0. 019) (0.017)ALTHOFF 85 TASS E+E- ECM=34.5 GEV
J (0.861) (0.010) BARTEL 85 JADE E«E- ECM=34.6 GEV
G 0.878) (0.041) BERGER 85 PLUT E-E- ECM=34.6 GEV
¢ (0.867) (0.007) FERNANDE B5 MAC EsE- ECM=29 GEV

SYSTEMATIC AND STATISTICAL ERRORS COMBINED

STATISTICAL AND
STATISTICAL AND
NOT INDEPENDENT

B IN QUADRATURE.
A .

D

F

F  STATISTICAL AND

J

G

G

C

ARE 0.009 AND 0.015

ARE 0.002 AND 0.003.

R2, R25, AND R31 VALUES.
ARE 0.011 AND +0.016 -0.013.

SYSTEMATIC
SYSTEMATIC
OF ALTHOFF 85 R1,
SYSTEMATIC ERRURS
SYSTEMATIC ERRORS ARE 0.005 AND 0.009.
OF (1-PRONG + UPIO) AND (1-PRONG + >= 1PI0) VALUES.
SYSTEMATIC ERRORS ARE 0.013 AND 0.039%.
SYSTEMATIC ERRORS ARE 0.003 AND 0.006.

ERRORS
ERRORS

STATISTICAL AND
NOT INDEPENDENT
STATISTICAL AND
STATISTICAL AND

FIT "0l8é4s ~ 0.4D30 FROM FIT
(badron® (=9 neutrals) »;)/total (P74P124P164P19)
19 0.45 0.19 BARBARO-G 77 SMAG
0.29 0.11 BRANDELIK 78 DASP ASSUMES V-A DECAY
B €0.22) 0.14) BRANDELIK 80 TASS E+E- ECM=30GEV
5 0.033 0.039 ALTHOFF 85 TASS E+E- ECM=34.5 GEV

F 0.51
B NOT INDEPENDENT OF BRANDELIK 80D R1, R2 AND R24 VALUES.
F STATISTICAL AND SYSTEMATIC ERRORS ARE 0.029 AND +0.016 -0.026.

0./«92 : 0‘065 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.9)
0.5156 0.0073 FROM FIT
(SEE IDEOGRAM BELOW)

AVG
FIT

WEIGHTED AVERAGE
0.492 + 0.065 (ERROR SCALED BY 1.8)
\ + Values above of weighted averzge, error,
and scale factor are based upon the data i
this ideogram only. They &re not neces-
sanly the same as our “best” values,
obtained from a least-squares constrained fit
utihzing measurements of other {releted}
quantities as additiona. information,

2
X
- ALTHOFF 85 TASS 0.4
— - BRANDELIK 78 DASP 34
- BARBARO-G 77 SMAG
3.8
\/ {Confidence Leve, = 0 052)
1 L 1 1
0.0 0.2 0.4 0.6 08 10

Bir - hadron 20neutrals v, }

T



106

Stable Particle Full Listings

T
T* (K% (=0 neutrals) v;)/total ®11)
R26 B SMALL BRANDELIK 77 DASP  3.6-5.2ECM E+E-
R26 53 0.0171  0.002 MILLS B4 DLLO  E+E- ECM=29 GEV |
RE6 5 BRANDELIK 77 FINDS 3. 07s- 0.06 K+- PER EVT IN E+E- ——> E+- PRONG-+.
T QTE ¥ v,)/total ®17)
R28 DECAY MODES WITH KAONS ARE MEASURED TO BE SMALL, SO ALL HADRONS

R28 ARE ASSUMED 7O 3 PIONS.  BEHREND B4 SUBTRACTS KAONS BY HAND.

R28 4 13 (0.07)  (0.05) 78 SMAG E+E- ECM > 6 GEV

R28 0.09 0:06 SRANDELIK 3D A8 E+E- ECM=30GEY

R28 0.097 g-024 BEHREND 84 CELL E+E- ECM=14,22 GEY
R28 1255  0.081  0.008 FERNANDE 85 MAC E+E- ECM=29 GEV

R28 J JARQS 78 EVENTS CONSISTENT WITH BEING RHO PI OR A1.

R28 .

R2ZB AVG ‘010827 T 0.0075 AveRaGE

R28 FIT 0.0810  0.0073 FROM FIT

TE (27 % 7 ¥ (non-resonant) v )/total (P13-P9)
R29 0.014 OR LESS CL=.95 WAGNER 80 PLUT E+E- 4-5 GEV ECM

TE @7 700, ) /total P25)
R30 WE FIT THIS AS P18 (TAU+- INTO 3 HADRONS . GAMKACS) NUCTAUS) AND

R30 ASSUME THAT THE MULTI-PID FRACTION IS SM

R30 «@.on JARDS 78" 5MAG Eer- £cm > 6 GV |
R30 0.15 BRANDELIK BO TASS E+E- ECM=30GEV

R30 006z 0l0% BEHREND 84 CELL EvE- ECM=14,22 GEV |
R30 e

R30 AVG 0.075" ~ 0.031  AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.2)
R30 FIT 0.0527  0.0078 FROM FIT

Tt @BrE(=0 7% v, )/total (P17+P18)
R31 DECAY MODES WITH KAOKS ARE MEASURED TO SE SWALL, S0 ALL MADRONS

R31 ARE ASSUMED 10 BE PIO|

R31 E 692  (0.32)  (0.05) BACINO 78 DLCO E+E- ECM=3,1-7,4GEYV
R31 E 0.35) (0.1 BRANDELIX 78 DASP ASSUMES V-A DECAY
R31 E 33 (0.18)  (0.065) 78 SMAG EvE- ECM > 6 GEV

R31 3 0.2 106 BRANDELIK 80 TASS E<E- ECM=30 GEV

k31 186 0.150 0,020 BEWREND 82 CELL E+E- 32-36.BGEV ECM
R31 1 0.14 0.0z BLOCKER3 82 SMKZ E+ E- ECM = 29 GEV
R31T A 660  0.148  0.017 ATHARA 84 TPC E+E- ECM=29 GEV

R31 C4098  0.130  0.0D AKERLOF 85 HRS E+E- ECM=29 BEV

R31 F 367  0.153  0.017  0.019 ALTHDFF  B5 TASS EvE- ECM-34.5 GEV
R31 4 0.136  0.009 BARTEL 85 JADE EvE- ECM=34.6 GEV
R31 G 0.122  0.041 BERGER B85 PLUT E+E- ECM=34.6 GEV
R31 B 0.133  0.007 FERNANDE 85 MAC E+E- ECM=29 GE

R31 E  LOW ENERGY EXPERIMENTS ARE NOT IN AVERAGE OR FIT BECAUSE THE

R31 E SYSTEMATIC ERRQORS IN BACKGROUND SUBTRACTION ARE JUDGED TO BE LARGE.
R31 STATISTICAL AND SYSTEMATIC ERRORS ARE 0.009 AND 0.015.

A
c
E
R31 4
G
G
8

R31 AVG
R31 FIT

R33 J
R33 C

R33 J
R33 C

R33 AVG
R33 FIT

B
R35 B
R35 AVG

.
8
k8 B
B
R3O B
Tt

M
RAD M
M

R41 M
R41 M
R4T M

-

[

R&2 G
2

R&2 FIT

STATISTICAL AND SYSTEMATIC ERRORS ARE 0.002 AND 0,003,
STATISTICAL AND SYSTEMATIC ERRORS ARE 0.011 AND +0,013 -0.016.
STATISTICAL AND SYSTEMATI{ ERRORS ARE 0.005 AND 0.008.

NOT INDEPENDENT OF BERGER 85 R1, R2, R42, AND R43,
STATISTICAL AND SYSTEMATIC ERRORS ARE 0.013 AND {,039.
STATISTICAL AND SYSTEMATIC ERRORS ARE 0.0D3 AND 0.007.

0.1334 ~ 0.0030 AVERAGE
0.1337  0.0030 FROM FIT
GTE(E=0 7% v,)/total P20)
(0.06) OR LESS CL=.95 BRANDELIK 80 TASS EvE- ECH=30GEY
0 0.010 4 EHREND CELL E+E- 32-36.BGEV ECM
2 (0.00530R BLOGKERs 62 omes E+E- ECM = 29 GEV
4 (0.003)08 ATHARA ~ B4 TPC E+E- ECM=29
1 (0.00950R 95  BEHREND B4 CELL E+E-
0 (0.007)OR LESS CL=.95 ALTHOFF  B5 TASS E4E-
0.003  0.002 BARTEL 85 JADE EE-
19 0.0073 o a0t BELTRAMI 85 HRS E+F-
4 016 0.0 BURCHAT 85 SMK2 E+E- ECM=29 GEV
2 (0 oomon 1098 cLe. FERNANDE 85 MAC E+E- ECM=29 GEV

STATISTICAL AND SYSTEHAT]C ERRORS ARE 0.001 AND 0.002.
STATISTICAL AND SYSTEMATIC ERRORS ARE 0.0008 AND 0.0004.

" 9.00147 "0l00036  AvERAGE

0.00147 0.00036 FROM FIT
(K% (2 charged) (=0 neutrals) v;)/total (p28)
0.006 OR LESS GL=.90 AIHARA 84 TPC E+E- ECM=29 GEV i
- (3 hadrons* u,)/
HADRONS+- (>=0 GAMMAS) NUCTAUY) (P17)/(P17-P18)
o INDEPENDENT OF R3S AN B3 waLuR 5.9
0.37 0.35 0.20 ALTHOFF ~ B5 TASS E+E— EGM=34.5 GEV
0.81 0.06 FERNANDE  B5 WAC E+E_ ECM-29 GEV
STATISTICAL AND SYSTEMATIC ERRORS ARE 0.03 AND 0.05,
“00599" " 0.059  AveragE
BrTK (=0 v, v;)/total (P29)
0.0027 OR LESS Ci=,90 BELTRAMI 85 WRS E+E- ECM=29 GEV I
57 % v )/totad 41
5 0.0D087  0.00030 RAMI 85 HRS E+E- ECM-29 GEY
THE ERROR QUOTED IS STAT!STICAL UNLY.
&7t 700, )/ total 4>
5 0.00067 D0.00030 RAMI 85 HRS E+E- ECM=29 GEY
THE ERROR BUOTED S STATISTICAL MY,
(K K™ 7%y, )total P35>

9 0.0022  0.0017 0.0011 MILLS 85 DLCO E+E- ECM=29 GEV
ERROR CORRELATED WITH MILLS 85 (K P1 PI PI0 NU) VALUE. EXCLUDES

23% SYSTEMATIC ERROR.

(KExtm7 (=0 7% v.)/total P6)
9 0.0022  0.0016 00013 MILLS 85 DLCO E+E- ECM=29 GEV
ERROR CORRELATED WITH MILLS 85 (K K PI NU) VALUE. EXCLUDES 25%
SYSTEMATIC ERROR.

(P30)
427 0.035 RGER 85 PLUT E+E- ECM=34.6 GEV
STATISTICAL AND SYSTEMATIC ERRURS ARE 0.020 AND 0.029.

0i468"

(hadrun*(>1 % v ) total

" 0.013 FRoM FIT

T o (hadmn* vy )ftotal (P124P7)
R43 G 0.130  0.045 85 PLUT E+E- ECM=34.6 GEV
Ri3 6 STATISTiCAC AN SveTEwATIC ERRORS ARE 0.030 AND 0. 040

R43 .

R43 FIT 0:108" " 6.011 FROM FIT

7% (ut charged particles + e* charged particles)/total (P334P34)
RS2 TEST OF LEPTON FAMILY NUMBER CONSERVATION

RS2 B 0.04 OR LESS CL=.90 BURMEST2 77 PLUT E+E- 4-5 GEV ECM
RS2 8 ASSUMES SAME MU,E MOM. SPEC, AS (MU E + NOTHING DETECTED).
7t o (T y)/total P31
RS3 TEST OF LEPTON FAMILY NUMBER CONSERVATION
RS3 5.56-4 OR LESS CL=.90  HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
7% L (e* y)/total (p32)
RS54 TEST OF LEPTON FAMILY NUMBER CONSERVATION
R54 6.4E-4 OR LESS CL=.90 HAYES 82 SMKZ E+E- 3.8-6.8GEV ECM
7 o (Tt pT)jtetal p35)
R55 TEST OF LEPTON FAMILY NUMBER CONSERVATION
R55 4.9E-4 OR LESS CL=.90 HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
T o (e* ptpT)/total (P36)
R56 TEST OF LEPTON FAMILY NUMBER CONSERVATION
RS6 3.36-4 OR LESS CL=.90  HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
Tt o (u¥ete)/total (P37)
R57 TEST OF LEPTON FAMILY NUMBER CONSERVATION
R57 4.4E-4 OR LESS CL=.90  HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
T o (e*ete ) total (B38)
R58 TEST OF LEPTON FAMILY NUMBER CONSERVATION
R58 4.DE-4 OR LESS CL=.90 HAYES 82 SMK2 E+E- 3.B-6.BGEV ECM
7% o (u* 7%/tetal P39)
R59 TEST OF LEPTON FAMILY NUMBER CONSERVITIUN
R59 B.2E-4 OR LESS CL-.90  HAYES SMK2 E+E- 3.8-6.8GEY ECM
TE o (e* 7%/10tal (P40
R60 TEST_OF LEPTON FAMILY NUMBER CONSERVATION
R60 2.1E-3 OR LESS CL=.90  HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
Tt o (ut K%/total P4ty
R6&1 TEST DF LEPTON FAMILY NUMBER CONSERVATION
R61 DE-3 OR LESS CL=.90  HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
T (e*K“)/total (P42)
R62 TEST OF LEPTON FAMILY NUMBER CONSERVATIoN
R62 1.3E-3 OR LESS CL=.90 82 SMK2 E+E- 3.8-6.8GEV ECM
7t o (u p%/total (P43)
R63 TEST OF LEPTON FAMILY NUMBER CONSERVATION
R63 4.4E-L OR LESS CL=.90  HAYES B2 SMK2 E+E- 3.8-6.8GEV ECM
% L (e* p%/total (P44)
Ré&4 TEST OF LEPTON FAMILY NUMBER CONSERVATION
R64 3.7E-4 OR LESS CL=.90  HAYES 82 SMK2 E+E- 3.8-6.8GEV ECM
7 DECAY PARAMETERS

p (MICHEL) PARAMETER (V—A theory predicts p=0.75)
RHD 594 0.72 4.15 BACINGZ 79 DLCO E+E- ECM=3.5-7,4GEV
RHO A1426  0.71 0.095 BEHRENDS 85 CLEO  E+E- NEAR UPS(4S)
RHO A STAT. ERROR_(0.09) AND SYST. ERRDR (0.03) ADDED IN QUADRATURE.
RHO A USED 699 (727) EVENTS WITH AN ELECTRON (MUON).
RHO e
RHO AVG 0.713  0.080  AVERAGE

7/t CHARGED COUPLING—CONSTANT RATIO
€ ¢ 0.94 0.13 ALTHOFF 84 TASS  E+E- ECM=43 GEY
B0 STATISTICAL AND BYSTEMATIE ERRORS ARE +0.12 -0.09 AND 0.09.

REFERENCES FOR 7

PERL 75 PRL 35 1489 +ABRAMS ,BOYARSKI,BREIDENBACH + (LBL+SLAC)
PERL 76 PL 63B 466 +FELOMAN, ABRAMS , ALAM,BOYARSKI + (SLAC+LBL)
BARBARQ- 77 PRL 39 1058 BARBARO-BALTIERI + (LBL+NWES+SLAL+HAWA)

BRANDELI 77 PL 7(¢B 125
BURMEST? 77 PL 638 297
BURMEST2 77 PL 688 301
CAVALLIS 77 LNC 20 337
PERL 77 PL 70B 487

BRANDELIK +
BURMESTER, CRIEGEE +
BURMESTER,CRIEGEE +
CAVALLI-SFORZA,GOGGL +
+FELDMAN, ABRAMS ,ALAM, BOYARSKI +

ALEXANDER+
+FERGUSON ,NODULMAN +
J.KIRZ(19TH INTL.CONF. ON HEP)

ZHOLENTZ KURDADZE, LELCHUK, MISHNEV+

ALEXANDZ 78 pL 788 162

BACINO 78 PRL 41
ALSO 78 TOKYOD CDNF
ALSO 80 PL 96B 214

BARTEL 78 PL 77B 331

P.249

BRANDELI 78 pPL 73B 109
HEILE 78 NP B138 189
JAROS 78 PRL 4D 1120
SMITH 78 PR D18 1

BRANDELIK +
+PERL,ABRAMS , ALAM, BOYARSK I+ [4:1
+ABRAMS , ALAM+

(AACH+DESY +HAMB +MP IM+TOKY )
(DESY+HAMB+SIEG+WUPG)
(DESY+HAMB+SIEG +WUPG)

(PAVI+PRIN+UMD)
(SLAC+LBL)

(DESY+AACH+HAMB+SIEG+WUPG)
(UCLA+SLAC+UCI+STON)J

{STON)
(NOVO)

+DITTMANN ,DUINKER ,OLSSON,ONEILL+(DESY+HEID)

CAACH+DESY+HAMB+ MPIM+TOKY)J
LAC+LBL}
{SLAC+LBL+NWES+~HAWA)
+FORD ,MORSE ;MANN,RESVANIS+ (COLO+PENN+WISC)

ALLES 7% LNC 25 404 W.ALLES (BGNAYJ
BACINO1 79 PRL 42 & +FERGUSON,NODULMAN + {UCLA+SLAC+UCI+STON)
BACINOR 79 PRL 42 749 +FERGUSON, NODULMAN+ (UCLA+SLAC+UCI+STON)

!
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BLOCKER 80 LBL- 10807 THESIS C.A.BLOCKER (LBL)
BRANDELI 80 PL 92B BRANDELIK + (AACH+BONN+DESY+HAMB+LOLC+OXF+)
WAGNER 80 ZPRY 53 ‘193 +ALEXANDER+ AACH+DESY+HAMB+SIEG+WUPG}
ZHOLENTZ 80 PL 96B +KURDADZE ,LELCHUK ,MISHNEV ,NIKITIN+ {NOVD)

ALSD 81 YAD PHYS 34 1471 ZHQLENTZ + (NOYD)
BERGER 81 998 +GENZEL+(AACH+BERG+DESY+HAMB+UMD+SIEG+WUPE)
DORFAN 81 PRL 4“6 215 +BLOCKER, ABRAMS ,ALAM + (SLAC+LBL)
BEHREND 82 PL 114B 282 +CHEN+ (DESY+KARL+MPIM+LALO+LPNP+SACL)

BLOCKER1 82 PL 1098 119
BLOCKER2 82 PRL 48 1586
BLOCKER3 82 PRL 49 1369
FELDMAN 82 PRL 48 66

FORD 82 PRL 49 106
HAYES 82 PR D25 2B69

+DORFAN, ABRAMS  ALAM BLONDEL+ (LBL+SLAC)Y
+ABRAMS ,ALAM,BLONDEL ,BOYARSKI + (SLAC+LBL)
+LEVI, ABRAMS,AMIDEI,BACKER+« (HARV+LBL+SLAC)
+TRILLING ,ABRAMS,AMIDET+ {SLAC+LBL+HARV)
+SMITH+ (COLO+FRAS+NEAS+STAN+SLAC+UTAH+WISC)
+PERL ,ALAM,BOYARSKI,BREIDENBACH+ (SLAC+LBL)

BEHREND 83 PL 1278 270 +CHEN+ (DESY +KARL+NPIM+LALD+LPNP+SACL)

BEHREND2 83 NP B211 369 +CHEN+ (DESY+KARL +MPIM+LALC+LPNP+SACL)

JAROS 83 PRL 51 955 +AMIDEL, TRILLING+ (SLAC+LBL+HARV)

ATHARA 84 PR D30 2436 TPC €, +ALSTON-GARNJOST+ (LBL+UCLA+UCR+JIHU+)
8

ALTHOFF 4 PL 1418 264 TAS50 C. C(AACH+BONN+DESY+HAMB+LOIC+OXF+RL+)
BEHREND 84 ZPHY €23 103 CELLO COLL. (DESY+KARL+MPIM+LALO+LPNP+SACL)
MILLS 84 PRL 52 1944 DELCO COLLABORATION (CIT+SLAC+STAN)
AKERLOF 85 PRL 53 HRS C,+BARANKO+(ANL+IND+MICH+PURD+LBL+STAN)
ALTHOFF 85 ZPHY 026 521 TASSO €, (AACH+BONN+BRIS+DESY+HAMB+LOIC+)

85 PRL 55 2118 MAC C,+BAND+ (COLO+FRAS+HOUS+NEAS+SLAC+)

ASH

BALTRUSA 85 PRL 55 1842 MARK [I1 C,BALTRUSAITIS+ (CIT+UCSC+ILL+)
BARTEL 85 PL 161 188 JADE C,+(DESY+HAMB+HEID+LANC+MCHS+UMD+RAL+)>
BEHRENDS 85 PR D32 2468 CLEO C.,+ C(ROCH+RUTG+SYRA+VAND+ALBA+~CMU+)
BELTRAMI 85 PRL 54 1775 HRS C,+BYLSMA+ (PURD+ANL+IND+MICH+LBL+SLAC)
BERGER 85 ZPHY C28 1 PLUTO C,+GENZEL+(AACH+BERG+DESY+GLAS+HAMB+)
BURCHAT 85 PRL 54 2489 MARK II C,+SCHMIDKE,YELTON+ (SLAC+LBL+HARV)
FERNANDE 85 PRL 54 1624 MAC C,FERNANDEZ+(COLO+FRAS+HOUS+NEAS+SLAL+)
MILLS 85 PRL 54 624 DELCO C,+PAL,ATWOOD,BAILLON+(CIT+SLAC+STAN)

REVIEWS
AZIMDV 78 SPU 21 225 +FRANKFURT,KHOZE (LENL)
FELDMAN 78 TOKYO CONF,,P.777 G.J.FELDMAN (19TH INTL. CONF. ON HEP)(SLAC)J
PERL 78 SLAC-PUB-2219 M.L.PERL (KARLSRUHE SUMMER INST.197B)(SLAC)

FLUGGE 79 ZPHY C1 121 G.FLUGGE (DESY
KIRKBY 79 SLAC-PUB-2419 J. KIRKBY(LEPTON PHOTON SYMP. BATAVIA)(SLAC)J
PERL 80 ARNPS 30 299 M.L.PE (SLAC)

SEARCHES FOR MASSIVE NEUTRINOS
AND LEPTON MIXING

OMITTED FROM SUMMARY TABLE

SEE _THE NOTE ON NEUTRINOS BY R.E. SHROCK IN THE ELECTRON NEUTRINO
SECTION NEAR THE BEGINNING OF THESE DATA LISTINGS.

SEARCHES FOR INDIRECT EFFECTS OF NEUTRINQ MASSES AND LEPTON MIXING
ARE LISTED HERE. DIRECT SEARCHES FOR MASSES OF DOMINANTLY COUPLED
NEUTRINOS ARE LISTED IN THE APPROPRIATE SECTION ON NU(MU), NU(E),
OR NU(TAUY. RESULTS OF THESE INDIRECT SEARCHES ARE CORRELATED
UPPER BOUNDS DN MIXING MATRIX COEFFICIENTS U(A,J) VERSUS
NEUTRINO MASS. THESE RESULTS ARE DIVIDED INTO THREE SECTIONS--

(A) BOUNDS FROM PARTICLE AND NUCLEAR DECAYS

(B) BOUNDS FROM NEUTRINO REACTIDNS

(C) SEARCHES FOR NEUTRINOLESS DOUBLE BETA DECAY

THE SITUATION CAN BE SUMMARIZED AS FOLLOWS. CURRENT EXPERIMENTS
YIELD NULL RESULTS, I.E. ONLY UPPER BOUNDS, WITH TWO EXCEPTIONS
BOTH OF WHICH ARE IN STRONG CONFLICT WITH SUBSEQUENT EXPERIMENTS:
<13 CAVAIGNAC 84, REPORT EVIDENCE FOR NEUTRINO OSCILLATIONS
QOF THE TYPE NUBAR(E) -/-> NUBAR(E), FROM REACTOR
NEUTRINO EXPERIMENT AT BUGEY. HOWEVER, ZACEK 85 RULES
OUT ALMOST ALL OF THE ALLOWED REGION IN SIN(2*THETA)**2
AND DELTA(M**2) CLAIMED BY CAVAIGNAC 84.
SIMPSON 85 REPORTS OBSERVATION OF ADMIXED HEAVY
NEUTRINO IN TRITIUM BETA DECAY WITH M(NU(J))=17.1 KEV,
CABS(U(1,d))¥**2=0.03+-0.01. HOWEVER, THE CLAIM OF
SIMPSON 85 IS STRONGLY REFUTED BY ALTZITZOGLU 85,
OHI 85, AND APALIKOV 85.

2

SEE ALSO BOUNDS ON MASSES OF NEUTRINOS ABOVE.

(A). BOUNDS FROM PARTICLE AND NUCLEAR DECAYS
LIMITS ON |U,;|? AS FUNCTION OF MASS(;)

o
uty APPLICATION DF KINK AND PEAK SEARCH TEST TO EXISTING DATA,
J LESS .95 81

u1 D (NU(J)) 0 1 KEV
u1Jd D 4. E-3 SINPSON 81

utd A 0.1 SHROCK 80 M(NU(J)) 0 1 3 MEY
u1J B 1. E-4 SHROCK 1 81 H(NU(J)) 10 NEV
U1y B 5. E-6 SHROCK 1 81

uty ¢ 1. E-5 SHROCK 80 H(NU(J)) 30 MEV
Uty ¢C 3, E-6 8 SHROCK 80 0 MEV
U1J) D APPLICATION OF KINK SEARCH TEST TO TRITIUM BETA DECAY KLIRIE PLOT.
U?J A APPLICATION OF TEST TO SEARCH FOR KINKS IN BETA DECAY KURIE PLOTS.
u1lJ B ANALYSIS OF (PI+ —-> E+ NU(CE))/(PI+ ——> MU+ NU(CMU)) AND

uty B K+ —=> E+ NU(E))/{K+ ~-> MU+ NUCMU)) DECAY RATIOS.

uty ¢ ANALYSIS OF (K+ --> E+ NUCE)) SPECTRUM.

uty

utd NEW EXPERIMENTS TO APPLY PEAK AND KINK SEARCH TESTS.
1. E- S8 CL=.90 BRY]

U1l 4 OR CNTR M(NU(J))=5 MEV
U1y 1.56-6 OR LESS BRVMAN 83 CNTR =53

U1l . E-5 OR LESS BRYMAN 83 CNTR =70 MEV
u1J 10 E-h OR LESS CL=.90 BRYMAN 83 CNTR =130 MEV
utl

U1y SEARCHES FOR DECAVS OF MASSIVE NU

u1ly B E-2 CL=.90 BERGSMA 83 CNTR M(NUCJ))= 10 MEV
ulJ B BERGSMA 83 CNTR =110 MEV
Ul B BERGSMA B3 CNTR _410 MEV
utJ GRONAU 83 M(NUC)))=160 MEV
utd GRONAU 83 M(NUCJ)) =480 MEV
utd ¢ COOPER-SA BS HLBC M(NU(J))=0.4 GEV
AN COOPER-SA B5 HLBC M(NU(J))=1.5 GEV

7, SEARCHES FOR MASSIVE ¢'s & LEPTON MIXING

L1y B BERGSMA 83 ALSO QUOTE LIMITS ON CABS(U(1,3))**2 WdERE THE INDEX 3
U1J B REFERS TO THE MASS EIGENSTATE DOMINANTLY COUPLED TO THE TAU. THOSE
U?J B LIMITS WERE BASED ON ASSUMPTIONS ABQUT THE D/S MASS AND D/§ -->
Ut) B TAU NUTAU BRANCHING RATIO WHICH ARE NO LONGER VALID. SEE COOPER-
U1J B SARKAR 85.

UtJ € COOPER-SARKER 85 ALSO GIVE LIMITS BASED ON MODEL- DEPENDENT

U1) G ASSUMPTIQNS FOR NU(TAU} FLUX. WE DO NOT LIST THES

U1l € NOTE THAT FOR THIS BOUND TO BE NON-TRIVIAL, J IS NDT EQUAL 7O 3,
Ull € I.E. NUCJ) CANNOT BE THE DOMINANT MASS EIGENSTATE IN NU(TAU) SINCE
U1l G M(NU(3))<70 MEV (ALBRECHT 85). ALSO, OF COURSE, J IS NOT EQUAL TO
U1y ¢ 1 0R 2, SO A FOURTH GENERATION WOULD BE REQUIRED FOR THIS BOUND TO
U1d € BE NONTRIVIAL.

Uty

U1y KINK SEARCH IN NUCLEAR BETA DECAY

u1d 2.5 OR LESS C SCHRECKEN 83 CNTR M(NU(J))=30 KEV
Ut OR LESS € SCHRECKEN 83 CNTR 40 KEV
utd OR LESS C SCHRECKEN 83 CNTR =440 KEV
[GF)

U1y s 3 €0.01) SIMPSON 85 M{NU(J))=17.1+-0.2KEV
Uty A E-3 OR LESS C ALTZITZO 85 FOR M(NU(J))=17 KEV
utd A E-3 DR LESS C ALTZITZO 85 M(NU(J))=5-50 KEV
uld A E-3 OR LESS Cl APALIKOV 85 SPEC M{NU(J))=80 KEV
utdy A E-3 OR LESS Cl APALIKOY 85 SPEC =60 KEV
Uty A E-3 OR LESS C APALIKOV 85 -SPEC =30 KEV
U1JB A 3. E-3 OR LESS C APALIKOV 85 SPEC =17 KEV
Ul A 4.5 E-2 OR LESS ¢C APALIKOV 85 SPEC = & KEV
uty A 3.0 E-3 OR LESS C MARKEY 85 SPEC M(NU{J))=5-50 KEV
uty A 2.5 E-3 OR LESS C MARKEY 85 SPEC =17 KEV
Uty A 0.62E-3 OR LESS C OHI 85 CNTR M(NUCJ)) =48 KEV
utd A 0.90E-3 OR LESS ¢ OHI 85 CNTR =30 KEV
utd A 1.30E-3 OR LESS C OHI 85 CNTR =20 KEV
Uty A 1.50E-3 OR LESS ¢C OHI 85 CNTR =17 KEV
utd A 3.30E-3 OR LESS L OHI 85 CNTR =10 KEV
uld

U1J A DATA FROM SULFUR-35 BETA DECAY.

U1y S DATA FROM TRITIUM BETA DELAY CONTRADICTED BY ALTZITZOGLOU 85,

U1J S APALIKQOV 85, MARKEY 85, AND BY OHI 85. ALSO COMMENT IN HAXTON 85
UtJ § AND KALBFLEISCH 85.

utJe THIS LIMIT WAS TAKEN FROM THE FI1G. 3 QF APALIKOV 85; THE TEXT GIVES
utJB A MORE RESTRICTIVE LIMIT OF 1.7E-3 AT CL=.90.

LIMITS ON |U;{*> AS FUNCTION OF MASS(v))

u2J

uz4J APPLICATION OF PEAK SEARCH TEST TO EX!STING DATA.

uzd A 5. E-2 OR 95 HROC 80 M(NU(J))=4-6 MEV
U2y A 3. E- OR SHROCK1 81 M(NUCJ))=7 MEV
u2Js A 1. OR SHROCK1 81 =1

uz2d A 1. OR SHROCK1 81

uz2d A 3. R SHROCK1 81

u2J4 B 6. OR SHROCK1 81

uz2J B 5. OR SHROCK1 81

uzJ ¢C 6. OR ASAND 81

uz2) ¢ 5. OR ASAND 81

uz2y ¢ é. OR ASAND 81

u2J

u2J NEW EX MENTS TO APPLY PEAK SEARCH TEST.

uz2) o 1. OR LESS C 90 81

uzy o 7. OR ABELA 81

uzj p 2. OR ABELA 81 M(NU(J)

u2s 0 2. OR ABELA 31 MEV
u2y 0 2 OR ABELA 31 M(NU(J)) 16 30 MEV
u2s 0 1. R CALAPRICE 81 H(NU(J)> 7 MEV
u24 o 3. orR CALAPRICE 81 33 M

uz2d E 2. OR ASANO 81 170 HEV
Uzl E 3. OR ASANO 81 10 MEV
vzl E 3 OrR ASANO 81 30 MEV
vz2y E 1 OoR HAYANO 82 70 MEV
v2J4 € 9 DR HAYANO 82 50 MEV
U2l E 5 OR HAYANO a2 30 MEV
uz24 D 3 OR MINEHART 84 M(NUCI) =2 HEV
u2) o 1 OR MINEHART 84 MCNUCD ) =4

u2J o 3. OR LESS CL=.90 MINEHART 84 M(NU(J)) = 10 HEV
U2J A ANALYSIS OF MAG. SPEC. EXP., BC EXP. AND EMUL. EXP. ON PI+ —-> MU+
U2J A NU(CMU) DECAY.

U2J B ANALYSIS OF MAG. SPEC. EXP. ON K-->MU,NU(MU) DECAY.

U2J € ANALYSIS OF EXP. ON K+ —-> MU+ NU(MU) NU(X) NUBAR(X) DECAY.

U2J D PI+ --> MU+ NUCMU) PEAK SEARCH EXP.

U2J4 E K+ --> MU+ NUCMU) PEAK SEARCH EXP.

uz2J4 PEAK SFARCH IN MUON-CAPTURE
uz2J LIMIT ON CABS(U(2,J))**2 AS FUNCTION OF MASS(NU(J))

uz2y 1.E-1 R LESS DEUT 83 M(NUCI) ) = 1<5 MEV
u2J 7.E-3 OR LESS DEUTSCH 83 MEY
u2J 1.E-1 OR LESS DEUTSCH 83 ‘85 MEV
uzJ

u24 SEAREHES FOR DECAYS OF MASSIVE NU

uz2J F 0.8E-5 OR 90 COOPER-SA 85 HLBC M(NU(J})=0.4 GEV
uaJ F 1.0E-7 OR LE S 90 COOPER-SA 85 HLBC M(NU(J))=1.5 GEV
U2J F COOPER-SARKER 85 ALSG GIVE LIMITS BASED ON MODEL-DEPENDENT

U2J F ASSUMPTIONS FOR NU(TAU) FLUX. WE DO NDT LIST THESE.

U2J F NOTE THAT FOR THIS BOUND TO BE NON-TRIVIAL, J IS NOT EQUAL TG 3,
U2Jd F I.E. NUCJ) CANNQOT BE THE DOMINANT MASS EIGENSTATE IN NU(TAU} SINCE
u24y F H(NU(3))<7U MEV (ALBRECHT 85). ALSO, OF COURSE, J IS NOT EQUAL TO
uz2d F OR 2, SO A FOURTH GENERATION WOULD BE REQUIRED FOR THIS BOUND TO
uzJ f BE NONTRIVIAL.

LIMITS ON |U, ;|?
uaJ WHERE A=1,Z; FROM RHO PARAH IN MU DECAY.
[ILW) . E-2

1 OR LESS SHROCKZ 81 M(NU(J))=10 MEV
uay 2. E-3 OR LESS C SHROCK2 81 0 MEV
uay 4. E-2 OR LESS C SHROCK2 31

LIMITS ON |U|J*U2J] AS FUNCTION OF MASS(»;)

PRO

PRD 1. E-2 OR LESS CL=.90 BERGSMA 83 CNTR M(NUCJD )= 10 MEV
PRO 1. E-5 OR LESS ¢ 90 BERGSMA 83 CNT!

PRO 7. E-7 OR LESS ¢ 90 BERGSMA 33 CNTR »370 MEV

(B). BOUNDS FROM » REACTIONS
———————— SOLAR » EXPERIMENTS ———~—— ——

SOLAR v FLUX (umits, SNU)

s 1 SDLAR NEUTRIND UNIT, SNU, =1. E 36 EAPTURES/SEC/TAREET ATOM)

s . LL HEOR.CALC.FLUX
s 2 1 0. 3 DAVIS 81 HEAS FLUX

S (7.0 (3.0) FILIPPONE 82 EOR.CALC.FLUX
s SEE ALSO THE REVIEH BY BAHCALL 82 AND THE ANALYSIS EV EHRLICH 82.
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DEEP MINE EXPERIMENTS

R= (MEASURED FLUX OF »,)/(EXPECTED FLUX OF v,)

oy 0.62 0.17 CROUCH 78 CASE WEST/UCI
oy B 0.95 0.22 BOLIEY 81 BAKSAN

ou

ou LIMITS ON DELTA(M**2) FOR SIN(Z*THETA)=1 (EV**2)

DU L EXCLUDE ¢2.2-11.2)E-5 C(L=.90 LOSECCO 85 CNTR IMB, FLUX-INDEP.
oy

DU B FROM THIS DATA BOLIEV 81 OBTAIN THE LIMIT DELTA(M**2) .LE. 6.E-3
DU B EV¥*2 FOR MAXIMAL MIXING, NU(MU) -/-> NUCMU) TYPE OSCILLATION.

DU L NO LIMTS EXIST FOR (SIN 2%ETAI**2 < 0.22

by f e e e e e .
DU AVERAGE MEANINGLESS (SCALE FACTOR = 1.2)

REACTOR 7 EXPERIMENTS

EVENTS (OBSERVED/EXPECTED) FROM REACTOR Ve EXPTS.

RD B €0.89) B.15) BOEHM 80 ANU(E) P ~-> E+ N
RD A R 0.38 0.21 REINES 80 SEE NOTE A

RD AR 0.40 0.22 REINES 30 SEE NOTE A

RD B 0.955 Q.12 KWON 81 ANUCE) P --> E+ N
RD v .05 Q.054 VUILLEUMI 32 Y P ——> E+ N
RD B KWON 81 REPRESENTS AN ANALYSIS OF A LARGER SET OF DATA FROM THE
RD B SAME EXPERIMENT AS BOEHM 80. SYST,+STAT. ERRORS COMBINED IN

RD B QUADRATURE.

RD A REINES 80 INVOLVES COMPARISON OF NEUTRAL- AND CHARGED-CURRENT

RD A REACTIONS NUBAR(E) D --> N P NUBAR(E) AND NUBARCE) D --> N N E+
RD A RESPECTIVELY. COMBINED ANALYSIS OF REACTOR NUBAR(CE) EXPTS. WAS
RD A PERFDRMED BY SILVERMAN 81,

RD R THE TWO REINES 80 VALUES CORRESPOND TO THE CALCULATED NUBAR(E)

RD R FLUXES OF AVIGNONE-GREENWOOD AND DAVIS ET AL RESPECTIVELY.

RD vV STATISTICAL AND SYSTEMATIC ERRORS COMBINED IN QUADRATURE.

l’e kil Ue

A(m?) FOR sin%(26)=1 (umits eV?)

6

J
G
6
J

1.3E-1 OR LESS
1.6E-2 OR LESS
7. E-2 OR LESS CL

BELENKII 83 ANUCE) P ~> E+ N

CL=.90 GABATHULE 84 ANUCE) P -> E+ N
90 AFON!N 85 ANUCE) P -> E+ N
N

A

2.0E-2 OR LESS CL-.90 ZAC 85 ANUCE) P -> E+
THIS BOUND COMES FROM A COHBINATIDN OF THE VUILLEUMIER 82 DATA
DISTANCE 37.9 M FROM GOSGEN REACTOR AND NEW DATA AT 45.9M
SEE COMMENT J FOR SECTION RS1 BELOW.

A(m?) FOR GIVEN sin?(26) (units eV?)

RD2
RD2
RD2
RD2

4
c
C
C

0.2 0.1 CAVAIGNA B4 ANUCE) P -> E+ N
SIN(2*THETA)**2=0.25+-0.1.
THESE ARE FROM BEST FIT TO DATA;
ALLOWED REGIONS IN THESE VARIABLES.

SEE CAVAIGNAC 84 FOR PLOT OF
THESE DATA FROM BUGEY REACTOR.

sin2(20) FOR “LARGE” A(m?)

Pu

ax

0.4
Q.16
0 34

OR LESS
OR LESS

BELENKII 83
GABATHULE 84
OR LESS AFDNIN 85
OR LESS CL=.90 ZAC 8 ANUCE)Y P ~> E+
THIS BOUND COMES FROWM A CDMBINAT[ON OF THE VUILLEUMIER 82 DATA
DISTANCE 37.9 M FROM EOSGEN REACTOR AND NEW DATA AT 45.9M
THIS BOUND HOLDS FOR DELTA(M**2) > 4EV**2
ZACEK 85 (GOSGEN REACTOR) GIVES TWO SETS OF BOUNDS DEPENDING ON
WHAT ASSUMPTIONS ARE USED IN THE DATA ANALYSIS. THE BOUNDS IN
FIG. 3(A) OF ZACEK 85 ARE PROGRESSIVELY PQORER FOR LARGE
DELTA(M**2) WHEREAS THOSE OF FIG, 3(B) APPROACH A CONSTANT. WE LIST
THE LATTER. BOTH SETS Qf BOUNDS USE COMBINATION OF DATA FROM
37.9, 45.9, AND 64.7 M DISTANCE FROM REACTOR. ZACEK B5 STATES
' 1OUR EXPERIMENT EXCLUDES THIS AREA (THE OSCILLATION PARAMETER
REGION ALLOWED BY THE BUGEY DATA, CAVAIGNAC 84) ALMOST COMPLETELY,
THUS DISPROVING THE INDICATIONS OF NEUTRINO OSCILLATIONS OF
(CAVAIGNAC B4) WITH A HIGH DEGREE OF CONFIDENCE.'’

ANUE) P ~> E+
ANUCE) P -> Ex
P -> E+

rzzzZ
A

ACCELERATOR EXPERIMENTS —

BOUNDS ON A(m?) VS. sin?(20)
WHERE DELTA(M**2) IS MAGNITUDE OF (MASS(NU(I))*¥2 — MASS(NU(J))**2)
AND THETA IS THE MIXING ANGLE FOR THE SIMPLIFYING ASSUMPTION OF
MIXING BETWEEN TWO NEUTRINO FAMILIES ONLY.
FOR A RECENT SET OF BOUNDS ASSUMING THREE NEUTRINQ FAMILIES,
SEE BLUMER 85.

EACH EXPERIMENTAL RESULT IS A PLOT GIVING ALLOWED AND EXCLUDED
REGIONS AS FUNCTIONS OF DELTA(M*¥2) AND SIN(2*THETA)**2. WE QUOTE
TWO REPRESENTATIVE LIMITS FROM EACH PLOT -

15 PELTA(M**2) FOR SIN{2*THETA)**2=1,

2) SIN(2*THETA)**2 FOR ''LARGE'' DELTA(M**2), I,E. SUFFICIENTLY
LARGE DELTA(M**2) THAT THE DETECTOR WOULD MEASURE ONLY AN
EFFECT AVERAGED QVER MANY OSCILLATIONS.

EXPERIMENTS ARE DF TWO GENERAL TYPES --

(A) THOSE WHICH SEARCH FOR NU(A)-->NU(B) (B NOT EQUAL A), I.E.
THE APPEARANCE OF L(B) FROM CHARGED CURRENT REACTION OF A
NU(A) BEAM.

THOSE WHICH SEARCH FOR THE 'DISAPPEARANCE' OF PART OF THE
INITITAL NU(A) BEAM BY COMPARING THE NUMBER OF OBSERVED L(A)
EVENTS WITH THE NUMBER EXPECTED FROM FLUX CALCULATIONS.
THESE EXPERIMENTS DO NOT TRY TO OBSERVE THE ANOMALOUS
L(B)'S. WE LABEL SUCH EXPERIMENTS AS NU(A) -/-> NUCA)

(B

—»Ve

A(m’) FOR sin?(20)=1 (units eV?)

sm2 (26) FOR “LARGE

1.2 QOR BELLOTTI 76 HLBC GGM CERN PS
1.2 OR BLIETSCHA 78 HLBC GGM CERN PS
1.7 R ARMENISE 81 HLBC GGM CERN SPS
0.6 OR BAKER 81 HLBC 15FT FNAL

1.7 OR ERRIQUEZ 81 HLBC BEBC CERN SPS
Q.20 OR BERGSMA 84 CNTR CHARM CERN PS
0.43 OR AHRENS 85 CNTR BNL AGS

1. E-2 QR BELLOTTI 76 HLBL GGM CERN PS
4, E-3 DR BLIETSCHA 78 HLBL GGM CERN PS
1. E-2 OR ARMENISE 81 HLBC GGM CERN sSPS
6. E-3 OR BAKER 81 HLBL 15FT FNAL

1. E-2 OR ERRIQUEZ 81 HLBC BERC CERN SPS
0.24 OR BERGSMA 84 CNTR CHARM CERN PS
3.4E-3 OR AHRENS 85 CNTR BNL AGS

D2
b2
D2

QR LESS ¢ BLIETSCHA 78 HLBC GEM CERN PS
U 91 OR LESS ¢ NEMETHY 81 CNTR LAMPF
2.4 COR LESS C TAYLOR 83 HLBL 15 FT FNAL

sin?(26) FOR “LARGE” A(m%)

sz 4. E-3 OR LESS C BLIETSCHA 78 HLBC GGM CERN PS
52 0.2 OR LESS NEMETHY 81 CNTR LAMPF
52 1.3E-2 OR LESS C TAYLOR 83 HLBC 15 FT FNAL
Vo =~ ¥r
A(m?) FOR sin%(20)=1 (umts eVz)
D3 4.6 OR LESS ARMENISE 31 HLBC GGM CERN SPS
D3 3. QR LESS BAKER 81 HLBC 15FT FNAL
03 6. OR LESS ERRIQUEZ 81 HLBL BEBC CERN SPS
D3 3. OR LESS USHIDA 81 EMUL FNAL
sin?(26) FOR “LARGE” A(m?)
83 1.7€-2 OR LESS ARMENISE 81 HLBC GGWM CERN SPS
s3 6. E-2 OR LESS BAKER 81 HLBC 15FT FNAL
S§3 5. E-2 OR LESS ERRIGUEZ 81 HLBC BEBC CENN SPS
§3 1.3E-2 OR LESS USHIDA B1 EMUL FNAL
s$3 11. E-2 OR LESS BALLAGH 84 HLBC 15FT FNAL
Vy -~ Vr
A(m?*) FOR sin?(26)=1 (units eV?)
D& 2.2 OR LESS CL=.90 ASRATYAN 81 HLBC FNAL
D4 7.4 OR LESS CL=.90 TAYLOR 83 HLBC 15 FT FNAL
sin?(20) FOR “LARGE” A(m?)
Sh 4.4E-2 OR LESS C ASRATYAN B1 HLBC FNAL
S4 8.8E-2 OR LESS C TAYLOR 83 HLBC 15 FT FNAL
D‘L B Vi
A(m?) FOR sin2(20)=1 (unmits V2
D5 THESE EXPERIMENTS ALSO ALLOW SUFFICIENTLY LARGE DELTA(M**2)
D5 . OR LESS C 90 BELIKOV 83 CNTR QR > 1000.
25 0.29 OR LESS (€ BERGSMA 84 CNTR OR > 22.
D5 0.23 OR LESS C DYDAK 84 CNTR OR > 100.
D5 10 OR LESS C STOCKDALE 84 CNTR OR > 1250.
D5 7. OR LESS C BELIKOV 85 CNTR SERPUKHOV
DS 3.0 OR LESS ¢ STOCKDALE 85 CNTR OR > 1250.
sin?(26) AS FUNCHON OF A(mz)
§5 A OR LESS BELIKOV 83 CNTR  SERPUKHOY
§5 B 0.27 OR LESS BERGSMA 84 CNTR CHARM CERN PS
s5 C 0.1 OR LESS DYDAK 84 CNTR CERN PS
§5 "] 0.02 OR LESS STOCKDALE B4 CNTR FNAL
S5 E 0.07 OR LESS BELIKOY 85 CNTR SERPUKHOV
§5 F .02 OR LESS CL=.9 STOCKDALE 85 CNTR  FNAL
s5 A BOUND HOLDS FOR DELTA(M*%*2)=20~1000 EV¥*2
s5 B THIS BOUND APPLIES FOR DELTA(M**%2)=0,.7-9. EV¥*Z, LESS STRINGENT
55 B BOUNDS APPLY FOR OTHER DELTA(M**2); THESE ARE NONTRIVIAL FOR
85 B 0.28 < DELTA(M*¥2) < 22 Ey**2.
55 C THIS BOUND APPLIES FOR DELTA(M**2)=1.-10, EV**2, LESS STRINGENT
55 C BOUNDS APPLY FOR OTHER DELTA(M**Z)‘ THESE ARE NONTRIVIAL FOR
55 C 0.23 < DELTA(M**2) < 90 E
s5 D THIS BOUND APPLIES FOR DELTA(H**Z) 110 EV*¥*2. LESS STRINGENT
S5 D BOUNDS APPLY FOR OTHER DELTA(M**2); THESE ARE NONTRIVIAL FOR
S5 D 10 < DELTA(M**2) < 1250 EV¥**2,
55 £ THIS BOUND APPLIES FOR A WIDE RANGE OF DELTA(M**2) > 7 Ev**2. FOR
§5 E SOME VALUES OF DELTA(M**2), THE VALUE IS LESS STRINGENT; THE LEAST
$5 E RESTRICTIVE, NONTRIVIAL BOUND OCCURS APPROXIMATELY AT DELTA(M**2)-
§S E 300 EV¥**2 WHERE SIN(Z2*THETA)**2 < 0.13 AT CL=.90.
$5 F THIS BOUND APPLIES FOR DELTA(M**2)=100 Ev**2. LESS STRINGENT
S5 F  BOUNDS APPLY FOR OTHER DELTA(M**2); THESE ARE NONTRIVIAL FOR
s5 F B < DELTA(M**2) « 1250 EV**2.
VE o l’e
A(mz) FOR sin%(20)=1 (units eV%)
8. OR LESS (L= 90 BAKER 81 HLBC 15FT FNAL

D6 56. OR LESS ¢ DEDEN 81 HLBC BEBL CERN SPS
D6 OR LESS ¢C 90 ERRIQUEZ 81 HLBC BEBC CERN SPS
D6 2. 3 TO 8 EXCLUDED C 90 NEMETHY 81 CNTR LAMPF
sin?(20) FOR “LARGE” a(m?)
$6 0.6 OR LESS BAKER 81 HLBC 15FT FNAL
$6 0.3 OR LESS DEDEN 89 HLBC BEBC CERN SPS
56 7.E-2 OR LESS ERRIGQUEZ 81 HLBC BEBC CERN SPS

T

sin?(20) FOR “LARGE” A(m?)

s7 0.7 OR LESS €L=.90 FRITZE  BO HYBR BEBC CERN SPS
S7 F AUTHORS GIVE P(NU(E)-->NU(TAU))< .35, EQUIVALENT TO ABOVE LIMIT.
Vy o+ Uy

A(mz) FOR sm’(ze) t (units eV?)

QR LESS CL=.90 STOCKDALE 85 CNTR QR > 1200

sin?(20) AS FUNCTION OF A(m?)

G

G
G
G

0.02 CL=.90

THIS BOUND APPLIES FOR DELTA(M**2) BETWEEN 190 AND 320 QR=530 EVx*2
LESS STRINGENT BOUNDS APPLY FQR OTHER DELTA(M**2); THESE ARE NON-
TRIVIAL FOR 7 < DELTA(M**2) < 1200 EV**2,

OR LESS STOCKDALE 85 CNTR FNAL
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For notation, see key on page 91. Stable Particle Full Listings
SEARCHES FOR MASSIVE »'s & LEPTON MIXING, LIMITS ON NUMBER OF LIGHT » TYPES

@) BALTAY 81 Nu ot LONF HAWAII C.BALTAY (COLU)
elL BOLIEV 81 SJNP 34 787 +BUTKEVICH,ZAXIDYSHEV ,MAKOEV , MIKHEEV+(INRM}
CALAPRIC 81 PL 106B 175 CALAPRICE,SCHREIBER,SCHNEIDER + (PRIN+IND}
T _ _ DAVIS  B1 BNL NU WKSHP B.T.CLEVELAND,R.DAVIS JR., J.K.ROWLEY (BNL)
SeAS oL 1 LEeTON ShLLY MUt vioLaTion ) ToTAL LN M i 11 AR e
ANTI-ELECTRON NEUTRINO. THE 8OUND IS QUOTED IN TERMS OF DELTA oot 81 bL 1038 219 (KOTANL NISHIURA, OKUDA, TAKASLGI (08AK)
(M**2), SIN(2*THETA), AND ALPHA, WHERE ALPHA DENOTES THE FRACTIONAL ALSD 81 PTP 66 1739 DOT,KOTANI,NISHIURA,OKUDA, TAKASUGI  (OSAK)
ADMIXTURE DF (VrRy CHARGED CURRENT. ALSO 81 PTP 66 1765 DOI,KOTANI,NISHIURA,OKUDA, TAKASUGI  (OSAK)
b 22, _ . 2 ERRIQUEZ 81 PL 1028 73 +NATALI+ (BARI+BIRM+LIBH+EPOL+RHEL+SACL+)
o A(m?) FOR Sm (20)=1 (umits eV?) HAXTON 81 PRL 47 153 +G.J.STEPHENSON,D . STROTTMAN CPURD, LASL)
aD1 € -1 OR LESS CL=.90 COOPER 82 H KWON 81 PR D24 1057 +BOERM, HAHN  HENRIKSON+ CCIT+GREN+MUNI)
a1 ¢ EXISTING BOUNDS OR V+A CORRENTS REGUIRE At PLA SMALL SEE COOPERB2. NEMETHY 81 PR D23 262 + (YALE+LBL+LASL+MITSACL+SIN+CNRC+BERN)
202 % i 2 PRIMAKOF 81 ARNS 31 145 H.PRIMAKOFF,S.P.ROSEN (PURD)
o sin” (26) FOR LARGE” A(w’) ROSEN 81 NU B1 CONF HAWAIT §.P.ROSEN (PURD)
As1 ¢ 1. OR LESS CL=.90 COOPER 82 HLBC ALSO 78 RMP 50 11 D.BRYMAN,C.PICCIOTTO (TRIU,VICT)
ST T EasTIAG BOUNDS ON V+A CURRENTS REQUIRE ALPHA SMALL - SEE COOPERSZ. SHROCKT 81 PR D24 1232 R.E.SHROCK (STON)
_ SHROCKZ &1 PR D24 1275 R.E.SHROCK (5TON)
(I/E)L SILVERMA 81 PRL 46 467 D.SILVERMAN,A.SONT (IJC]~UCLA)
SIMPSON 81 PR D24 2971 J.SIMPSON Ly
SEE NOTE FO . _ USHIDA 81 PRL 47 16 (AlCH*FNAL-H(OBE«SEDU+MCGIvNAGD+OSU4OKAY+)
N RONUGHL) ——> (NUBARCED) -L LIMIT WOLFENST 81 PL 1078 % L.WOLFENSTEIN <c
1 2020y — i 2
aA(m*) FOR sin®(26)=1 (wnits eV?) BANCALL 82 RMP 54 767 +HUEBNER,LUBOW+ _ (1AS+LANL+HPCsYALE<UCLA)
a2 ¢ 7. OR LESS CL=.90 COOPER 82 HLBC COOPER 82 PL 112B 97 +GUY, MICHETTE, TYNDEL , VENUS CRL)
ADZ € EXISTING BOUNDS ON V+A CURRENTS REQUIRE ALPHA SMALL - SEE COOPERSZ. EHRLICH &2 PR 025 2282 R.EHRLICH CGHAS)
3 2 FILIPPON 82 APJ 253 393 B-W.FILIPPONE,D.N.SCHRAMM (ANL+EFI)
a?sin “ 3 2 HAXTON 82 PR D25 2340 +STEPHENSON, STROTTMAN (LANL+PURD)
As?2 5(26) FOR ZLQIF(EE]?&S A(;im 30 COOPER 82 H HAYAND 82 PRL 49 1305 +TANIGUCHI, YAMANAKA + {TOKY+KEK+TSUK)
s ILLEUM 82 PL 114B 2 YUIL ER,BOEHM, EGGER CIT+SIN+MUNI
As2 ¢ EXIST]NG BOUNDS ON V+A CURRENTS REGUIRE ALPHA SMALL - SEE COOPERB2. w ! 8 LEUME GEER 4 ¢ )
AVIGNONE 83 PRL 50 721 +8RODZINSKL EROWN EVANS HENSLEY. <SCUC«PNL)
BELENKII 83 JETPL 38 493 +DOBRYNIN, ZEHLYAKOV MIKAEL Al K
. BELIKOV 83 JETPL 38 661 TVOLKOV, KOCHETKOV, MUKKIN, SVIR DOV <sswp>
(C). SEARCHES FOR NEUTRINOLESS DOUBLE 8 DECAY BELLOTTI 83 PL 1218 72 +FIORINI, LIGURORI ,PULLIA, SARRACINO+~ (MILA)
BERGSMA 83 PL 128B 361 CHARM COLLAB.  CANIK+CERN+HAMB+ITEP+INFN)
BRYMAN 83 PRL 50 1546 +DUBOIS , NUMAD, OLANIY1,OLIN+ (TRIU=CNRC)
THE DECAY (Z,A) -=> (Z42,A) + E- + E-, 1.E. NEUTRINOLESS DOUBLE ALSO 83 PRL 50 7 BRYMAN, DUBOIS, NUMAQ, OLANIYA+ (TRIU+CNRC)
BETA DECAY, VIOLATES TOTAL LEPTON NOWAER 5Y WO LNITS. 1T 1S DEUTSCH B3 PR D37 1644 1-P.DEUTSCH, M. LESRUN, R .PRLEELS (VLN
FORBIDDEN 1F NEUTRINOS ARE DIRAC PARTLCLES BUT CAN DECUR IF 07 83 pTP 69 602 "KOTANI, NISHIURA, TAKASUGI (OSAK<KYOT)
NEUTRINDS ARE MAJORANA PARTICLES AND (A) THEY ARE MASSIVE OR BRONAU 83 PR D28 2762 SRONAD CHATE)
(B) THEY HAVE NON (V-A) CQUPLINGS. PRIMAKOFF 81, ROSEN 81, AND GROTZ 83 JPG 9 L169 K- GROTZ, #.V.KLAPDOR, J. METZINGER (HPIH)
HAXTON 83 DISCUSS CORRELATED BOUNDS ON MNUW AND RIGHT-HANDED HAXTON B3 CNPP 11 41 W.C. HAXT (LASL+PURD}
COUPLINGS. FURTHER THEORETICAL DISCUSSIONS INCLUDE DOI 81, KIRSTEN 85 PRL 50 474 T KIRSTEN H.RICHTER, €. JESSRERGER TMPIHY
HAXTON 82, AND GROTZ 83, ALSO 83 ZPHY 16 189 T.KIRSTEN,H.RICHTER,E.JESSEEREER (MPIH)
THE PRIMARY INFORMATION FROM THESE EXPERIMENTS IS LIFETIME. FROM SCHRECKE 83 PL 1298 265 SCHRECKENBACH, COLV IR (GRENSILLG)
LIFETIME TO NEUTRINO MASS ONE NEEDS TO INVOKE NUCLEAR STRUCTURE. TAYLOR B3 PR D28 2708 SCENCE, HARRIS | JONES+ CHAWALLBLAFNAL S
THE NEUTRINO MASS LIMITS BELOW ARE, THEREFORE, MODEL DEPENDENT,
DIFFERENT EXPERIMENTS HAVE USED DIFFERENT MODELS. BALLAGH 84 PR D30 2271 +BINGHAM, + (UCE+LBLAFNAL +HAKA~WASH-NISC)
BELLOTTI 84 PL 1468 450 CREMONESI, FIORINI,LIGUORT, PULLIA+  (MILA)
W MNUW, THE EFFECTIVE WEIGHTED SUM OF NEUTRINO MASSES CONTRIBUTING TO BERGSMA 84 PL 1428 103 CHAR o (AMST+CERN-HANBS [ TEPs TNEN)
M NEUTRINOLESS DOUBLE BETA DECAY  (UNITS EV) CAVAIGNA 84 PL 1488 387 CAVAIGNAC  HOUMMADA , KOANG+ C(ILLG+LAPP)
hid MNUW= CABS(SUM FROM 1 TO N OF UCT,J)**2*M(NU(J))), WHERE N= NUMBER DYDAK B4 PL 1348 281 +FELDMAN, GUYOT, + (CERN+DORT+HE1D+SACL +WARS)
MU OF NEUTRINO GENERATIONS, AND NU(J) IS A MAJORANA NEUTRINO. NOTE FORSTER B84 PL 1388 301 TKWON, MARKEY , BOEHM, HENR 1K SON CCIT)
Mw THAT UC1,0)%*2, NOT CABS(U¢1,J3)*x*2, OCCURS IN THE SUM; THE GABATHUL B4 PL 1388 449 GABATHULER , BOEHM+ (CIT+SIN+MUNI)
Mid POSSIBILITY DF CANCELLATIONS HAS BEEN STRESSED IN WOLFENSTEIN 81, MINEHART 84 PRL 52 804 +Z10CK, MARSHALL , STEPHENS, DAUM.  (VIRG+SIN)
Mu STACKDAL B4 PRL 52 1384 STOCKDALE , BODEK, + (ROCH«CH!D}EDLU«FNAL)
My 10 OR LESS AVIGNONE 83 CNTR +THY GE-76 AFONIN 85 JETPL 41 435 AFDNIN,BOROVOL ,GOBRYNIN, KIAE)
My B 22 OR LESS BELLOTTI 83 CNTR +THY1 GE- 76 ALSO 85 JETPL 42 285 AFONIN' BOGATOV  BOROVOT , DOBRYNIN, + (K]AE)
M4 B 8.3 OR LESS BELLOTTI 83 CNTR +THY2 GE AHRENS 85 PR D31 2732 FARNOSON, + (BNLoBROH¢KEK+OsAK¢PENN+STON)
M 5.6 OR LESS KIRSTEN = 83 SPEC +THY TE- 125”5 130 ALTZITZO 85 PRL 55 799 ALTZITZOGLOU,CALAPRICE , DEWEY , + P
My E 3.8 OR LESS BELLOTTI 84 LNTR 4THY  GE- APALIKQV 85 JETPL 42 289 +BORIS, GOLUTVIN, LAPTIN, LUBIMOV. (ITEP)
MW 22. OR LESS FORSTER 84 CNTR THY 55‘76 BELIKOV 85 SINP 41 589 ~VOLKOV,KOCHETKOV , MUKHT K+ (SERP)
My 6. OR LESS CL=.68 [CALDWELL 85 CNTR +THY  GE-76 BLUMER 85 PL 1618 4D7 BLUMER, KLEINKNECHT (DORT)
ME N HUBERT 85 CNTR GE-76 CALDWELL 85 PRL 54 281 +EISBERG, GRUMM, HALE WITHERELL+  (UCSB+LBL)
Md B LIMITS ARE OBTAINED FROM ANALYSIS OF DATA USING THEORETICAL COGPER-S 85 PL 1608 207 COOPER-SARKAR , HAYWOOD+ ( CERN-LOIC+OXF+SACL4)
M B CALCULATIONS BY DDI-B3 (=THYT) AND ROSEN 81 (=THYZ). HAXTON 85 PRL 55 807 W. HAXTON (LASL)
MW E SEE TABLE 1 OF BELLOTTI 8 FOR THEIR ASSESSMENT OF PREVIOUS BOUNDS. HUBERT 85 NC 85A 19 “LECCIA,DASSIE, MENNRATH (BMD*ZAR,\,
MW E HALF LIFE FOR 0+ --> 0+ TRANSITION >» E22 YR (CL=.90), >1.2E23 YR KALBFLEI 83 PRL 85 2225 KALBFLEFSCH,MILTON
MW B (CL=.68). LOSECCO 85 PRL 54 2299 +BIONTA+BLEWITT+BRATTON+ (ucumcu-amu
MW C USES RESULTS OF HAXTON 81,82. AUTHORS STATE THAT BOUND COULD BE MARKEY 85 PR €32 2215 MARKEY , BOEHM <«
MW C  'TTWO OR THREE rmss LARGER.'' HALF LIFE FOR 0+ --> 0+« TRANSITION OHI 85 PL 1808 322 GHI, NAKAJIMA, TAMURA+ (TOKY«INUS.KEK)
M4 C > SE22 YR (Cl=.68). SIMPSON 85 PRL 54 1891 SIMPSON CGUEL)
MW N SEE HUBERT 85 FUR LIFETIME LIMITS ON KREUTRINOLESS DOUBLE BETA DECLAY STOCKDAL 85 ZPHY C27 53 STOCKDALE,BODEK, + (ROCH+CHIC+COLU+FNAL )
MW N OF GE-76 TOQ EXCITED STATES OF SE-76. ZACEK 85 PL 164B 193 ZACEK, ZACFK , BOEHM+ CMUNT+CIT+SIN)
ETA  LIMITS ON LEPTON-NUMBER VIOLATING (V+A) CURRENT ADMIXTURE ’
ETA ETA IS DEFINED AS THE FRACTIONAL ADMIXTURE OF (V+A)
ETA CHARGED CURRENT, RELATIVE TO (V-A) IN ELECTRON-TYPE
ETA LEPTON SECTOR.

El: 2.4E-5 OR LESS AVIGNONE 83 CNTR +THY GE-76 LIMITS ON NUMBER OF

ETA B 4. E-5 OR LESS C BELLOTTT 3 CNTH 471 GE-7¢

ETA B 1.56-5 OR LESS C BELLOTTI 83 CNTR 4THY2 GE- LIGHT NEUTRINO TYPES

ETA 2.4E-5 OR LESS € KIRSTEN 83 SPEC +THY TE- 128/TE 130

ETA C 0885 OR LESS € BELLOTTI 84 CNTR +THY 76

ETA © 0I6E-5 OR LESS C BELLOTIT B4 ONTR LThY  GE- o E

ETA C 1.48-5 OR LESS C CALDWELL 85 CNTR +THY GE-76 OMITTED FROM SUMMARY TABL

ETA € 0965 Of LEss CLolg  CALDVELL 85 CNTR wTHY = Ge 6

ETA B LIMITS ARE OBTAINED FROM ANALYSIS OF DATA USING THEURETIC : : : ;

ETA B CALCULATIONS BY DOI-83 (=THY1) AND ROSEN 81 (=THYZ The neutrinos referred to in this section are those of
ETA T THO BOONDS SVEN, DEPENDING ON TYPES OF CAIRALLTY MIXING. SEE REFS. |

the standard SU(2)xU(1) electroweak model. Light
neutrinos are those with 3 () << M(Z%. The limits
are on the number of neutrino families or species. See

BELLOTTI 76 LNC 17 553 CAVALLI,FIORINI,ROLLIER (MILA) 1 1mits 1 ) -
RLIETSCH 78 NP B183 205 BLIETSCHAU- (AACHAL [BH+CERN+EPOL+MILA+ORSA4) also cosmological limits in the “» Bounds from Astro

REFERENCES FOR BOUNDS ON ¢ MASS, MIXING

CROUCH 78 PR D1E 2239 SLANDECKER, LATAROP, REINES+ (CASE+UCI+HITW) . . .
‘ physics and Cosmology™ section.

BAHCALL 80 PRL 45 945 JLUBOM HUEBNER. | (IAS-LASLAYALEMLLLIUCLA) . ) o

AUSO 76 SCIENCE 191 264  J.N.BARCALL,R.DAVIS +BNL) i i ) ;
BOEHM 80 PL 978 310 HCAVAIGNAC FEILITZSCH. (ILLGSCITAGRENSMUNI) In the subsection on **Limits from pp” Colliders,” the
FRITZE 80 PL 968 427 LGRASSLER+'  (AACH:BONN+CERN+LOIC+OXF+SACL) oy

results assume that there are only three families of

REINES 80 PRL 45 1307 :.REINES,H.H.gDBEL,E.PASIERB :UCI)

ALSO 59 PR 113 273 CREINES,C.L. CONAN (LASL) i ;

ALSo g6 PR 142 832 ;.A.ueznicx,pénmesw sone ks> quarks and three families of charged leptons light

ALSO 76 PRL 37 3 "REINES,H.§.GURR, . W. SOBEL .
SHROCK 80 PL 968 159 RUE.SHROEK ’ (STON) enough to contribute to W or Z decay. The results
ABELA 81 PL 1058 263 <DAUM,EATON, FRUSCH, JOST ,KETTLE , STEINER(SIN) :
ARMENISE 81 PL 1008 182 +FOGLI-MUCTACCIA+ (BARI4CERN+MILA+LALO) were derived from
ASANO 81 PL 1048 84 HAYANO,KIKUTANT,KUROKAWA=  (KEK+TOKY+OSAK )

ALS0 81 SHROCK1 .
ASRATYAN 81 PL 1038 307 ~EFREMENKO, FEDOTOV + (ITEP4FNAL+SERP4MICH) N = [I‘Z(measured) - T, (3-family theory)]/C +3.
BAKER 81 PRL 47 1576 “CONNOLLY , KAHN, KIRK , MURTAGH & (BNL+COLU) v zZ v

ALSO 78 PRL 40 144 CNOPS, CONNOLLY ,KAHN  KIRK+ (BNL=COLUS

The term “3” above is for v, v,, and v; C, is approxi-
mately 0.18 GeV; and the I'’s are measured in GeV. For
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the results reported here, I' Z(measured) is not a directly
measured number, but rather an inferred number based
on measured cross sections times branching fractions:

_ NZ>ete”) 97 oy B(W —ev)

r
4 w I‘(W—-»eu)

ow | o, B(Z>eTeT)

T(Z—>ete)
(W —>ev)

from the standard model with three families, while

07 /0y is calculated from QCD (most uncertainties in

For each result, Ty and are calculated

QCD are thought to cancel in this ratio). Only
o B(W —ev)

——— is a measured quantity. The errors
07 B(Z—>e¢7e")

quoted include the uncertainties from each theoretical
and experimental quantity except T, .

LIMITS FROM pPp COLLIDERS

NP NUMBER OF NU TYPES INCLUDING NUCE), NU(MU), NU(CTAU).

NP SEE ABOVE NOTE FOR METHOD OF DERIVATION AND CRUCIAL ASSUMPTIONS.
NP A . OR LESS 4 APPEL 86 UA2 ECM=546+630 GEV
NP B €10, OR LESS c 90 ARNISON 86 UA1 ECM=546+630 GEV
NP

NP A ASSUME MASS(T-QUARK)=40 GEV, C(NU)=0.177 GEV, GAMMA(W)=2.65 GEY
NP A AND GAMMA(Z, 3FAMILY THEORY)-2.72 GEV. APPEL 86 REPORTED THEIR
NP A LIMIT AS 5.6+-1.7 OR LESS AND WE CHOSE THE UPPER VALUE.

NP B ASSUME MASS(T-QUARK)=40 GEV, C(NU)>=0.1B2 GEV, GAMMA(W)>=2.82 GEV
NP B AND GAMMA(Z, 3FAMILY THEORY)=2.83 GEV.

REFERENCES FOR LIMITS ON NUMBER OF LIGHT y TYPES

APPEL 86 ZPHY C TO BE PUB UA2 COLLAB.(BERN+CERN+BOHR+HEID+ORSA+PAVI+)
ARNISON 36 PL 8 TO BE PUB UA1 COLLAB.(AACH+ANIK+LAPP+BIRM+CERN+HARV+)

NEUTRINO BOUNDS FROM
ASTROPHYSICS AND COSMOLOGY

OMITTED FROM SUMMARY TABLE

SEE THE NOTE ON NEUTRINOS BY R.E. SHROCK IN THE ELECTRUN NEUTRINO
SECTION NEAR THE BEGINNING OF THESE CARD LISTINGS. FOI

INFORMATION ON NEUTRINOS DERIVED FROM MORE EONVENTIONAL
(TERRESTRIAL) EXPERIMENTS, SEE THE NU(E), NU(MU), NUCTAU), AND
HEAVY-NU SECTIONS ABOVE.

NOTE ON v MASS LIMITS

These limits apply to Mo given by

j =
where 7 is the number of neutrino species and g, is the
. . .
number of independent components in the neutrino
field: g, = 2 for chiral

= 4 for Dirac neutrinos; g,
. J .
Majorana neutrinos.

» BOUNDS FROM ASTROPHYSICS & COSMOLOGY

v MASS (eV)
M LIMIT ON TOTAL NU MASS, SUMMED OVER ALL SPIN COMPONENTS,
M OF EFFECTIVELY STABLE NEUTRINOS (1.E. THOSE WITH MEAN LIVES ROUGHLY
M EQUAL TCI OR GREATER THAN THE AGE OF THE UNIVERSE) (UNITS EV)
L A . OR LESS COWSIK 72
M A 80_ OR LESS LEE 7 BOSH
M 100. OR LESS OLIVE 81 COSH
M A COWSIK 72 AND LEE 77 HAVE BEEN GENERALIZED TO APPLY TQ M(TOT) AS
M A DEFINED ABOVE, WHERE ONE ALLOWS EITHER DIRAC OR MAJQRANA NEUTRINOS.
M A THESE PAPERS ASSUMED DIRAC_NEUTRINGS.
M FOR OTHER LIMITS, SEE SATO 77, VYSOTSKY 77, DICUS 78, HuUT 79,
M ZELDOVICH 80, FREESE 84, AND SCHRAMM 84.
ML ASTROPHYSICAL AND COSMOLOGICAL LIMITS ON NU MASSES. (UNITS EV)
ML
ML ANALYSES OF MASS/LIGHT RATIOS AND DYNAMICS OF GALAXIES AND
ML CLUSTERS ARE CONSISTENT WITH PRESENCE OF DARK MATTER. TREMAINE 79
ML STATED THAT THE DARK MATTER COULD NOT BE MUON OR ELECTRON NEUTRINOS
ML OF NONZERC REST MASS OR ANY NEUTRAL LEPTON LESS MASSIVE THAN 1 MEV.
ML AUTHORS BOND 81, DAVIS 81, AND SCHRAMM 81 CLAIMED THAT THIS DARK
ML MATTER COULD CONSISTENTLY BE ASCRIBED TO MASSIVE NEUTRINOS
ML WITH SUFFICIENTLY LONG LIFETIMES. SUBSEQUENT ANALYSES HAVE
ML CHALLENGED THIS CLAIM; SEE PRIMACK B83. FOR DEGENERATE NEUTRINOS,
ML SEE FREESE 83.
ML
ML TREMAINE 79 COSM [SOTHERMAL
ML ORDER 30 BOND 81 COSM ADIABATIC
KL 50-100 DAVIS 81 COSM ADIA.+DECAYING NUS
ML 4-20 SCHRAMM BT COSM ISOTHERMAL
ML NO CDNSlSTENT VALUE PRIMACK 83 COSM
ML S 1000 QR LES SARKAR 84 COSM
ML M 22 DR MDRE MADSEN 85 COSM ASSUME ISOTROPY
ML M 18 DR MORE MADSEN B85 COSM  SOME ANISOTROPY
ML
ML $ SARKAR 84 RESULTS APPLY TO UNSTABLE NU(TAU) OR OTHER DIRAC NEUTRING
ML S WITH SIGNIFICANT RADIATIVE DECAY MODES. THEY ASSUME THAT STANDARD
ML S COSM MODEL OF PRIMORDIAL NUCLEOSYNTHESIS IS NOT DISRUPTED BY
ML S NU(CTAU) DECAY.
ML
ML M MADSEN 85 ASSUME STABLE NEUTRING (NU(E)) TO BE DARK MATTER IN
ML M GALAXY HALOS (ONLY DATA ON BIG GALAXIES).
ML M SECOND MADSEN 85 VALUE IS ALLOWING MAX REASONABLE ANISOTROPY,
ML M NOTE HOWEVER THAT IN MADSEN 84 THE ADDITIONAL ASSUMPTION THAT NU(E)
ML M IS THE DARK MATTER IN OWARF AS WELL AS BIG GALAXY HALQOS C(ASSUMING
ML M ISOTROPY) LEADS TO THE LIMIT 127 EV OR MORE IN CONFLICT WITH THE
ML M EXPERIMENTAL UPPER LIMIT OF 46 EV. FURTHERMORE THE ADDITIONAL
ML M ASSUMPTION THAT THE DISTRIBUTION OF DARK MATTER IS AN ISOTHERMAL
ML M SPHERE LEADS TO THE LIMIT (LIN 83) OF 500 EV OR MORE.
MSW LIMITS ON MASSES OF STABLE RIGHT-KANDED NU
MSU (WITH NECESSARILY SUPPRESSED INTERACTION STRENGTHS)
MSW O 0l
MSW O ALLOWED VALUES OF MASS ARE STRONGLY CORRELATED WITH INTERACTION
MSW O STRENGTH. SEE FIG. 1 OF OLIVE 82.
v RADIATIVE MEAN LIFE VERSUS MASS
T COWS IK 77 COSM
T DICUS 77 COSM
T GULDMAN 77 COSM
T FALK 78 COSM
T STRONGLY CDRRELATED COWSIK 79 COSM
T LIMITS. SEE REFERENCES GOLDMAN 79 COSM
T DERUJULA B0 COSM
T STECKER 80 COSM
T HENRY 81 COSM
T KIMBLE 81 COSM
T REPHAELI 81 COSM
T TURNER 81 COosM
T KRAUSS 83 CosM
T BINETRUY 84 COSM
NUMBER OF LIGHT TWO—-COMPONENT v TYPES
(LIGHT MEANS < ABOUT 1 MEV)
N NUMBER COUPLING WITH FULL WEAK STRENGTH
N SHYARTSMA 69 COSM
N 7> OR LESS STEIGMAN 77 COSM
N 4) OR LESS YANG 79 COSM
N s CRITICISM OF SOUND STECKER2 80 COSM
N MAYBE NO FIRM BOUND OLIVE 81 COSM
N (4) OR LESS TURNER 81 COSM
N CRITICISM UF BDUND RANA 82 COSM
N ) SCHRAMM 82 COSM
N {FROM 10 TO 1000) OR LESS ELLIS a3 ASTROPHYS MODEL-DEP
N (4) OR YA M
N S SEE, HOWEVER OLIVEZ 81 CRITIQUE AND STECKER 81 REPLY.
N UNCERTAINTIES AND CRITICISMS COME FKROM DIFFERING ESTIMATES OF LOWER
N LIMIT ON BARYON DENSITY OF THE UNIVERSE AND UPPER LIMIT ON THE
N PRIMORDIAL HELIUM-4 ABUNDANCE. SEE ALSO BERNSTEIN 82.
NSW HUMBER COUPL!NG HITH LESS THAN FULL WEAK STRENGTH
NSW A OR STEIGMAN 79 COSM
NSW A LIMIT VARIES HITH STRENGTH QF COUPLING.
MAGNETIC MOMENT OF SUFFICIENTLY LIGHT v
(UNITS EV/GAUSS)
MM 5 (4.9E-19)0R LESS SUTHERLAN 76 CDSM FOR M(NU)<10 KEV.
MM S USES SUTHERLAND 76 EQ.3 WITH F<1/3 FROM THEIR TABLE AS MODIFIED TO
MM S APPLY AS A LIMIT ON ANY ONE NEUTRING SPECIES INDIVIDUALLY.
REFERENCES FOR v BOUNDS FROM ASTRO. AND COSM.
SHYARTSM 69 JETPL 9 184 V. F. SHVARTSMAN (MOSY)

CoWsIK 72 PRL 29 669
SUTHERLA 76 PR D13 2700

OWSIK,J.MC CLELLAND

(ucs>
SUTHERLAND NG, FLOWERS, + (PENN+COLU+NYU)
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COWSIK 77 PRL 39 784 R. COWSIK {MPIM+TIFR)
ALSD 79 COWSIK
DICUS 77 PRL 39 168 D.A.DICUS,E.W.KOLB,V.L.TEPLITZ (TEXA+VRI}
GOLDMAN 77 PR D16 2256 T.GOLDMAN, G.J.STEPHENSON (LASL)
LEE 77 PRL 39 165 B. W. LEE, S. WEINBERG (FNAL+STAN)
SATO 77 PTP 58 1775 K.SATO,M.KOBAYASHI Ty
STEIGMAN 77 PL 66B 202 G. STEIGHAN D.SCHRAMM, J.GUNN (YALE, EHIC CIT)
VYSOTSKY 77 JETPL 26 188 VYSOTSKY, DDLGOV ZELDDVICH (1TEP)
DICUS 78 PR D17 1529 +KOLB TEPLITZ ,WAGDNER (TEXAoVPIoSTAN)
FALK 78 PL 79B 511 . FALK, D. SCHRAMM
ALSO 78 APJ 223 1015 EUNN LEE+ (CIT»CAHB»FNAL+EHIC+VALE>
COWSIK 79 PR D19 2219 R. COWSIK (TIFR)
GOLDMAN 79 PR D19 2215 T.GOLDMAN,G.J.STEPHENSON (LASL)
79 PL 87B 144 P.HUT,K.A.OLIVE (AMSTERDAM+EFI)
STEIGMAN 79 PRL 43 239 G. STEIGHAN K.OLIVE,D.SCHRAMM (BART+EFI1)
TREMAINE 79 PRL 42 407 S. TREHMNE J. E. GU (CIT+CAMB+CAIW)
YANG 79 APJ 227 697 YANG, SCHRAMH STEIGMAN,ROOD (CHIC+YALE+VIRG)
ALSO 79 STEIGMAN FOOTNDTE 4
DERUJULA B0 PRL 45 942 A.DE RUJULA,S.L.GLASHOW (MIT+HARV)
STECKER  BQ PRL 45 1460 F.W.STECKER (NASA)
ALSD BT NU 31 CONF HAWAIL F.W.STECKER (PROC. Y.1, P. 124) (NASA)
STECKER2 B0 PRL 44 1237 F.W.STECKER (NASA)

ZELDOVIC 80 SJUNP 31 664 ZELDOVICH,KLYPIN,KHLOPOY,CHECHETKIN

BOND 81 NU 81 CDNF HAHAH .I.R.BOND, A.5.SZALAY (UCB+CHIC)

DAVIS 81 APJ 250 M.DAVIS, M.LECAR,C.PRYOR,E.WITTEN(HARV+PRIN)
HENRY 81 PRL 47 618 R.C.HENRY, P.D.FELDMAN (JHU)
KIMBLE 81 PRL 46 80 R.KIMBLE,S.BOWYER,P.JAKOBSEN (UCB)>
OLIVE 81 APJ 246 557 +SCHRAMM, STEIGMAN, TURNER , YANG+ (CHIC+BART)
OLIVE2 81 PRL 46 516 K. A.OLIVE M.S.TURNER EFI
REPHAELI 81 PL 1068 73 Y.REPHAELI,A.S.SZALAY (UCSB+CHIC)
SCHRAMM 81 APJ 243 1 D. N. SCHRAMM, G. STEIGMAN (CHIC+BART)
STECKER 81 PRL 46 517 F.W.STECKER (NASA)
TURNER 81 NU 81 CONF HAWAII M,S.TURNER {UCSB+CHIC)
BERNSTEI 82 PRL 48 774 J.BERNSTEIN V)
OLIVE 82 PR D25 213 K.A.OLIVE, M.S.TURNER (CH]E-UESB)
RANA 82 PRL 48 209 N.C.RANA R)
SCHRAMM 82 PRSL A307 43 D.N. SCHRAMM (Cth)
ELLIS 83 NP B223 256 JL ELLIS,K.A.OLIVE CCERN)
FREESE 83 PR D27 1689 X .FREESE,E.W.KOLB,M.S.TURNER C(CHIC+LANL)
KRAUSS 83 PL 1288 37 L.M.KRAUSS C(HARV)
LIN 83 APJ 266 L21 LIN,FABER (ucscy

PRIMACK 83 PHILADELPKIA J.PRIMACK (4TH WKSHP. ON GRAND.UNIF.)(UCSC}

ALSO 82 NAT 299 37 BLUMENTHAL ,PAGELS, PRIMACK (UCSC+ROCK)
BINETRUY 84 PL 134B 174 P.BINETRUY,G.GIRARDI,P.SALATI (LAPP)
FREESE 84 NP B233 167 +SCHRAMM C(CHIC+FNAL)
MADSEN 84 Apy 282 11 J.MADSEN,R.EPSTEIN CAARH+LANL)
SARKAR 84 PL 148B 347 §.SARKAR,A.M.COOPER (OXF+CERN)
SCHRAMM 84 PL 141B 337 SCHRAMM, STEIGMAN (FNAL+BART)
YANG 84 APJ (TQ BE PUBL) +TURNER,STEIGMAN,SCHRAMM,OLIVE (CHIC+BART)
MADSEN 85 PRL 54 2720 J.MADSEN R.EPSTEIN CAARH+LANL)

HEAVY LEPTON SEARCHES

OMITTED FROM SUMMARY TABLE

Data on the 77 are listed in a separate section
above, following the e and u listings.

The following section contains information on
searches for heavy leptons of other types and searches
for the 7T in collisions other than e Te™

Several types of heavy leptons (that is, non-strongly-
interacting fermions other than ¢ and u) have been pro-
posed. In the Full Listings we distinguish four types.l’2
Each has a corresponding antiparticle with opposite
charge and lepton number. For convenience we omit
writing the antiparticles in the following descriptions.
The four types are:

Sequential leptons (L™ ). Such a pair is assumed
to have its own separately strictly conserved lepton
number #; = +1. This means that the radiative decays

L™ —>e™y .
_ _ are forbidden ,
L™ »p vy

while the weak decays (assuming m - sufficiently large)

L™ -y e_ue

L™ >y uy, are allowed .

L™ —v; hadrons

There could be an increasing mass sequence of such
pairs. It is frequently assumed that the neutrinos are
massless.

Decay rates are assumed calculable from conven-
tional weak interaction theory. For an L~ mass
between 1 and 3 GeV, the branching fraction to each of
the two leptonic modes above should be roughly 10 to
20%. For an L~ mass above 1 GeV, the mean life
should be < 10712 second.

Paraleptons (E*, E% and (M*, M®). These pairs
have the same lepton numbers as the opposite-charge
ordinary leptons, i.e.,, ¢~ and u, respectively. Radia-
tive decays are again forbidden and decays similar to
those allowed for L ™ are allowed here, e.g.,

MY 5y ety
' e
or
+ +
M —>V”}.L vy

However, the lightest member is not stable as is the case
for sequential leptons, so that bizarre decay schemes
such as (assuming mgo < mg+)

E* —>E0/.t+vu

L—seTe™y,
are allowed.
Heavy leptons of this type were proposed (before the
discovery of the Z 0 boson) in unified gauge theories of
weak and electromagnetic interactions to cancel unphy-

sical high energy behavior in such processes as
ete >wtw™.3

Ortholeptons (F~ and N ™). These have the same
lepton numbers as ¢~ and u~, respectively. They may
or may not have associated neutral leptons. Radiative
decays are allowed in addition to weak modes similar to
those of sequential leptons. The radiative mode can
dominate or can be relatively unimportant depending
on the model.4 Decays such as

F~ —> ¢~ + hadrons

are also allowed.
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Long-lived penetrating particles. Heavy leptons
could have long mean lives under certain circumstances.
For example, if m_ > m y - then L™
lepton, is completelLy stable since its lepton number is
conserved.

, the sequential

Experimental results. The results are summarized in
the Full Listings below. Mass limits for sequential lep-
tons are listed in subsection MS, while all other types
are listed together in subsection M.

The Full Listings also contain cross-section upper
limits reported as results of unsuccessful searches. We
no longer list cross sections for anomalous ey events in
ete™ collisions. These cross sections are consistent
with coming from e "e ™ — 77~ where the 77 is
assumed to be a spin-1/2 Dirac point particle with a
mass about 1785 MeV.

References

1. M.L. Perl and P. Rapidis, SLAC-PUB-1496
(October 1974).

2. C.H. Llewellyn Smith, Invited paper presented at
the Royal Society Meeting on New Particles and
New Quantum Numbers, 11 March 1976, Oxford
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3. J1.D. Bjorken and C.H. Llewellyn Smith, Phys.
Rev. D7, 887 (1973).
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SEE PERL 81 FOR A REVIEW

PROPERTIES OF THE TAU+-(1785) HEAVY LEPTON AND ITS ASSOCIATED
NEUTRINO ARE LISTED SEPARATELY ABOVE FOLLOWING THE € AND MU
LISTINGS. THE FOLLOWING SECTION CONTAINS INFGRMATION ON SEARCHES
FOR HEAVY LEPTONS OF OTHER TYPES AND SEARCHES FOR TAU+- IN
COLLISIONS OTHER THAN E+E-. WE LISY MASS LIMITS AND CROSS SECTION
UPPER LIMITS REPORTED AS MEGATIVE SEARCH RESULTS. WE NO LONGER
LIST CROSS SECTIONS FOR THE ESTABLISHED PROCESS E+ E- --> TAU+ TAU-
AS WAS DONE IN QUR 1977 SUPPLEMENT. SEARCHES FOR FRACTIONALLY
CHARGED HEAVY LEPTONS ARE INCLUDED IN THE FREE QUARK SEARCH SECTION.

HEAVY LEPTON MASS LIMITS

LIMITS APPLY ONLY TO HEAVY LEPTON TYPE GIVEN IN COMMENT AT RIGHT ON
DATA LISTING., SEE REVIEW ABOVE FOR DESCRIPTION OF TYPES.

L,E,M,F,N STAND FOR SEQUENTIAL LEPTON,PARA-ELECTRON,PARA-MUON,
ORTNO ELECTRDN ORTHO-MUON RESPEETIVELV

MS SEQUENTILAL HEAVV LEPTON MASS LIMITS (GEV)

MS A (13.) 013 AZIMOY 80 -

MS 8 16.) o133 MURE < BARBER B0 CNTR +—

MS C NONE 4GEV TG 14.5GEV C BERGER 81 PLUT +-

MS D (15.5) OR MORE C BRANDELIK 81 TASS +-

MS {14.) OR MORE C 82 MRKJ +-

Ms E {18.) QR MORE ADEVA B3 MRKJ +-

MS F ¢18.0) OR MORE BARTEL 83 JADE +-

MS & 22.5 OR MDRE ADEVA 85 MRKJ +- ECM=40-47 GEV
MS

MS A AZIMOV 80 ESTIMATED PROBABILITIES FOR M+N TYPE EVENTS IN E+ E- -->
MS A L+ L- DEDUCING SEMI-HADRONIC DECAY MULTIPLICITIES OF L FROM E+ E-
MS A ANNIHILATION DATA AT WCM=(2/3)*ML. OBTAINED ABOVE LIMIT COMPARING
MS A THESE WITH E+E- DATA (BRANDELIK 80,PL 92B 199).

MS

MS B BARBER 80 LOQKED FOR E+ E~ -~> L+ L-, L-->NU(L)+X WITH MARK-J AT
MS B DESY-PETRA.

MS

Ms C BERGER §1 IS DESY DORIS AND PETRA EXPT. LOOKING FOR E+E- ~—> Lal-,
M5 D BRANDELIK 81 IS DESY PETRA EXPT. LOOKING FOR E+E- —-> L+l-.

MS E ADEVA 83 LOOKED FOR MUON OPPOSITE AGAINST A HADRON JET.

MS F  BARTEL 83 LIMIT IS FROM PETRA E+E- EXP WITH AVERAGE WCM=34.2 GEV.

x
o
oo

ADEVA 85 ANALYZE ONE-ISOLATED-MUON DATA AND SENSITIVE TO TAU < 10
NANOSEC. ASSUME BR(LEPTON}=0.30.
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HEAVY LEPTON MASS LIMITS (GEV)
0

1.0 OR MORE BEHREND 65 SPEC - ORTHOELECTRON(F)
NONE BETWEEN 0.12 AND 0.57 BETDURNE &5 SPEC - ORTHOELECTRON(F)
NONE BETWEEN 0.3 AND 0.7 BUDNITZ 66 SPEL -~ ORTHOELECTRON(F)
NONE BETWEEN 0.2 AND 0.92 BARNA 68 CNTR -~ LONG-LIVED
NONE BETWEEN 0.97 AND 1.03 BARNA 68 CNTR - LONG-LIVED
NONE BETWEEN 041 AND 1.3 BOLEY 68 SPEC - ORTHOELECTRON(F)
NONE BETWEEN 0. AND 0.6 LlEERHAN 69 OSPK - ORTHOMUON(N)
0.490 OR HORE RO 69 RVUE
NONE BETWEEN 0.26 AND LICHTENST 70 SPEC ~ ORTHOELECTRON(F)
20 €Q.424) (0.013) (0 002 RAMM 70 KLBC O
22 (0.431)  (0.004) 71 HLBC - ORTHOMUDN(N)
0 0.1 OR MORE ANSORGE 73 HBC -~ LONG-LIVED
0 0.6 QR MORE BACCL 73 ELEC +- ORTHOELECTRON(F)
0 2.2 QR MORE BACCI 73 ELEC +- ORTHOELECTRONCF)
[ 2.0 OR MORE CL=.90 BARISH 73 ASPK + PARAMUON (M)
0 1.4 OR MORE EL: 95 BERNARDIN 73 ASPK +«- ANY NON-~RAD TYPE
0 1.0 OR MORE .95 BERNARDIN 73 ASPK +- ANY NON-RAD TYPE
NONE BETHEEN D 55 AND 4 5 BUSHNIN 73 CNTR ~ LONG-LIVED
0 2.4 ORE 90 EICHTEN 73 HLBC + PARAKUON (M)
7.8 DR MDRE CLV HANSON 73 WIRE ORTHOELECTRON(F)
1.8 OR MORE EL:.90 ASRATYAN 74 HLBC +- ORTHOMUON (N)
W4 OR MORE ¢CL=.%0 BARISH 764 SPEC + PARAMUON (M)
NONE BETHEEN D AND 2.0 GITTLESON 74 SPEC QRTHOMUCN (N)
1.15 OR MORE <CL=.95 ORITO 74 ASPK +- ANY NON-RAD TYPE
NONE BETWEEN 0.25 AND 2.3 BACCI 77 SPEC +- ORTHOELECTRON(F)
1.2 OR MORE MEYER 77 SMAG O NEUTRAL
10.3 OR MORE CL=.98 ASRATYAN 78 ORTHOMUON (N>

Q 7.5 OR MORE CNOPS 78 HLBC ~ ORTHOMUON (N)
Q 9.0 OR MORE CNOPS 78 HLBC + PARAMUON (M)
ERRIQUEZ 78 BEBC

12. OR MORE (L=.90 HOLDER 78 CNTR + PARAMUCN (M}
NONE 1 GEV TO ¢ GEV (L=.90 CLARK 81 SPEC O PARAMUON(MOBAR)
NONE 1 GEV TO 9 6EV CL=.90 CLARK 81 SPEC ++
NONE BETWEEN 0.6 AND 3.3 HAYES 82 SMK2 +- ORTHOMUON (N)
NONE BETWEEN 0.5 AND 3.3 HAYES 82 SMK2 +- ORTHDELECTRON(F}

24.5 OR MORE CL=.95 BARTEL 83 JADE O PARAELECTRON(EQ)
22.5 OR MORE {L=.95 BARTEL 83 JADE O PARAELECTRON(EQ)

BEHREND 65 IS DESY EXPT. LOOKS FOR E P-->F P,
THIS MASS LIMIT CORRESPONDS TO A LIMIT DN LAHBDA*'Z DF 6 25*10** 4.

BETOURNE 65 IS ORSAY EXPT. LOOKS FOR E P -->F P. MASS OF .12
CORRESPONDS TO CUUPLING CONSTANT LAMBDA**2 GT .0016, MASS OF .57
TO LAMBDA*%*2 GT

BUDNITZ 66 1S CEA EXPT. LOOKS FOR € P-->F P.
BARNA 68 IS SLAC PHOTOPRODUCTION EXPT.

BOLEY 68 IS CEA EXPT. LOOKS FOR E p-->F P. MASS OF .1 CORRESPONDS
TO COUPLING CONSTANT LAMBDA**2 GT 3%10%*-4, MASS LIMIT OF 1.3 TO
LAMBDA**2 GT .01.

LIBERMAN 69 IS A BNL EXPT MEASURING MUON BREMSSTRAHLUNG.
ROTHE 6% EXAMINES PREVIOUS DATA ON MU PAIR PROD AND PI AND K DECAYS

LICHTENSTEIN 70 IS CORNELL EXPT MEASURING E BREMSSTRAHLUNG.
MASS LIMIT DEPENDS ON COUPLING CONSTANT. FIRST VALUE ABOVE IS FOR
LAMBDA**2 GT .17, SECOND IS FOR LAMBDA**2 GT .42,

RAMM 70 FINDS PEAK IN MU PI COMBINED MASS PRODUCED BY NEUTRIND
INTERACTIONS. HE ALSO CLAIMS EVIDENCE FOR THIS IN KOMU3 DECAYS IN
HBC WHERE PL MU COMBINED MASS PEAKS IN SAME REGION. CLARK 72 FINDS
NO EVIDENLE FOR Pl MU PEAK IN HIGH STATISTICS KL3 EXPT

RAMM 71 SEES PEAK IN MU GAMMA COMBINED MASS PRODUCED BY NEUTRINOS.

ANSORGE 73 LOOKS FOR ELECTRON PAIR PROD AND ELECTRON-LIKE BREMSS.

BACCI 73 1S FRASCATI E+E- EXPT. LOOKS FOR F -—> E GAM

MASS LIMIT DEPENDS ON CCUPLING CONSTANT LAMBDA FOR THIS DECAY.
FIRST VALUE ABOVE 1S FOR LAMBDA**2 GT 9*10**-5, 2ND IS FOR
LAMBDA**2 GT 10%**-3.

BARISH 73 IS FNAL 50,145 GEV NU EXPT. LOOKS FOR (NU NUCLEON -->
M+ ANYTHING). ASSUMES (M+ ~-> MU+ NU NU) WITH BR=.

BERNARDINI 73 18 FRASCATI E+E- EXPT. FIRST VALUE ASSUMES UNIVERSAL
COUPLING TO ORDINARY LEPTONS. SECOND VALUE ALSO ASSUMES COUPLING
TO HADRONS.

BUSHNIN 73 1S SERPUKQV 70 GEV P EXPT. MASSES ASSUME MEAN LIFE ABOVE
7E-10 AND 3E-8 RESPECTIVELY. CALCULATED FROM CROSS SEC(BC BELOW)
AND 3G GEV MUON PAIR PRODUCTION DATA.

EICHTEN 73 1S CERN 1-10GEV NU EXPT. LOOKS FOR M+ PRODUCED IN
NU NUCL --> M+ HADRONS ASSUMING 15 PERCENT DECAY YO E+ NU NU.

HANSON 73 LDOK FOR DEVIATIONS FROM QED IN E+ E- -->2GAMMA. THEY
MEASURE THE PRODUCT OF THE F MASS * THE COUPLING CONSTANT LAMBDA,
WHICH IS THE VALUE QUOTED ABOVE.

ASRATYAN 74 USES EICHTEN 73 DATA ON NU NUCL --> E- HADRONS AND
NUBAR NUCL --> E+ HADRONS TO SET LIMITS QN ORTHOMUON PRODUCTION.

BARISH 74 IS FNAL 50,135 GEV NU EXPT.

LOOKS FOR (NU NUCLEON —->
M+ ANYTHING). -

ASSUMES (M+ —->MU+ NU NU) WITH BR=.

GITTLESON 74 IS MU P --> P ORTHOMUON SEARCH. COUPLING CONSTANT
LAMBDA**2 IS «<.01 FOR MASS UP TO .7 GEV, LIMIT ON LAMBDA**2 RISES
TO <.1 FDR MASS OF 2.0 GEV.

ORITQ 74 LOOKED FOR H+H- PAIRS GIVING MU-E PAIRS. MASS LIMIT REFERS
TO ANY NON-RADIATIVE TYPE HEAVY LEPTON -- L, E, M, N
CQUPLING TO HADRON ASSUMED FROM THEORETICAL HODELS.

BACCI 77 1S SAME TYPE AS BACCI 73. LOWER MASS LIMIT CORRESPONDS TO
LAMBDA**2 LIMIT OF 4*10%*-5, UPPER VALUE IS FOR LAMBDA**2 LIMIT OF
1.5%10%*-3.

MEYER 77 LOOKS FOR NARROW NEUTRAL RESONANCE INCE PI)AND(MU PI)
CHANNELS PRODUCED BY E+E- AT 6.8 GEV (ECM). ASSUMED TO BE DECAY
PRODUCT OF THE TAU. SEE SECTION NE BELOW.

ASRATYAN 78 ANALYZES DEPENDENCE OF N.C./C.C. ON ENERGY OF ASSDC.
HADRONS. USES DATA OF HOLDER 77 (PL 72B, 254)--NU{MU) INTERACTIONS
AT CERN-SPS.

CNOPS 78 IS FNAL EXPT LOOKING FOR NU(MU) NE --> L+(-), FOLLOWD BY
L+{-3 ——> E+(-)

ERRIQUEZ 78 1S CERN SPS EXPT. LOOKS FOR NU{MU) NUCLEON-->MU- E+ X.
FINDS CS FOR PRODUCING HVY LEPT--> E+ <.7%10*%-3 *C.C. CS.

HOLDER 78 IS A CERN NU EXPT LOOKING FOR NUCMU) NUCLEON --> MU+ ANY
THING. ASSUMES M+ ——> MU+ 2NU(MU) WITH BR=0.2 .



For notation, see key on page 91.

CLARK 81 IS FNAL EXP WITH 209 GEV MUONS. BOUNDS APPLY TO MO WHICH
COUPLES WITH FULL WEAK STRENGTH TO MUON. SEE ALSO SECTION MU.

HAYES 82 1S SLAC SPEAR EXPT. THEIR TBL.5,6 GIVES CROSS SEC. LIMITS
FOR ORTHOMUON AND ORTHDELECTRON FOR MASSES IN ABOVE RANGE.

BARTEL 83 1S PETRA E+E- EXP WITH AVERAGE WCM=34.2 GEV.FIRST(SECOND)
LIMIT 1§ FOR V+A(V-A) TYPE W-EO-E COUPLING.

TTTTTXTETXT
[FICERNTN)

HEAVY LEPTON PROD. CROSS SECTION (g N) (cm?)
MU SEE ALSO SECT 'MU' IN CHARM SEARCHES AND OTHER NEW PARTICLE SEARCHES

MU A .22E-34 OR LESS LEBRITTON 80 SPEC MO-->MU+ MU- NU
MU B 0 4. E-38 OR LESS CLARK 81 SPEC O PARAMUON(MOBAR)
MU 8 0 6. E-38 OR LESS CLARK 81 SPEC ++

MU

MU A LEBRITTON 80 Is BNL EXP WITH 10.5GEV MUONS. TRIMUONS ARE CONSISTENT
MU A WITH QED TRIDENT AND DIFFRACTIVELY PRODUCED RHO DECAY.

MU

MU B CLARK 81 IS FNAL EXP WITH 209 GEY MUON. LODKED FOR MU+ N-->MOBAR X,
MU B MOBAR-->MU+ MU- NUBAR(MU) AND MU+ N—->M+s X, Mt+—->2MU+ NUCHU) .

ML 8 ABOVE LIMITS ARE FOR CS*BR TAKEN FROM THEIR MASS-DEP PLOT FIG.2.

HEAVY LEPTON PROD. DIFFERENCE CROSS SEC. (p N) (cm?/str—GeV)
0C A 0 1.6E-37 OR LESS (L=.90 GOLOVKIN 72 CNTR- 70GEV P, SERPLKHOV
0C B 0 4. E-38 OR LESS CL=.90 BUSHNIN 73 CNTR- 70GEV P, SERPUKHOV

DC A MASS RANGE 1 TD 4.5 GEY,THETA=0,P=25 GEV/C.

ne B BUSHNIN 73 HEAVY LEPTON PATH TRAVERSES 6800 GM/CM**2 ABSORBER.
ocC 8 DIFFERENTIAL CROSS SECTION MEASURED AT P=30 GEV/C THETA= 2 MRAD.

PRODUCTION OF HEAVY LEPTCN IN BEAM DUMP

BD A LOSECCO  B1 CALO 28 GEV PROTONS
BD A LOSECCO 81 AT BNL AGS SET LIMIT FOR CS(PROD)*CSCINT) RATIO OF

BD A SLOW (BETA<0.89) HEAVY LEPTONS TD PROMPT KU'S AS 2.2E-2(CL=.90).

INVARIANT HEAVY LEPTON PROD. CROSS SEC. (p N) (cm?/GeV?)
ic A ¢ S5.4E-39 OR LESS .90 CRONIN 74 SPEC - M=1-6.8 GEV

Ic 8 0 6.4E-35 OR LESS 90 BINTINGER 75 SPEC +-~ M=1-5 GEV

Ic c 0 1.8E-33 OR LESS CL=.90 ARMITAGE 79 SPEC M=1,87 GEV

Ic

Ic A CRONIN 74 IS AN FNAL 300 GEV P CU EXPT. LOOKED FOR LONG LIVED

Ic A PENETRATING PARTICLES. ABOVE LIMIT ASSUMES STABLE. MULTIPLY IT BY
Ic A EXP(1.22E~-8*M/TAU) FOR MASS M(GEV) AND LIFETIME TAUCSEC). LIMIT

IC A OBTAINED AT THETA(LAB) = 77 MRAD, PT = 2,38 GEV/C.

Ic

IC B BINTINGER 75 IS A 30-300 GEV P C EXPT. LOOKED FOR LONG LIVED

IC B PENETRATING PARTICLES. ABOVE LIMIT ASSUMES STABLE. MULTIPLY IT BY
Ic B EXP(3.5E-B*M/TAU/P) FOR MASS M(GEV), LIFETIME TALU(SEC), MOM.P(GEV).
IC B OBTAINED AT THETA(LAB) = %1 MRAD, PT = 1-2.25 GEV/C.

1c

IC C ARMITAGE 79 IS CERN-ISR EXPT AT ECM=53 GEV. VALUE IS FOR X=0.1 AND
1c € PT=.15.

HEAVY LEPTON PROD. CROSS SEC. (s(HEAVY LEPTON)/U(W))

RPI A 7. E-12 OR LESS 95 BUSSIERE 80 CNTR Q= -1

RPI A O 2.5E-12 OR LESS C 95 BUSSIERE 80 CNTR Q= -2

RP1I

RPI A BUSSIERE 80 1S CERN-SPS EXPT WITH 200-240 GEV PROTONS ON BE AND AL
RP1 A TARGET SEARCHING FOR LONG-LIVED PARTICLES. FOR LIMITS AT OTHER
RPI A MASS RANGES SEE THEIR FIG. 7.

NEUTRAL HEAVY LEPTON PROD. CROSS SECTION (cm?)
CN A 5 (1, E-37 OR MORE) KRISHNASW 75 CNTR +0- M=2-5 GEV

CN B ] BENVENUTI 75 SPEC ©

CN

CN A KRISHNASWAMY 75 IS KOLAR GOLD MINE COSMIC RAY EXPT. TYPICAL EVENT
CN A HAS VERTEX IN AIR 70 (M FROM WALL WITH THREE OBSERVED CHARGED

CN A TRACKS. AUTHORS SUGGEST NU+ROCK GIVES NEW PARTICLE WITH MEAN LIFE
CN A 10E-9 SEC OR LONGER. DE RUJULA 75 GIVES ANDTHER INTERPRETATION.
CN A SEE ALSO RAJASEKARAN 75.

CN

CN B BENVENUTI 75 1§ AN FNAL EXPERIMENT WHICH ROUGHLY SIMULATES THE

CN B KRISHNASWAMY 75 EXPT. BUT APPARENTLY CONTRADICTS IT, FINDING NO

CN B EVENTS. SENSITIVE TO DECAYS OF NEUTRAL PENETRATING PARTICLES

CN B PRODUCED BY THE PRIMARY PROTONS OR BY SECONDARY NEUTRINO

CN B INTERACTIONS IN THE 1 KM. NEUTRINO BEAM EARTH SHIELD.

NEUTRAL HEAVY LEPTON PRODUCED IN » INTERACTIONS

N A 1 POSSIBLY SEEN BARANOY 77 HLBC 0 SERPUKHOV
N A 2 POSSIBLY SEEN BARANOV 79 HLBC 0 SERPUKHOV
N

N A BARANOV HEAVY LEPTON CLAIM REFUTED 8Y BALTAY 78.

NEUTRAL HEAVY LEPTON PROD. CROSS SEC. (p N) (cm?)

cP A 0 1. E-29 OR LESS FAISSNER 76 HLBC D

cp B 0 2.8E-35 OR LESS (L=.9Q BECHIS 78 sl

cP c 0 8.2E-4D OR LESS CL=.90Q AGAKISHIE 80 SPRK D M=4GEV,TAU=E-7 $
cpP

cP A FAISSNER 76 LIMIT ASSUMES STABLE NEUTRAL WEAKLY INTERACTING LEPTON.
cP A ALSO RULES QUT DE RUJULA 75 INTERP. OF 5 KRISHNASWAMY 75 EVENTS AS
cP A (P NUCLEON --> L+ X, L+ —-> L0 X) UNLESS L+ MASS IS ABOVE 3 GEV.

cP

cP B BECHIS 78 IS 400 GEV FNAL EXPT. LOOKS FOR P NUCLEON --> L+,

cP B L+ ——> L0 X, LD --> MU PI OR E PI. RESULT IS CL=.90 FOR HASS oF L0
cP B < 1 GEV, LIFETIME BETW 10**-10 AND 10**-B SEC.(VALID ONLY FOR CASES
P B WHEN LD UNACCOMPANIED BY MUGN OF P>10 GEV.)

P

cp C AGAKISHIEV_BO REANALYZED BEAM DUMP DATA FROM 70 GEV PROTON ON IRON
cpP € (ASRATYAN 78 PL 798,497). ASSUMED DRELL-YAN PROD OF CMGD HVY LEPTON
CcP € PAIR FOLLOWED BY DECAY INTQ NEUTRAL HVY LEPTON. ABOVE VALUE IS WHEN
cP € LIMIT IS5 MOST STRINGENT. FCR OTHER MASS AND LIFE,SEE THEIR TABLE 1,
cP € AND FOR LIMIT DEDUCED FOR PI NUCLEON INTERACTION,SEE THEIR TABLE 2.
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NEUTRAL HEAVY LEPTON PROD. CROSS SEC. (ete™) (1075 nb)

NE CS*BR(TAU- > NEN NEUTRAL LEPTON)*BR(NEUTRAL LEPTON--> E OR MU PL)
450 90

NE 77 SMAG FOR M(L)>=0.5 GEV
NE A 250 OR LESS CL_.VD HEVER 77 SMAG FOR M(L)>=1.5 GEV
NE

NE CS(L LBAR)>*(BR(L INTO E NU X) + BR(LBAR INTO E NU X))

NE B 8 OR LESS (L=.90 ERREDE 84 HRS R M(L)=1 GEV

NE B 18 OR ERREDE 84 HRS FOR M{L)=2 GEV

NE B 20 OR ERREDE 84 HRS FOR M(L)=3 GEV

NE B 11 OR ERREDE 84 HRS FOR M(L)=4 OR 5 GEV
NE B 13 OR ERREDE 84 HRS FOR M(L)=6 GEV

NE B 17 OR ERREDE 84 HRS FOR M(L)=7 GEV

NE

NE CS(L1~L2)*BR(L1 NEUTRINOS)

NE C 4.7 OR AKERLOF 85 HRS FOR M(L)>=2 GEV

NE c 18. OR AKERLOF 85 HRS FOR M(L)=10 GEV

NE

NE CS(L LBAR)Y*BR1¥BR2/CS{STANDARD VIA VIRTUAL Z)

NE WHERE BR1 AND BR2 ARE BRANCHING RATIOS LEADING TO EVENTS WITH

NE TWO OR FOUR CHARGED PARTICLES, AND CS(STANDARD)=

NE 0.35(BETA(3+BETA**2)/4) PB HITH BETA. VELOCITY/C OF L.

NE D 0.1-0.2 OR LESS CL=.90 PER 85 SMKZ FOR M(L)<1 GEV i
NE

NE A MEYER 77 EXPT LOOKS FOR NARROW NEUTRAL RESONANCE IN E-PI AND MU-PL
NE A CHANNELS. SEE HEAVY LEPTON MASS LIMITS SECTION ABOVE.

NE

NE B ASSUMING X=MU; IF X=MESON, LIMITS ARE 20% HIGHER. ERREDE 84 SAY
NE B THESE LIMITS ARE COMPARABLE TO THOSE EXPECTED FROM NAIVE THEORY.

NE B E+E-, ECM=29 GEV. SEE ALSDO GRONAU 85, RI1ZZ0 85.

NE

NE C AKERLOF 85 OBSERVE NO MONOJETS ABOVE BACKGROUND. THEY USE STANDARD
NE C COUPLINGS TQ Z TO FIND CS(L1+L2)-0.36 PB. ABOVE DATA THEN IMPLY

NE C B(L1-->LIGHT NEUTRINOS)< 13-50 PER CENT FOR M(L)>=2-10 GEV.

NE

NE D PERL 85 EXAMINE A VARIETY OF MODELS AND PROCESSES. THEY SEARCH UP
NE D TD M(L)=14 GEV BUT ARE MOST SENSITIVE FOR M(L)<1 GEV. THEY REQUIRE
NE D LEPTON LIFETIME < M(L)*1€-11 SEC (M(L) IN GEV) WHICH LIMITS THEIR
NE D ABILITY TO CONSTRAIN THE MIXING OF A ATH CONVENTIONAL GENERATION.

LIMIT ON v, PRODUCTION IN BEAM DUMP EXPERIMENT

TNU A FRITZE 80 HYBR
TNU
TNU FRITZE 80 IS CERN SPS EXP WITH BEBC, NC/CC RATIO CORRESPONDS T0

A
TNU A R=(PROMPT-NU(TAU)-INDUCED EVENTS)/(ALL PROMPT-NU EVENTS) <0.1.
A MIXING PROBABILITY P{NU(E)-->NU(TAU)) < 0.35 AT CL=.%0.

LIMITS ON EXCITED e AND p (e* AND u*)

EXC A NONE BELOW 58 GEV ADEVA 82 MRKJ E* PROD IN E+E-
EXC A NONE BELOW 10 GEV ADEVA 82 MRKJ MU* PROD IN E+E-~
EXC B BUKIN 8z E* PROD IN E<E-
EXC ¢ RENARD 82 G-2 OF E* Mu*
EXC D FORD 83 MAC MU* PROD IN E+E-
EXC E 20.GEV OR ADEVA 84 MRKJ LAMBDA=0.2

EXC E 70.GEY OR ADEVA 84 MRKJ LAMBDA=1.0

EXC F 22.GEV OR BARTEL 84 JADE MU*

EXC F 34.GEV OR BARTEL 84 JADE MU* LAMBDA=0,2
EXC E 72.GEV OR ADEVA 85 MRKJ £* LAMBDA=1

EXC 25.GEV OR ADEVA 85 MRKJ MU* LAMBDA=1
EXC

EXC A ADEVA 82 M(E*) LIMIT ASSUMES E* COUPLINE EQUALS TO THAT OF E.

EXC A SEE THEIR FIE.2 FOR DEPENDENCE GN THE COUPLING.

EXC

EXC B BUKIN 82 1S VEPP-2M RING EXP FOR E+E- ~->E+ E- BAMMA WITH WCM=0.64-
EXC B 1.4 GEV. OBSERVED NO PEAK IN M(E GAM) SPECTRUM. SET CL-.95 LIMIT
EXC B CS(E*+E-)/CS(E+E-) < (0.2-6)*10%*-4 FOR M(E*)=0.2-1.0 GEV.

EXC C RENARD 82 DERIVED FROM G-2 DATA LIMITS ON MASS AND COUPLINGS OF E*
EXC C AND MU*. SEE FIGS.2 AND 3 OF THE PAPER.

EXC D FORD 83 AT PEP-MAC (WCM=29 GEV) SET CL=.90 LIMITS
EXC D CS(MU*MU*)/CS(MU+MU-) < (1-2)*10**-3 FOR M(MU*)=2-14 GEV, AND
EXC D CS(MU* MU)/CS(MU+MU-) < (1-2)*10%*-3 FOR M(MU*)=2.5-27 GEV.

EXC F ADEVA B4 AND 85 LIMITS DEPEND ON E* E GAM COUPLING = LAMBDA.
EXC E FROM E-E+ --> 2GAM WITH E* EXCHANGE.

F BARTEL B4 OBSERVED 270 MU+ MU- GAMMA EVENTS AND 16 MU+ MU- 2GAMMA

FEVENTS. ODISTRISBUTIONS ARE CONSISTENT WITH QED. ABOVE LIMIT IS
EXC F FROM 2GAMMA EVENTS AND ASSUMES MU* IS PQINT-LIKE, THE 1GAMMA

F EVENTS GIVE AT CL=0.95 LAMBDA<0.02 - 0.15 AS M(MU*) VARIES BETWEEN

F 22 AND 34 GEV.

REFERENCES FOR HEAVY LEPTON SEARCHES

+BRASSE , ENGLER, GANSSAUGE+
+NGUYEN NGOC,PEREZ Y JORBA+
+DUNNING, GOTTEIN, RAMSEY , WALKER , WILSON (HARV)
+COX,MARTIN,PERL, TAN, TONER, ZIPF+(SLAC+STAN)
+ELIAS, FRIEDMAN, HARTMANN KENDALL+ (MIT+CEA)

BEHREND 65 PRL 15 900
BETDURNE 65 PL

BUDNITZ 66 PR 141 1313
BARNA 68 PR 173 1391
BOLEY 68 PR 167 1275

(DESY+KARL)
ORSA

LIBERMAN 69 PRL 22 663 +HOFFMAN, ENGELS, IMRIE~(HARV+CASE+MCGI+SLAC)
)

ROTHE 9 NP B10 241 K.W. ROTHE A.M, HO SKY (PENN)
LICHTENS 70 PR D1 825 LICHTENSTEIN ASH,BERKELMAN ,HARTILL+ (CORN)
RAMM 70 NATURE 227 1323 C.A.RAMM CERN)

ALSO 72 NATURE 237 388 CLARK,ELIOFF,FIELD,FRISCH, JOHNSON+ (LBL)
RAMM 71 NAT.PH.SC.230 145 C.A.RAMM (CERN)
GOLOVKIN 72 PL 428 136 +BRACHEY,KHODYREV ,KUBAROVSK Y+ (SERP)
ANSORGE 73 PR D7 26 +BAKER,KRZESINSKI NEALE ,RUUSHBROOKE+ (CAVE)
BACCI 73 PL 44B 530 +PARISI ,PENSQ,SALVINI ,STELLA+ (ROMA+FRAS)
BARISH 73 PRL 31 410 +BARTLETT ,BUCHHOLZ, HUMPHREY+ C(EIT+FNALY

BERNARDI 73 NC 17A 383 BERNARDINI,BOLLINI,BRUNINI+{CERN+BGNA+FRAS)
7

ALSO 7D LNC 4 1156 ALLES-BORELLY,BERNARDINI,BOLLINI (CERN)
BUSHNIN 73 NP B58 476 +DUNAYTZEV, GOLOVKIN,KUBAROVSKY + (SERP)
ALSO 72 PL 42B 136 GOLOVKIN,GRACHEV,SHODYREY + (SERP)

EICHTEN 73 PL 46B 281
HANSON 73 LNC 7 587

ASRATYAN 74 PL 49B 488
BARISH 74 PRL 32 1387
CRONIN 74 PR D10 3093
GITTLESO 74 PR D10 1379
ORITO 74 PL 488 165

+ODEDEN+(AACH+BELG+CERN+EPOL+MILA+LALO+LOUC)
+LEONG,NEWMAN , LAW,LITKE«(MIT+HARV +CEA+HAIF)

+GERSHTEIN,KAFTANDV ,KUBANTZEY ,LAPIN+ (SERP)
+BARTLETT ,BUCHHOLZ ,MERRITT + (CIT+FNAL)
+FRISCH,SHOCHET ,BOYMOND ,MERMOD + (EFI+PRIN)
GITTLESON,KIRK+ C(HARV+ROCH+COLU~FNAL Y
+VISENTIN,CERADINI, CONVERSI (FRAS+ROMA)Y
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BENVENUT

75 PRL 35 1486

BENVENUTI,CLINE,FORD+ (HARV+PENN+WISC+FNAL)

BINTINGE 75 PRL 34 982 BINTINGER, CURRY+ (EFT+HARV+PENN+WISC)
BACLCI 77 PL 71B 227 +DEZORZI,PENSQ,STELLA+ (ROMA+FRAS)
KRISHNAS 75 PL 57B 105 KRISHNASWAMY ,MENON+ (BOMBAY+0SAKA)
ALSC 75 PRL 35 628 DE RUJULA,GEORGI, GLASHOW C(HARY)
ALSO 75 PRAMANA 5 78 RAJASEKARAN  SARMA (TIFR)
FAISSNER 76 PL 60B 401 +HASERT¢(AAEH‘BELG+CERN¢EPOL+HILA+0XFbLOUEJ
BARANOV 77 PL 70B 269 +VOLKOV GERSHTEIN, IVANILOV + (s
ALSO 77 SUNP 26 57 BARANOV, VOLKOV, GERSHTEIN IVANILOYV +(SERP)
BENVENU1 77 PRL 38 1110 BENVENUTI,CLINE~ (FNAL—HARV*PENN»&RUTE*HISC)
ALSO 77 PRL 38 1187 ALBRIGHT ,SMLTH,VERMASEREN (FNAL+STON)
ALSO 77 PRL 38 1190 BARGER ,GOTTSCHALK+ (WISC+ZARAGOZA+RHEL)
BENVENUZ 77 PRL 38 1183 BENVENUTI,CLINE+ (FNAL+HARV.-PENN+RUTG+WISC)
MEYER 77 PL 70B 469 +NGUYEN  ABRAMS , ALAM+ (SLAC+LBL+NWES+HAWA)
ASRATYAN 78 pL 76B 237 ASRATYAN ,KUBANTSEV (ITEP)
BALTAY 78 TOKYD CONF. C.BALTAY (19TH INTL. CONF. QN HEP) (coLuy
BECHIS 78 PRL 40 602 +CHANG, DOMBECK, ELLSWORTH, GLASSER, LAU+ (UMD)
BOSETTI 78 PL 738 280 +DEDEN + (AACH+BONN+CERN+LQIC+OXF+SACL)
CNOPS 78 PRL 4D 144 +CONNOLLY ,KAHN,KIRK MURTAGH + (BNL+COLU)
ERRIQUEZ 78 PL 77B 227 BARI+BIRM+BRUX+EPOL+RHEL+SACL+LOUC
HOLDER 78 PL 74B 277 +KNOBLOCK,MAY + (CERN+DORT+HEID+SACL+BGNA)
SMITH 78 NU 78 CONF J.SMITH (coLuy
ARMITAGE 79 NP B150 87 +BENZ ,BOBBINK+ (CERN+DARE+FOM+MCHS+UTRECHT)
BARANOV 79 PL B1B 261 +IVANILOV,KONYUSHKO , KORABLEV+ (SERP)
ALSD 79 SJNP 29 622 BARANOV, +VOLKOV, IVANILOV,KONYUSHKOD, + (SERP)
AGAKISHI B0 SyNP 32 345 AGAKISHIEV,VOVENKD, GURYACHEV MUKHIN  (SERP)
AZIMOV B0 JETPL 32 665 YA.T, AZIHDV Y. A.KHO. (KONS)
BARBER 80 PRL 45 1904 +BECKER, BEI~ (AAEHoDESV+HIT+AIKCI~BHEP)
BUSSIERE 80 NP B174 1 +GIACDHELLI,LESQLIOY» (BGNA+SACL+LAPP)
FRITZE 80 PL 96B 427 AACH+BONN+CERN+LOIC+~0XF+~SACL COLLABORATION
LEBRITTO 80 PL 898 271 LEBRITTON,MCCAL (MELISSINGS+ (ROCH+BNL+NSF)
BERGER B1 PL 99B 489 +GENZEL+(AACH+BERG+DESY+HAMB+UMD+5IEG+WUPP)
BRANDELI 81 PL 99B 163 BRANDELIK+ (AACH+BONN+DESY+HAMB+LOIC+OXF+)
CLARK 81 PRL 46 299 +JOHNSON , KERTH, LOKEN+ (UCB4+LBL+FNAL+PRIN)
ALSO 82 PR D25 27 SMITH, CLARK , JORNSON+ (UCB+LBL+FNAL+PRIN)
LOSECCO 81 PL 1028 209 +SULAK, GALIX, HORSTKOTTE+ (MICH+PENN+BNL)
ADEVA B2 PRL 15 967 MARK-J € (AACH+DESY+MIT+MADR+ANIK+CLIT+BHEP)
BUKIN B2 SJUNP 35 B4k +KURDADZE, LELCHUK,PANIN,SIDOROV+ (SIBE)
HAYES 82 PR D25 2869 +PERL ALAH BUYARSKI BREIDENBAEH— (SLAE+LBL)
RENARD 82 PL 116B 264 F.M, RENARD
ADEVA 83 PRL 51 443 MARKJ C. (AACH+DESY+MIT+MADR+AIKO+BHEP+CIT)
BARTEL 83 PL 123B 353 +CORDS+(DESY+HAMB+HEID+LANCA+MCHS+RHEL +TOKY)
FORD 83 PRL 51 257 +READ, SMITH+(COLO+FRAS+NEAS+SLAC+UTAH+WISC)
ADEVA 84 PRL 53 134 MARK~J COLLAB (AACH+BNL+CIT+DESY+MIT+MADR+)
BARTEL 84 ZPHY C24 223 JADE C.(DESY+HAMB+HEID+LANC+MCHS+UMD+RHEL+)
ERREDE B4 PL 1498 519 HRS COLLAB. (MICH+ANL+IND4PURD+LBL+SLAC)
GRONAU B4 PR D29 2539 GRONAU, LEUNG ,ROSNER (SYRA+FNAL+CHIC)
RI2Z0 84 PL 1368 251 T.RIZZQ (ISU)
ADEVA 85 PL 152B 439 MARK~J C.(AACH+BNL+CIT+DESY+MIT+MADR+ANIK+)
ALSO 84 PRPL 109 131 MARK-J C.,ADEVA+ CAACH+BNL+CIT+DESY+MIT+)
AKERLOF 85 PL 1568 271 HRS C. (MICH+ANL+IND+PURD+LBL+SLAC)
PERL B85 PR D32 2859 MK I1 €., +BARKLOW,BOYARSKI+ (SLAC+LBL+HARV)
REVIEWS
PERL 81 SLAC-PUB-2752 M.L.PERL, PHYS. IN COLL. CONF, V.P.I.(SLAC)

LIGHT MESONS

167y =17(007)

@ o
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7% MASS (MeV)

139.37 0.20 CROWE 54 CNTR  ~

139.68 0.15 BARKAS 56 EMUL +

(139.577) (0.013) SHAFER 67 CNTR - MESONIC ATOMS
€139.549)  ¢0.008) BACKENSTO 71 CNTR ~ MESONIC ATOMS
139.566 0.013 SHAFER 72 CNTR -~ MESONIC ATOMS
139.569 0.008 BACKENSTO 73 CNTR ~ MESORIC ATOMS
139.571 010 BRANDADDQ 76 CNTR ~ MESONIC ATOMS
139.5686 0.0020 CARTER 76 CNTR ~ MESONIC ATOMS
139.5667 0.0024 MARUSHENK 76 CNTR -~ MESONIC ATOMS
139.5675 0.0009 Ly 80 CNTR ~ MESOKIC ATOMS
(139.5704) ¢0.0011) ABELA 84 SPEC + PI+ --> MU+ NU

SHAFER 72 UPDATES SHAFERG67 WITH NEW ALPHA AND NEW CALIB.
BACKENSTOSS 73 CORRECTS BACKENSTOSS 71 WITH NEW VACUUM POL.

LINE ENER.
CALC,

THIS MARUSHENKQ 76 VALUE USED AT AUTHORS REQUEST BECAUSE IT USES

ACCEPTED SET OF CALIBRATION GAMMA ENERGIES.
.0817 TO INCLUDE QED CALC. ERROR OF

ERRO

R INCREASED FROM

L0017 (12 PPM).

ABELA84 VALUE DEPENDS ON ASSUMED MU+ MASS M(MU)=105.65932+-0.00029

ENTERS QUR FIT VIA PI-MU MASS DIFF. BELOW WHICH IS INDEP.

“0l06077
0:0010

139.56761
139.5685

AVERAGE
FROM FIT (ERROR INCL.

SCALE

OF M(MU).

FACTOR OF 1.5)

1

AVG
FIT

voovuvoo

wmt — ut MASS DIFFERENCE (MeV)

34.00 ¢.076 BARKAS 56 EMUL
33.89 0.076 BARKAS 56 EMUL

45 33.881 0.035 HYMAN 67 HEBC + K-HE
33.925 0.025 BROTH 70 CNTR + MAGNETIC SPECT.
33.9111 0.0¢11 ABELA 84 SPEC SEE NOTE D ABOVE
33.9111 0 0011
33.9093 0.0811 FROH F]T C(ERROR INCL. SCALE FACTOR OF 1.6)

(w* — 77)/AVG., MASS DIFFERENCE (%)

DH TEST OF CPT
L 0.02

0.05 AYRES 4l

CNTR

7* MEAN LIFE (units 107°
T 25.6 0.5 0.5  CROWE 57
T 25.6 0.8 0.8  ANDERSON 60
T 8000  25.46 0.32 0.32  ASHKIN 60
T 26.02 0.04 ECKHAUSE 65
T 25.6 0.3 BARDON 66
T 25. 0.3 DUNAITSEV 66
T N (26.40) 0.08) INSEY 66
T SVSTEHAT!C ERRORS IN CALIBR.IN THIS EXP.DIS
T 26.67 0.24 LOBKOWICZ 66
T 26.04 0.05 NORDBERG 67
T 26.02 0.04 AYRES 71
T 26.09 0.08 DUNAITSEY 73
T AVG 26,030 0.023 0.023 AVERAGE

sec)

RYUE
CNTR
CNTR
CNTR
CNTR
CNTR

+

CUSSED BY NORDBERG 67
CNTR

CNTR +-
CNTR +

(x* — 77)/AVG, MEAN LIFE DIFFERENCE (%)

DT N THIS QUANTITY IS A MEASURE OF CPT INVARIANCE IN W.I.
DT 0.23 0. LOBKOWICZ 66 CNTR SEE NOTE L
PT L ABOVE IS THE MOST CDNSERVATIVE VALUE QUOTED BY AUTHORS
T 0.4 0 BARDON 66 CNTR
BT -0.14 PETRUKHIN 68 CNTR
bT 0.055 0.071 AYRES 71 CNTR
DT N PR
DT AVG 0.053 0.068 AVERAGE

w% PARTIAL DECAY MODES

DECAY MASSES
P1 T o outy, 106+ 0
P2 Tt o ey, 511+ 0
p3 TF - pufyy 106+ 0+ 0
pe Tt e£V 135+,511+ 0
3] 7t . etyy S514e 0 0
P6 ¥ L e*pete S11s 04.5114.511
4 LT 106+ 0
P8 Tt . pty, 106+ 0
7% BRANCHING RATIOS

7 o~ (uEvy)/total (units 10”7 P3)
R1 26 1.24 0.25 CASTAGNOL 58 EMUL E(MU).LT.3.38 MV
Tt o (et v)/total (units 107 %) P2
R2 1.21 0.07 ANDERSON 60 CNTR
R2 D 11X 1.273 0 025 DI CAPUA 64 CNTR
R2 32K 1.218 .014 MAN 83 CNTR
R2 D DI CAPUA 64 IJPDATED USING CURRENT MEAN LIFE.
&2
R2 AVG 1.228 0.022 AVERABE (ERROR INCLUDES SCALE FACTOR OF 1.8)

(SEE IDEQGRAM BELOW)

WEIGHTED AVERAGE
1228 = 0.022 (ERROR SCALED BY 1.8 }

~

: -

N

Q6

- BRYMAN 83 CNTR
- DI CAPUA 64 CNTR 25
ANDERSON 6C CNTR
\\% 31

(Confidence Level = 0 079)

11 12 13
n* » (¥ L)/ TOTAL lunits 107%)
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For notation, see key on page 91.

+ 0
T, T
T (7%e * v)/total (units 10~%) (P4) DEPOMMIZ 80 NP AZ3S 97 P.DEPOMMLER (MONT)
RE D 52 (115 <0.22) DEPOMMI1 63 CNTR + BAvian 89 PRoL 8 151 gév:}wKuEPonms ROY waNTALINS
R3 D0 36 0.97 0.20 BARTLETT 64 OSPK + R/LE CTRIU+MONT+LVLN)
R3 © 38 1.07 0.21 BACASTOW 65 OSPK +
RS D 1.10 0.26 BERTRAM 65 OSPK +
R3 D 43 1.1 .2 DUNAITSEV 65 CNTR +
R3 B2 100 0.08 0.10 DEPOMIER 68 CNTR +
R3 M 1224 .026 0.039 MCFARLANE 85 CNTR + DECAY IN FLIGHT |
A3 M " hieomiEn 68 STATES THAT THE RESULT OF DEPOMMIER 6315 AT LEAST I5UPCy =170~
RS D 10 PERGENT TOO LARGE BECAUSE OF A SYSTEMATIC ERROR IN THE PI0
R3 D DETECTION EFFICIENCY. THIS MAY BE TRUE OF ALL THE PREVIOUS
R D  MEASUREMENTS ACCORDING TO DEPOMMIER 6B AND V.SOERGEL, PRIVATE
R3 D  COMMUNICATION, 1972.
RS M COMEINES WEASURED RATEC. 394+-.015)/SEC WITH 1982 PDG MEAN LIFE. |
R3 . + _ g0
R3S AVE 1lo35" " 0.034  AVERAGE x 7° MASS DIFFERENCE (MeV)
T* (e £ v v)/total (units 10°%) 5> o (2-;;) q)-g; PANOFSKY 5] o -
Rb 143 (3.0) DEPOMMIZ 63 CNTR ¢ Eu, GAM KE UMY > b Y e ouakY 36 e -
R4 5 226 5.6 78 SPEC + E MOM »56 MEV/C. 5 bt 004 WILLMAN 29 cNTR
R4 § STETZ 78 IS FOR £ GAMMA GPENING ANBLE >152DEG.~ OBTAINS 3.7 WHEN 5 i 0o CAGSELS 29 CNTR
Ré 5 LSING SAME CUTOFFS AS DEPOMMIER. > ‘28 o oy oS, 26 WRL
+ s o4 . s ] 4.6056  0.0055 CZIRR 63 CNTR
7% » (e*ve’ e ) total (umits 10™%) P& [ 4.59 .03 PETRUKHIN 63 CNTR -
RS (3.4) OR LESS CL=.90 KORENCHEN 71 OSPK + b 4.6034  0.0052 VASILEVSK 66 CNTR -
RS .48 OR LESS CL=.9D0 KORENCHEN 76 SPEC + S e Taledsd C 0.0037 AVERAGE
7t o @Y, )/l (units 1073) ®7)
R6 FORBIDDEN BY TOTAL LEPTON NUMBER CONSERVATION. . _
R6 1. LESS cL-,90 COOPER 82 HLBC WIDEBAND NU BEAM 7" MEAN LIFE (units 1071 sec)
7t - (2t v,)total {(units 1073) P8y Ty Zg E;g) (?.? 0.5) GLASSER 67 EMUL
33 (1) (1.0) TIETGE 62 EMUL
R? FORBIDDEN BY LEPTON FAMILY NUMBER CONSERVATION.
R7 8.0 OR LESS CL-.90 COOPER 82 HLBC WIDEBAND NU BEAM Tonosoah @ an SS:LEQRDE 63 EMUL  SEE STAMER 66
TN 75 €17 (0.5) HWE 64 EMUL
T 0.730  0.105 BELLETTIN €3 CNTR
. . L A I I R MUL
w* POLARIZATION OF EMITTED g T kK 232 1.0 0.5 MER 46 EMUL
T 0.56 0.06 SELLETTIN 70 GNTR  PRIM.EFF. O NUC
POL  Plec INTQ MUsem NU T, 9.5 8'828 KRYSHKIN 70 CNTR  PRIMAKOFF EFFECT
POL TESTS LORENTZ STRUCTURE OF LEPTONIC CHARGED WEAK INTERACTIONS T S 0857 0.028 B s SNk PRIMAKORF EFFECT
POL (0.995930R MORE  CL=.90 FETSCHER B4 RVUE | T N OLD EMULSION MEASUREMENTS NOT USED BECAUSE OF POSSIBLE SYSTEMATIC
T N SRIFT TO LAREER MEAN LIFE VALUES.
T K INCLUDES EVENTS OF KOLLER 63
T B BROWMAN GIVES P10 WIDTH=B.02r-.42EY, MEAN LIFE 1S WBAR/MIDTH.
REFERENCES FOR 72 T A STAT ERROR (0. B33, AND SYST ERR (0. D17 ADDED. N QUAGRATURE. I
T AVE "0l869’ o 038 0.036 AVERAGE (ERROR INCL. SCALE FACTOR OF 1.8)
CROWE 54 PR 96 470 K M CROWE,R H PHILLIPS (LRLY (SEE IDEOGRAM BELOW)
BARKAS 56 PR 10 78 W H BARKAS,W BIRNBAUM,F M SMIT <L
CROWE 57 NC 54 K M CROWE {$Tanror HEPL)
CASTAGNO 58 PR 112 1779 ¢ CASTAGNOLI,M MUCHNIX (R WEIGHTED AVERAGE
1160 = 0.049 DBY 1,
ANDERSON 60 PR 119 2030 H L ANDERSON,T FUJII,R H MILLER + (EFT) B0 = 0.043 {ERROR SCALED BY 18
ASHKIN 60 HC 16 490 ASHKIN,FAZZINI,FIDECARD, LIPHAN + (CERND
DEPOMMI 63 PL 5 61 DEPOMMIER, HEINTZE,RUBBIA, SOERGEL CCERN) +
DEPOMMI2 63 PL 7 285 P DEPOMMIER,HEINTZE,RUBBIA,SOERGEL  (CERN)
BARTLETT 64 PR 1368 1452 BARTLETT,DEVONS,MEYER, ROSEN (COLUMBIA)
D1 CAPUA 64 PR 1338 1333 DI CAPUA, GARLAND,PONDROM, STRELZOFF  (COLU)
ALSQ 86 PRIVATE COMM. L. PONDRGM (RISC)
BACASTOW 65 PR 139 B407 +GHESAUIERE, WIEGAND , LARSEN (LRL+SLAC)
BERTRAM 65 PR 139 8 617 BERTRAM,MEYER, CARRIGAN+ (MICH+CARNEGIE)
DUNAITSE 65 JETP 20 58 DUNAITSEV, PETRUKHIN, PROKOSHKIN +  (DUBNA)
ECKHAUSE 65 PL 19 348 ECKHAUSE , HARRIS, SHULER+ (WILLIAM AND MARY)
BARDON 66 PRL 16 775 BARDON, DORE ,DORFAN KRIEGER + (COLUMBIA)
DUNAITSE 66 PL 23 +KUTY IR PROKDSHKIN, RASUVAEY , SIMONDY (DUBNA) 2
PINAEVE E6 ok Tia ? 115 KINSEY, L 0BKOWICZ,NORDBERG (ROCHESTER UNIV) X
LOBKOWIC 66 PRL 17 548 LOBKOWICZ, MEL1SSINOS NAGASHIMA+ (ROCH-BNL) ATHERTON a5 CNTR o
HYMAN 67 PL 258 376 +LOKEN PEWITT,DERRICK + (ANL+CARNANWES) - BROWMAN 74 CNTR 14
NORDBERG 67 PL 24B 594 NORDBERG, LOBKOWICZ  BURMAN  (ROCHESTER UNIV) - KRYSHKIN 70 CNTR 02
SHAFER 67 PR 163 1451 ROBERT E. SHAFER ¢LRL) - BELLETTIN J0 ONTR 08
ALSO 65 PRL 14 923 SHAFER  CROWE , JENKINS (LRL) Reivil 3 o
DEPOMMIE 68 NP B4 189 DEPOMMIER,DUCLOS, HEINTZE ,KLE INKNECHT+(CERN) LLETTIN 65 CNTR 12
PETRUKHI 68 JINR-P1-3862 PETRUKHIN,RYKALIN,KHAZINS, CISEK (DUBNA) - YON DARDE 63 CNTR .
BOOTH 70 PL 328 723 +JOHNSON, WILLTAMS ,WORMALD LIvP) L
AYRES 71 PR 30 1051 <CORMACK, GREENBERG , KENNEY + (LRL,UCSB) 160
ALSD 67 PR 157 1288 AYRES, CALDMELL , GREENBERG KENNEY,KURZ+ (LRL) Confi _
ALSO 68 PRL 21 261 AYRES, CORMACK , GREENBERG,KENNEY+ (LRL,UCSB) Canfidence Level = 0 007)
A1.SC 69 UCRL-18369 DAVID S AYRES (THESIS) CLRL L —
ALSO 69 PRL 23 1267 GREENBERG, AYRES, CORMACK  KENNEY+  (LRL,UCSB) 0 1 2 3
BACKENST 71 PL 368 403 BACKENSTOSS,DANIEL KOCH+  (CERN,KARL,HEID) m° decay r its 10'® gac™
ALSO 70 THESIS C. VON DER MALSBURG (RETOE(BERG) decay rate funits 107 sec™)
KORENGHE 71 SJNP 13 189 KGRENCHENKD,KOSTIN, MICELMACHER+ (IINe)
SHAFER _ 72 PRIVATE CONM. R. SHAFER, 1 FNAL)
BACKENST 73 PL 43B 539 EACKENSTDSS DANIEL KOCH+ (CERN*KARLqMUNICH)
ALSO 73 SUBMITTED TO NP L. TAUSCHER o
DUNATTSE 75 SJNP 16 292 DUNALTSEV, PROKOSHKIN ,RAZUVAEV+ (SERP) 7" PARTIAL DECAY MODES
BRANDAGD 76 ZNAT 31A 1150 BRANDAO D'OLIVERA,DANIEL,VON EGIDY+ (MUNI) BECAY MASSES
CARTER 76 PRL 37 1380 +DIXIT, SUNDARESAN~« (CARL+CNRC4+CHIC4CIT) o
KORENCHE 76 JETP 44 35 KORENCHENKO,KOSTIN,MICELMACHER CJINR) P1 w0 > 2y 0+ 0
MARUSHEN 76 JETPL 23 72 MARUSHENKO ,MEZENTSEV, PETRUNIN+ (LENT) 0 + -
ALSQ 76 PRIVATE COMM.  R. SHAFER (FNAL) p2 TLTee S1Te.5H. 0
ALSO 78 PRIVATE COMM.  A. L. SMIRNOV (LEND P3 x0 ~ 4e 5114.5114.511+.511
0
STETZ 78 NP B138 285 +CARROLL , ORTENDAHL , PEREZ-MENDEZ+ (LBL+UCLA) P4 T - 3y 0+ 0+ 0
u 80 PRL 45 1066 +DELKER, BUGAY, Wy, CAFFREY. " (YALE-COLU+JHU) P5 70~ 4y 0+ 0+ 0+ O
COOPER 82 PL 1128 97 ~GUY, HlEHETTE TYNDEL ,VENUS RL) Q + ,—
BRYMAN 83 PRL 50 7 +DUBOIS, NUMAOL (TRIU+VICT+CNRC+BRCO-"QUKI) Pé T - eve .511+.511
ALSO 86 PR (TO BE PUBL) BRYMAN, DIX!T DUBOIS,MACDONALD+ (TR1U+CNRC) P7 71'0 - 27 0+ 0
FETSCHER 84 PL 1408 117 FETSCHER o + = — Ly
ABELA 84 PL 1468 431 +DALUM ,EATON,FROSCH, JOST, KETTEL STEINER(SIN) 4] oy e + n-e 106+.511
ALSC 78 PL 748 126 DAUM, EATON, FROSCH, HIRSCHMANN
ALSQ 79 PR D20 2692 DAUM, EATON , FROSCH, HIRSCHMANN , +
MCFARLAN B85 PR D32 547 HCFARLANE, AUERBACH , GATLLE+ CTEmpALANL)
PAPERS NOT REFERRED TO IN DATA LISTINGS 7 BRANCHING RATIOS
CARTMRIG 53 PR 91 677 CARTHRIGHT ,RICHMAN, WHITEMEAD,WILCOX  (LRL}L o 4o
MERRISON 62 ADVP 11 1 A W MERRISON T (L1verpooL ) T - (yeT eT)/Qr) (%) P2y/¢P1)
SHAPIRO 62 PR 125 1022 & SHAPIRO,L M LEDERMAN (COLUMBIA) R1 1.196) THEORET. CALC. JOSEPH 60 QUANTUM ELECT.
CZIRR 63 PR 130 341 JOHN B CZIRR LRL R1 27 1.7 0.15 BUDAGOV 60 HBC
CARRIGAN 68 NP B& 662 R.A.CARRIGAN JR. (CARN)J RI 3071 1166 0.047 sAwIos 61 HBC PI- P --> P10 N
R1 1.25 04 CHARDT _ 81 SPEC  PI- P -—> PI0 N
R1 5 SAMIOS VALue uss PANOFSKY RATIO & 3 62
R1 .
R1  AVG '\.213 0.030 AVERAGE
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0
T,
70 & (3y)/total (uits 10~%) sy
R2 FORBIDDEN BY C INVARIANCE.
R2 D D (4.9) OR LESS CL=,90 DUCLDS 65 CNTR
RZ D (4.9) OR LESS CL=,90  KUTIN 65 CNTR
RE D THESE EXPTS. GIVE BROIGAMMA/ZGAMMA)<S, 0*10%%-6.
R2 Y] OR LESS (CL=.90 AUERBAC] 78 CNTR
RZ 903 RIER B Mewaw 0 ovm
7 - (e+e+e‘e_)/(2-y) (units 1075) (P3y/¢P1)
RI N 146 (3.18) (0.3 SAMIOS 62 HBC SEE NOTE N BELOW
»3 338 ioRr. cac. Wivazaa 73 QUANTUM ELECT.
R3 N ABOVE VALUE USES PANOFSKY RATIO = 1.62
70 — (dy)/total (units 107%) (P5)
R& A0 (6.0) LESS CL=.90 ABRAMS 73 ASPK
RG A ABRAMS 73 GIVES ER(AGAMMA/ZGAHHAK() 1%10%%-5.
Ré 0 (3.8) OR LE UERBAC2 78 CNTR
Ré §OGEm R e 30 AUEReAth 80 oHTR
70 & (et e )toral (umits 107%) AZSVZIIN
RS D (2,03 OR LES§ CL=.90 DAVIES 74 RVUE
RS (4.8 OR LESS CL=,90 SCHACHER 77 S5TRC  PI- P —-> PIO N
RS 8  0.225  0.240  0.110 FISCHERZ 78 SPRK K+ EXPT. CL=.90
RS 5018 Q.09 MISCHKE B2 SPEC  REPLooY FRANK 83
RS 59 17 0.07 EC P1- P -> PIO N
B0 Shvies'e exteacts Ters INFORMATION FRONCBLOCE 75 Ko EXPERTWENT.
R5 .
RS AVE 01777 7 0.065  AVERAGE
™ (ZV}/total (units 107%) ®7)
R& 2.4 DR LESS CL=.90 HERCZEG 81 RVUE
7 o~ ure” + u~et)/total 8
R7 FORBIDDEN BY LEPTON FAMILY NUHBER EDNSERVATION
R7 7E-8 OR LESS 82 R K+ —=> P14+ MU E
R7 (14E-B) OR LESS PENESEG 84 RVOE Ko Lo pIi MUk
R7 (2E-15)0R LESS HERCZEG 84 THED  MU- ——> E- CONV

7% ELECTROMAGNETIC FORM FACTOR

THE AMPLITUDE FOR THE PROCESS PIOQ --—> E+ E- GAMMA CONTAINS A
FORM FACTOR GAMMA(X**2) AT THE (PID GAMMA GAMMA) VERTEX
WHERE X=MASS(E+E-)/MASS(PI0D). THE PARAMETER A IN THE LINEAR

EXPANSION GAMMA(X*¥2)=1+A*(X%*2) IS LISTED BELOW.
LINEAR COEFFICIENT OF 7’ ELECTROMAGNETIC FORM FACTOR
(-0.15)  (€0.10) KOBRAK 61 Hec NO RAD. CORR.
3071 (-0.24)  €0.16) SAMI0S 61 HBC KO RAD. CORR.
2200 ¢+0.01)  (0.1D) EVONS 69 0SPK NO RAD. CORR.
30K +0.1D 0.03 FISCHERT 78 SPEC RAD. £ORR
TUPPER 83 THEQ FISCHER1 78 DATA

ERROR STATISTICAL ONLY, RESULT WITHOUT RAP. CORR.=+0.03+-0.03.
TUPPER 83 1S THEORETICAL ANALYSIS OF FISCHER1 78 INCLUDING TWO-
PHOTON EXCHANGE. THEIR ESTIMATE OF THE IMPACT OF THESE CORRECTIONS

A
A
A
A
A
A
A
A 1S THAT THE MODIFIED NUMBER WULD BE 0.12:0.05-0.04.

FET

REFERENCES FOR 7°

PANDESKY 51 PR 81 565 W K H PANOFSKY,R L AAMODT,J HADLEY (LRL)
CHINOWSK 54 PR 93 586 W CHINDWSKY,J STEINBERGER (COQLUMBIAY
CASSELS 59 PPSL 74 92 CASSELS, JONES,MURPHY,O. NEILL (LIVERPOOL)

HADDOLK 59 PRL 3 473
HILLMAN 59 NC 14 887

HADDOLK, ABAS\HAN TROWE,CZ
HILLMAN, HIDDELKDOP VAHAGATA ZAVATTINI(EERN)

BUDAGOV 60 JETP 11 755 BUDAGOV, VIKTON DZHELEPOY,ERMOLOY + (.IINR)
JOSEPH 60 NC 16 997 bW JOSE (E

SAMIDS 60 NT 18 154 NP SAHXBS (CQLUHBXK)
GLASSER 61 PR _123 1014 R G GLASSER,N SEEMAN,B STILLER L)
KOBRAK 61 NC 20 1115 H.KOBRAK (EFI)
SAMIOS 61 PR 121 275 N P SAMIOS (COLUMBIA+BNL)
SAMIOS 62 PR 126 1844 SAMIOS,PLANO,PROBELL + (COLUMBIA+BNL)

TIETGE 62 PR 127 1326 4 TIETGE,W PUESCHEL (MAY PLANCK INST)
CZIRR 63 PR 130 341 JOKN B CZIRR (LRL)
KOLLER 63 NC 27 1405 E L KOLLER,S TAYLOR,T HUETTER (STEVENS)
ALSD 66 STAM
PETRUKHI 63 S[ENA CONF 208 ¥ 1 PETRUKHIN,YLi b PROKOSKKIN CJINRY
VON DARD 63 PL 4 VON DARDEL ,DEKKERS ,MERMOD, VAN PUTTEN~+(CERN)
SHWE 64 PR 136B 1839 H SHWE,F M SMITH,W H BARKAS (LRLY
BELLETTI 65 NC 40 A 1139 BELLETTINI BEHPIJRAD BRACCINI+(PISA+FIRENZE}
pucLos &5 PL 19 253 pucLOs, FREVTAG HEINTZE + (CERN+HEIDELBERG)
EVANS 45 PR 139 B 982 DA EVANS (OXFORD)
KUTIN 65 JETP LETT 2 243 KUTIN,PETRUKHIN, PROKOSHKIN C(JINR)
STAMER 66 PR 151 1108 STAMER, TAYLOR,KOLLER, HUETTER+ (STEVENS)
VASILEVS 66 PL 23 281 VASILEVSKY VISHNYAKOV DUNAITSEV « (DUBNA)

DEVONS 69 PR 184 1356
BELLETTI 7D NC 68A 243
KRYSHKIN 70 JETP 30 1037

+NEMENTHY, NXSSIH SABAT,DI EAPUA»(CDLU+ROHA)
BELLETTINI BEMPORAD, LUBELSMEV+ (PISA+BONN)
+STERLIGOY,USOV (TOMSK POLYTECH.INST.)

ABRAMS 73 PL 458 66 +CARROLL,KYCIA, LI MICHAEL MOCKETT +  (BNL)
MIYAZAKI 73 PR DB 2051 T.MIYAZAKT,E.TAKASUG] (TOKY)
BROWMAN 74 PRL_33 1400 +DEWIRE,GITTELMAN ,HANSON+ (CORN-BING)
DAVIES 74 NC 24A 326 +GUY,Z1A (BIRM+RHEL+SHMP)
SCHACHER 77 LNC 20 177 +CZAPEK , HAHN, MARTI (BERN)
AUERBACY 78 PRL_41 275 AUERBACH,HIGHLAND, JDHNSON, +  (TEWPSLASL)
AUERBAC2 78 PL 78B 353 AUERBACH | HIGHLAND, JOHNSON, +  (TEMP-LASL)
FISCHERT 78 PL 73B 359 +EXTERMANN , GUISAN ;MERMOD (GEVA+SACL)

FISCHER2 78 PL 73B 364

AUERBACH 80 PL 908 317
HIGHLAND 80 PRL 44 628

+EXTERMANN, GUISAN,MERMOD, HOREL+ (GEVA+SACL)

SHATK, HIGHLAND MCEARLANE, MACEK~ (TEMP+LASL)
+AUERBACH , HAIK,MCFARLANE  MACEK+ (TEMP+LASL)

HERCZEG 81 PL 100B 347 P, HERLZEG, C. M. HOFFMAN (LANL)
SCHARDT 81 PR D23 639 +FRANK,HOFFMANN ,MISCHKE ,MOIR + (ARZS+LANL)
BRYMAN 82 PR D26 2538 D. BRYMAN (TRIUY

+FRANK, HOFFMAN, MOIR ,SARRACING + C(LANL+ARZS)
+HOFFMAN,MISCHKE ,MOIR+ (LANL+ARZS)
+GROSE, SAMUEL (DKSY)
+HOFEMAN (LANL)Y

ATHERTON 85 PL 1588 81 +BOVET, COET, + (CERN+ISU+LUND+LPTP+EFI)

IG(]PC)=D‘\(0“+)

n MASS (MeV)

n 53 549.0 1.2 BASTIEN 62 HBC
W 35 546.0 4.0 PICKUP 62 WBC
M 91 548.0 1.0 ALFF 62 HBC
M 549.3 219 DELCOURT 63 CNTR
M 148 549.0 [ FOELSCHE 64 HBC
M 325 552.0 300 KRAEMER &4 DBC
I 548.2 0.65 FOSTERS €5 HBC
" 250 555.0 2.0 JAMES 66 HBC
M Ve e e e e e
M AVG 548.82 0.56°  AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.4)
(SEE IDEDGRAM BELOW)
WEIGHTED AVERAGE
548.82 + 0.56 (ERROR SCALED BY 14
+
2
.
N - JAMES 66 HBC 96
A - - FOSTER3 85 HEC 03
* KRAEMER 54 DBC 1
+ - FOELSCHE 64 HBC 0t
- DE.COURT 63 CNTR 00
i ALFF 62 MBC o7
AV PICKUP 62 HBC
~ BASTIEN 62 HBC 00
M\ —_
N 24
Y/ {Confidence Level = 0 054}
3 I3 . -
540 545 550 555 560 5656
7 mass {MsV)
7 WIDTH
o ETA WIDTH DETERMINED FROM MASS SPECTRUM (UNITS MEV)
W 91 (10.0) OR LESS ALFF 62 HBC
W 168 (10.0) OR LESS FOELSGHE 64 HBC
W 31 ¢12.0) OR LESS JAMES 66 HBC
W ¢4.0) OR LESS BALTAY 66 DBE
W €019) DR LESS CL=.95  JONES 66 CNTR
W ETA WIDTH DETERMINED FROM DECAY RATE (UNITS K
W T T D EEehY Rate (WD) FOR THE WODE (ETA INTO 26AHA>
¥ DIVIDED BY THE FITTED BRANCHING FRACTION (P1) FOR THAT MODE
WooFIT C1les T 6,157 FRow FIT
7 PARTIAL DECAY MODES
DECAY MASSES
P1 7 -~ 2y 0+ 0
P2 7 - 37° 135, 1354+ 135
P3 7 > wtaw" 1404 140+ 135
P4 n -+ wtaTy 1404 140+ 0
P5 7 > ete @ 1354.5114,511
P& n - ete 7wt 150+ 140+.5114.511
p7 7 - w2y 135+ 0+ 0
P8 n > ete y 5114.511 0
P10 5 - wtaTaly 140+ 140+ 135+ O
P11 7 > wtw T2y 140+ 140+ D+
P12 ST 106+ 106
P13 1> ptpTy 106+ 106+ 0
P14 7 > ptu— 7 106+ 106+ 135
P15 7 - atw™ 140+ 140
P16 n - ete” 514,511
P17 n - ptp—wly 106+ 106+ 1356 O
P18 7 - 3v 0+ 0+ 0

FITTED PARTIAL DECAY MODE BRANCHING FRACTIONS

The matrix below is derived from the error matrix for the fitted partial decay mode

branching fractions, P, as follows: The diagonal elements are P +3P;, where
6P; = \/(sFaPy, while the off-diagonal elements are the normalized correlation coeffi-

cients (3PgP))/(6P,-5P)). For the definitions of the individual P, see the listings above;
only those P; appearing in the matrix are assumed in the fit 10 be nonzero and are
thus constrained to add to 1.



For notation, see key on page 91.

P1 P2 P3 P4 PT P8

Pt .

P2  .458  .3190+-.0035

P 3 -.856 -.809 .2368+-.0053

P &4 -.745 -~.704 ,798  .D491+-.0013

P 7 .026 .021 -.045 -.040  .00078+-.00012

P8 -.110 -.105 -.055 -.054 -.006 -0050+-.0012

FITTED PARTIAL DECAY MODE RATES

The matrix below is the branching fraction matrix above, transformed into rate space;
ie, G, = Ij = TP in appropriate units. In analogy 10 the matrix above, the
diagonal elements are G;+3G, where 5G, = \/(6G#G,), while the off-diagonal elements
are the normalized correlation coefficients (6Gi8G;)/(6G;-6G)). Note that, because of the
eror in Ty, the errors and correlations here are not directly derivable from those
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above,

G 1 G 2 63 G 4 B7 G 8
G 1 -4082+-.059
G2 996  .33444-.0489
G3 978 .978  .2482+-.0369%
G4 976 974 .998  .0515+-.0077
67 .682 .682 .672 .669  .00081+-.00017
68 .525 .525 .521 -518  .361 .0052+4-.0014

NOTE ON THE » WIDTH TO TWO PHOTONS

(by S. Cooper, SLAC)

Measurements of I'(n — v+) via Primakoff effect and
via two-photon production disagree, as shown in the
table below. The discrepancy is not yet understood.

T(n—>v7v) (keV)

Technique

Reference

(1.00£0.22)*
0.324+0.046

0.56+0.16

0.53+0.04+0.04

0.64+£0.14+0.13

0.58+0.02+0.06
(preliminary)

0.56 £0.04

Primakoff
Primakoff

two-photon
two-photon

two-photon
two-photon

two-photon

BEMPORAD 67
BROWMAN 74

WEINSTEIN 83
(Crystal Ball-SPEAR)
BARTEL 85 (JADE)
TPC/Two Gamma!
Crystal Ball- DORIS?

average

*corrected for B(n—vv) =

0.38+0.01

The Primakoff effect is production of #’s in the
Coulomb field of a nucleus. Background comes from
7’s produced in its hadronic field. They are separated
by fitting the 5 angular distribution, which is calculated
to be different for the two effects. The systematic error
of this calculation may have been underestimated.
BROWMAN 74 has better angular resolution, higher
statistics, and a larger range of beam energies than
BEMPORAD 67. Both the Primakoff and two-photon
techniques can be “calibrated” at the 7. BROWMAN
74’s measurement I‘(7r0—> vy) =8.0+04 3 agrees with
7.3+£0.2+0.1 ffom the very accurate 70 lifetime meas-
urement of Atherton et al.?

7
The two-photon calculation to get I'(p — v7y) from

the observed rate of e Te™ — ¢ Te 7 is pure QED and
noncontroversial. These experiments are in good agree-
ment with each other. A preliminary two-photon meas-
urement T(70 — vv) = 7.9+ 1.4+ 1.6 2 agrees with Ather-
ton et al., but the error is large.
References

H. Aihara et al. (TPC/Two Gamma), UCLA-85-

013 (1985).

2. K. Wacker (Crystal Ball), presented to Interna-
tional Europhysics Conference on High Energy
Physics (Bari, Italy, 1985).

3. A. Browman et al., Phys. Rev. Lett. 33, 1400
(1974).

4. H.W. Atherton et al., Phys. Lett. 158B, 81 (1985).

7 DECAY RATES
g - 2y (keV) [}
W1 B 1.00) 0.22) BEMPDRAD 67 CNTR PRIMAKOFF EFFECT
W1 0.324 0.046 BROWMAN 74 CNTR PRIMAKOFF EFFECT
w1 56 .56 0.16 WEINSTEIN 83 CBAL E+E- -> E+E- ETA
W1 J .53 0.06 BARTEL 85 JADE €+ E- --> E+ E- ETA
Wi B BEMPORAD 67 GIVES W1=1.21+-.26 KEV ASSUMING THAT W1/TOTAL=0.314.
W1 B BEMPORAD PRIVATE COMMUNICATION GIVES MORE GENERAL RESULT AS
W1 B W1*W1/TOTAL=.380+-.083. WE EVALUATE THIS USING W1/TOTAL=.38+-.01,
W1 B NOT INCLUDED IN AVERAGE BECAUSE THE UNCERTIANTY RESULTING FROM THE
W1 B SEPARATION OF THE COULOMB AND NUCLEAR AMPLITUDES HAS APPARENTLY
W1 B BEEN UNDERESTIMATED.
W1 J STAT ERROR (0.04) AND SYST ERFEDR (0.04) ADDED IN QUADRATURE. 1
W Ave " 0408 " 0.075  AVERAGE (ERROR INCLUDES SCALE FACTOR OF 2.0)
W1 FIT 0.408 £.059 FROM FIT (ERROR INCLUDES SCALE FACTOR OF 1.7)

(SEE IDEOGRAM BELOW)

WEIGHTED AVERAGE
0.408 = 0.073 (ERROR SCALED BY 2.0}
\L.'_

7

Values above of weighted average, error,
and scale factor are based upon the data in
this 1deogram only. They are not neces-
sanly the same as our "besi™ values,
obtained from a ieast-squares constraned fit
vulizing meesurements of other {related)
quantities as additiona; information.

2

X
BARTEL 85 JADE 41
WEINSTEIN 83 CBAL 09
BROWMAN 74 CNTR 33

8.4
{Confidence Level = 0.015)

01 03 05 0.7 09
In - 27) (keV)

1 BRANCHING RATIOS

n > 2y + 37" + w2t w + wtaTy + etey)

(P1+P2+P7)/(P3+P4+P8)

R1 N 10 (2.5) 1.0} PICKUP 62 HBC

R1 N 53 (3.20) €1.26) BAST]EN 62 HBC

R1 N 280 (4.5 €1.0) AMES &6 HBC

R1 N THESE EXPERIMENTS WAVE NOT BEEN USED IN COMPUTING THE AVERAGES
R1T N AS THEY WERE UNABLE TO SEPARATE CLEARLY PARTIAL MODES (3) AND 4)
R1 N FROM EACH OTHER. THE REPORTED VALUES THUS PROBABLY CONTAI

R1 N SOME (UNKNOWN) FRACTION OF MODE (4).

R1 .64 0.23 BALTAY2 67 DBC

RT oL

RT FIT 2.438 0.076 FROM FIT
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n

n > 2y/@trw® + ataTy + etey)
R2

(P1)/(PI+P4+PE)
R2 0.99 .48 CRAWFORD 63 HBC
R2 75 1.51 0.93 KENDALL 74 OSPK
R2 o
R AVE 1,10 0.43°  AVERAGE
RZ FIT 1,339 0.042 FROM FIT
n - (@27)/2y + 37° + 7°2y) (PT)/(P14P24PT)
R3 OTHER RESULTS ARE IN SECTION R22.
R3 (0.04) OR LESS CL=.90  ABROSIMOV 80 HLBC
R3 0.0010  0.0002 ALDE 84 CNTR ]
RS e
R3 FIT 0.60109 "0:00017 FROM FIT
7 > (mtw- 'y)/(‘:r %% (P4 /¢P)
R4 14 0.08 FOELSCHE 64 HBC
R4 TR N PAULT 64 DBC
R4 0.33 0.06 CRAWFORD 66 HEC
R4 0.1g 0.10 KRAEMER 64 DBC
R4 0.196  0.041 FOSTERS 65 HBC
R4 0.25 0.035 LITCHFIEL &7 DBL
R4 28 0.04 BALTAY2 67 DBL
R4 7250 0.201  0.006 GORMLEY 70 ASPK
R4 18 0.209  0.004 THALER 73 ASPK
R4 . ) .
R4 AVG 0.2074 ~ 0.0037 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.1)
R4 FIT 0.2074  0.0033 FROM FIT
n - 3w'2y G2/ (PN
RS 40.90) DR MORE CHRETIEN 62 PSC
RS (1.25) 0,39y BACCI 63 CNTR INVERSE BR REPORTED
R6 0.88 078 BALTAY1 67 DBC
RG 1.1 0.2 CENCE 67 DSPK
&6 0.91 0.14 cox 70 HBL
RG 0.75 0.09 DEVONS 70 DSPK
RG B
RE AV 0.8i2 ~ 0.065  AVERAGE
R6 FIT 0.8193  0.0050 FROM FIT
7 -~ 27/(7l'+7f =) P15/(P3)
R7 .61 0.39 FOSTERT 65 HBL
R7 W 1m 0.25 BAGLIN 69 HLBC
R7 . A
R? AVG 1.69 0.21 AVERAGE
R? FIT 1.644  0.052 FROM FIT
7 - 2y + 37° + 7r“2'y)/(7r+7r 7% (P14P2+P7) / (P3)
R8 50 3.6 KRAEHER 64 DBC
RE 38 95 L1 44 DBC
88 2.89 0.56 REPFLsTED 66 tac
R8 24 3.6 0.6 FLATTE2Z 67 HBC
R8 29 3.4 11 AGUILAR-B 72 HBC
REe 70 2.8 0.8¢ SLODOWORT 72 bBC
R8 74 2. 1.89 74 0SPK
RE B ERROR ZNCREASED FRoM PUBLISHED VALUE 0.5 BY S_OODWORTH, PRIV. COMM.
R .
R8  AVG 326 6.307  AVERAGE
R8 FIT 21995  0.094 FROM FIT
7 -~ (ete w%(rT 7 x% (units 1079 (P5) /(P35>
RY SINGLE PHOTON PROCESS FORBIDDEN BY C-PARITY
RS 110 8§ 65 MBL
R9 o ‘a7 R LEss Tosterz 63 Mat
R9 42.5 OR LESS CL=.90 BAGLINT &7 HLBC
RO 0 (16.) OR LESS CL=.90 BILLING 67 HLBC
%9 1.5 OR LESS CL-.90  JANEM 75 0SPK
71 - (et e~ x+ 1 7)/total (units 1072) P6)
R10 0.7y OR LESS RITTENBER 65 HBC
n > (ete " wrx ) (wta ) (P8)/(P4)
R11 1 0.026  0.026 GROSSMAN 66 HBC
7 > 2y/2y + 37° + w'2y) P/ (P1+P24PT)

R12 (0.416) (0.044) DIGIUGND 66
R12 (0.44) €0.07) GRUNHAUS 66
R12 €0.579) (0.052) FELDMAN 67
R12 T €0.39) (0.06)

JONES 66
R12 T THIS RESULT FROM COMBINING CROSS SECTIONS F
2 0.59 0.033 BUNIA &

R12 0.535 0.018 BUTTRAM 70
12 4] 0.0 STRUGALSK 71
R12 113 0.60 0.14 KENDALL 74
R12 88 0.52 0.09 ABROSIMOV 80
0.004 ALDE 84

Q

[

0.0039 AVERAGE
.0027 FROM FIT

“0l5i89
R12 FIT 0.5491

n > 37%Q2y + 37 + a%2y)

CNTR ERROR DOUBLED

CNTR
ROM TWO DIFFERENT EXPTS.
OSPK

(P2)/(P1+P2+P7)

R1 (0.209) (0.054) DIGIUGND 66 CNTR ERROR DOUBLED
R13 (0.29) €0.1D) GRUNHAUS 66 08
R13 €0.177) (0.035) FELDMAN &7 0SPK
R13 €0.41) (0.033) BUNIATOV 67 OSPK NOT INDEP. OF R12
R13 D.439 0.024 BUTTRAM 70 0SPK
R13 0.32) €0.09) STRUGALSK 77 HLBC
R13 75 0.44 0.08 ABROSIMOV 80 HLBC
R13 0.450 0.004 ALDE 84 CNTR ]
R13 C e e e
R13 AVG 0.4497 0.0039 AVERAGE
R13 FIT 0.4498 0.0027 FROM FIT
n - (et e~ 7%/total (units 10°2) (P53
R15 SINELE PHOTON PROCESS FORBIDDEN BY C-PARITY .
R15 7) OR LESS ITTENBER 65 HBC
R15 (0 OBA)UR LESS CL=.90 BAZIN 68 DBC
R15 0 ¢0.016)0R LESS CL=.90 MARTYNOV 76 HLBC

7 > (@t w et = 7% (units 1072 (P10 /¢P3)
R17 (7.0) OR LESS FLATTE 67 HBL
R17 (0:3) OR LESS PRICE 67 HBC
R17 (1.6) OR LESS GCL=.95 BALTAY2 67 DBC
R17 (1.7 OR LESS CL=.99 ARNOLD 68 HLBC
R17 0 0,24 OR LES5 CL=.90 THALER 73 ASPK
1 ~ (T2 (rt T aY (P11)7(P3)
18 0.009 OR LESS PRICE 67 HBC
R1B (0.016)0R LESS CL=.95 BALTAYZ 67 DBC
7 > 3wt a—xY) P2)/(P3)
R19 0.83 0.32 CRAMFORD 63 HBC
R19 2.0 1.0 FOELSCHE 64 HBC
R19 0.90 0.24 FOSTERY 65 HBC
R19 1.3 0.4 BAGLINZ 67 HLBC
R19 1,47 0.20 0.17 BULLOCK 68 HLBC
R19 199 1.5D 0.15 0.29 BAGLIN 69 HWLBC
R19 o JRNN
R19 AVE 1028 0.14"  AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.3)
R19 FIT 10347 0.043 FROM FIT
(SEE IDEOGRAM BELOW)

WEIGHTED AVERAGE
128 + 0.14 (ERROR SCALED BY 1.3)

\

Vaiues above of weighted average, error,

3 and sca'e factor are based upon the data in
this ideogram only They are not neces-
sarily the same as our "best® values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additionai information

NS
NS
N
“ BAGUN 69 HLBC
Naal B BULLOCK 68 HLBC
—_— - BAGLIN2 67 HLBC
—_ - FOSTER1 85 HBC
FCELSCHE 64 HBC
N <+ -+« - CRAWFORD 83 HBC 2.0
NS i
N
N/ (Confidence Lovel = 0.:62)
L 1
o] 1 2 3 4

7 - {3nWn T n )

1) - 2y + 37r“ + 7%2v)/total (R1+P24PT)
0.08 BUNIATOV 67 OSPK

221 16 075 9008 BASILE 71 CNTR MM SPECTROMETER

R21 AVG  0.7058  0.0080 AVERAGE

R21 FIT 0:7091  0.0064 FROM FIT

7 - (x02v)/total ®7)

R22 0 (0,003)0R LESS CL=.90 DAVYDOV 81 CNTR PL- P-—>ETA N

R2z 70 0.00095 0,00023 BINON B2 CNTR PI- P-->ETA N

R22 FIT  0.00078 '0.00012 FROM FIT

7 - utp~/total (units 1075) P12y

R23 0 (2.) OR LESS CL=.95 WEHMANN 6B 0SPK

R23 27 0.65 0.21 DZHELYAZ 80 SPEC PI1- P-->ETA N

7 — ¥ u” w%total (units 1079) (P14)

R24 SINGLE_PHOTON PROCESS FORBIIDEN BY C-PARLTY

R24 (5.) WEHMANN 68 OSPK

R24 5105 OR LSS CL-.90  DEMELVADY 83 SHEE PI- P-sETA N

n - ptuT2y (units 10~5) (P1237¢(P1)

R25 (5.9 (2.2 HYAMS 69 0SPK

1 - (xF 7 ")/total (units 1072) P15)

R27 VIOLATES P AND CP INVARIANCE

R27 0 0.15 OR LESS THALER 73 ASPK CON. LEV. NOT GIVEN

n - (ete~y)(xt 7~ 1% (units 1072 (P8 /(P3)

RZ& 4 8D 2.1 0.5 JaNEZ 75 05PK

Re& U VALUE ChANGED BY ERRATUM.

N f1r T T2010 T 7 0.507 FRoM FIT

7 - (e+e_)/t0tal (units 10™4) 16>

R29 D OR LESS CL=.90 DAVIES 74 RVUE

R25 b DAVIES 74 EXTRACTS THIS INFORNATION FROM EsiiN 67.

n ~ (utp"y)total  (umits 107%) P13)

R30 100 (1.5)  (B.75) BUSHNIN 78 SPEC REPL.SY DZHELYA1 80

R30 600 3.1 004 DZHELYA1 B0 SPEC PI- B-—ET

n - (utu~ w0y)/total (units 10~6) P73
3. OR LESS CL=.90 DZHELYADI 81 SPEC PI- P-->ETA N

7 > @GY)Q2y + 3x® + 7%2y) (P18) /(P 14P2+P7)

R33 FORBIDDEN BY C INVARIANCE.
R33

7.E-4 DR LESS CL=.95 ALDE B4 CNTR
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NOTE ON 5 DECAY PARAMETERS
C vielation in 5 decays

As a test of possible C violation in electromagnetic
interactions, a number of experiments have looked for
possible charge asymmetries in the decays 7 - P s
+7r_7. We list the following parameters:

(a) The left-right asymmetry

A=((Nt—N/INT+NT),

0

andn -«

where N+ means the number of events with the = *

energy greater than the 7 energy in the » rest frame.
(b) The sextant asymmetry

NIt Ng NNy Ny~ N
S T N TNy N3+ N, + N+ N,
0

for the decay n - a7 7 . The numbers refer to sex-
tants of the Dalitz plot (see, for example, Layter et al.l).
Ay is sensitive to an [ = 0 C-violating asymmetry.

(c) The quadrant asymmetry A4 PE defined in a similar
way as 4, but with each sector of the Dalitz plot now
containing «/2 rather than /3 radians. 4 q is sensitive
to an I = 2 C-violating final state.

(d) The D-wave contribution to the C-violating
amplitude in the decay n — 7777+, The upper limit
for this contribution is measured by the parameter 3,

defined by
dN/d | cosf| o sin26(1 + Bcos?6),

where 6 is the angle between the = and the v in the
dipion center of mass. A term proportional to cos2
could also be due to P- and F-wave interference.

We list A for the decay modes n — 7+
7> 7'r+7r_'y, Ag and Aq for the decay n — =
and S for the decay n — 7r+1r“7 in the Full Listings
below.

7~ 7% and
a0,

+ 0

Dalitz plot forn » v " a" =«

The Dalitz plot for the decay n — = 7~ 70 may be
fit by the distribution

]M(x,y)|2 o 1 +ay +by2+cx +dx2+exy .
Here,
x=V¥T;—-T_)/0Q, y=QGTy/Q)—1,

T, T_, and T are the kinetic energies of the 77, =™,
and 7Y in the nrestsystem,and Q =m_—m | —
. L .
m __. — m g The coefficient of the term linear in x is
rid ks
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n

sensitive to C-violation due to an I = 0 or I = 2 final
state. We list papers presenting determinations of the
parameters a, b, ¢, and d in the section DP below.
However, we do not tabulate values of these parameters
because the assumptions made by different authors are
not compatible and do not allow comparison of the
numerical values.

Dalitz plot for n - 7ox0x0

The Dalitz plot for the decay n - 707070 may be fit
to the expression
IM|? o 1420z,

where

z =

I MW

[3(m, = 3m )"\E; ~ —;—mn)lz = P20l -

2
3,
1=1

Here E; is the energy of the i th pion in the 7 rest

frame, and p is the distance to the center of the Dalitz
plot. We list the parameter « in section AQ below.

Reference

1. J.G. Layter et al., Phys. Rev. Lett. 29, 316 (1972).

17 C—NONCONSERVING DECAY PARAMETERS

7t~ 7% LEFT—RIGHT ASYMMETRY PARAMETER (units 10~ %)
Al 1351 7.2 §.8 BALTAY 66 DBC

A 1300 5.8 3 CLPWY 66 HBC

A1l 10665 €0.3) 1.0 CNOPS 66 DSPK REPL BY MULLER 69
Al 705 -6.1 4.0 LARRIBE 66 HBC

AT 636800 (1.5 0.5 GORMLEY3 68 ASPK

AT 10709 0.3 1.1 MULLER 69 0SPK

A1 1138 -1.4 3 CARPENTR 70 HBC

A1 349 3.2 5.4 DANBURG 70 DBC

Al 220K -0.05 0.22 LAYTER 72 ASPK

A1l 165K 0.28 0

.26 PK
A1 G GORMLEY3 68 ASYMMETRY PROBABLY DUE TO UNMEASURED (E X B) SPK. CH.
Al G EFFECTS. NEW EXPTS. WITH (E X B) CONTROLS DONT OBSERVE ASYMMETRY.

Al AVG 0.12 0.17 AVERAGE

7+ 7~y LEFT—RIGHT ASYMMETRY PARAMETER (units 10”2
A2 33 —f. 17. CRAWFORD 66 HBC

A2 . 8. LITCHFIEL 67 DBC
A2 N 1620 1.5 2.5 MULLER 69 0SPK
A2 7257 1.22 1.56 GORMLEY 70 ASPX
A2 36K 0.5 0.6 THALER 72 ASPK

35K 1.2 0.6 JANE 74 OSPK
A2 N MULLER 69 IS SENSITIVE ONLY TO UPPER .4 OF GAMMA-RAY SPECTRUM.
2

A2 AVG 0.88 0.40 AVERAGE

7t 7~ 7w° SEXTANT ASYMMETRY PARAMETER (units 107 %)

AS 1300 6.8 3.3 CLPWY &6 HBC
AS 705 ~2.4 4.0 LARRIBE 66 HBC
AS 27K 0.5 0.5 GORMLEY3 68 WIRE
AS 220K 0.10 0.22 LAYTER 72 ASPK
AS 165K 0.20 0.25 JANE1 74 QSPK
AS Lo

AS AVG D.19 0.16 AVERAGE

7+ 7~ 7° QUADRANT ASYMMETRY PARAMETER (units 10 %)
AQ 220K ~0.07 0.22 LAYTER 72 ASPK
AQ 165K ~0.30 0.25 JANE1 74 0OSPK
AQ L.

AQ  AVG ~0.17 0.17 AVERAGE

B FOR n -~ 7w+ 7~ ~. SENSITIVE TO D-wave CONTRIBUTION.
BET DN/DCOS THETA = SIN%*2 THETA * (1 + BETA * COS**2 THETA)

BET 7250 -0.060 0.065 GORMLEY 70 WIRE

BET L 0.12 0.06 THALER 72 ASPK

BET 35K o.M 0.11 JANE2 74 0SPK

BET L AUTHORS DONT BELIEVE THIS TO INDICATE D-WAVE BECAUSE DEPENDENCE OF
BET L BETA ON GAMMA ENERGY INCONSISTENT WITH THEOR. PREDICTION.

BET L COS**2 DEPENDENCE MAY ALSO COME FROM P AND F-WAVE INTERFERENCE.

BET . . ..

BET AVG 0.047 0.062 AVERAGE (ERROR INCLUDES SCALE FACTOR OF 1.5)
(SEE IDEGGRAM BELOW)
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n K=

WEIGHTED AVERAGE
0.047 = 0.062 (ERROR SCALED BY 15 )

e

it

1

+ JANE2 74 QSPK
- THALER 72 ASPK 15
GORMLEY 70 WIRE 27

45

-0.

Biorn-»m¥ny

3 -0

o N

0.3 05

03

{Confidence Leval = 0.104)
L

ENERGY DEPENDENCE OF n DALITZ PLOT

SEE NOTE ON 7 DECAY PARAMETERS ABOVE.
THE FOLLOWING EXPTS FIT TO ONE OR HDRE OF THE COEFFICIENTS

opP

bP A,B,C

bP HATRIX

bP 1300 SEE NOTE ABOVE
[H 705 SEE NOTE ABOVE
DP 7170 SEE NOTE ABOVE
DP 37K SEE NOTE ABOVE
oe 526 SEE NOTE ABOVE
DP 1138 SEE NOTE ABOVE
bp 349 SEE NOTE ABOVE
op 7250 SEE NOTE ABOVE
14 220K SEE NOTE ABOVE
oP 81K SEE NOTE ABOVE

(D; OR E FOR ETA INTO PI+ PI- Pl
ELEMENT#**2=1 4 A¥Y o B*(Y*¥2) o CXX 4 D*(X#¥%2) 4+ EXX*Y

CLPWY 66 HBC

LARRIBE 66 HBC
CNDPS 68 0SPK
GORMLEY3 68 WIRE
BAGLIN &9 HLBC
CARPENTR 70 HBC
DANBURG 70 paC
GORMLEY 70 WIRE
LAYTER 72 ASPK
LAYTER 73 ASPK

« PARAMETER FOR 7 - 3x°

AQ MATRIX ELEMENT *#%2 = 1 + 2#ALPHA*Z (SEE NOTE ABQVE)
AQ 192 ~0.32 0.37 BAGLIN 70 HLBC
REFERENCES FOR 7

PEVSNER 61 PRL 7 421 PEVSNER,KRAEMER  NUSSBAUM,RICHARDSON + (JHU)
ALFF 62 PRL 9 322 ALFF,BERLEY,COLLEY,BRUGGER + (COLU+RUTGERS)
BASTIEN 62 PRL 8 114 EASTIEN BERGE DAHL, FERRO-LUZ2T
CHRETIEN é2 PRL 9 127 CHRETIEN~ (ERAN~BROHN¢HARVARD*MIT+PADOVA)
PICKUP 62 PRL B 329 E PICKUP,ROBINSON,SALANT CCNRC+BNL)
BACCI 63 PRL 11 37 BACCI,PENSD,SALVINI + (ROMA+FRAS)
CRAWFORD 63 PRL 10 546 S CRAHFOR&,LLOYD,FDHLER (LRL:DUKE)

ALSD 66 PRL 16 907 F § CRAWFORD,L LLOYD,E FOWLER (LRL3DUKE)>
DELCOURT 63 PL 7 215 DELCOURT,LEFRANCOIS,PEREZ Y JORBA+ (ORSAY)
FOELSCHE 64 PR 134 B 1138 # W FOELSCHE,H L KRAYBILL {YALE
KRAEMER 64 PR 136 B 496 KRAEMER , MADANSKY,FIELDS + CIHU+NWES+WODD )
PAULI 64 PL 13 351 E PAULI,A MULLER ACLAY)
FOSTERT 65 PR 138 B 652 FOSTER,PETERS, HEER LOEFFLER + (HISC+PURDUE)
FOSTERZ 65 ATHENS FOSTER GUOD,HE WISCONSINY
FOSTER3 65 THESIS M.C.FOST (HISCONSIN)
PRICE 65 PRL 15 123 L.R. PRICE F.S.CRAWFORD C(LRLY
RITTENBE 65 PRL 15 556 R]TTENBERG,KALBFLEISCH {LRL+BNL)
ALFF~STE 66 PR 145 1072 ALFF-STEINBERGER,BERLEY+ (COLUMBIA+RUTGERS)
BALTAY 66 PRL 16 1224 +FRANZINI ,KIM,KIRSCH+(COLUMBIA+STONY BROOK)
CLPWY 66 PR 149 1044 COLUMBIA,LRL,PURDUE,WISCONSIN, YALE
CNOPS 66 PL 22 546 CNOPS, FINOECHIARS LASSALLE +(CERN ETH,SACL)
CRAWFORD 66 PRL 16 333 F.8. CRAUFORD L.R. PRI (LRLY
DIGIUGNO 66 PRL 16 767 DIGIUGNO,GIORGI,SILVESTRI+ (NAPL TRST FRAS)
GROSSMAN 66 PR 146 993 R EROSSHAN L PRICE F CRAWFD
GRUNHAUS 66 THESIS J.BRUNHAUS (CDLUNB]A)
JAMES 66 PR 142 896 F E JAMES,H L KRAYBILL (YALE+BNL)
JONES 66 PL 23 597 JONES, BINNIE DUANE , HORSEY,MASON, (LOIC,RHEL
LARRIBE 66 PL 23 600 LARRIBE LEVEQUE HULLER PAUL! - (SACL+RHEL)
BAGLIN1 67 PL 248 637 BAGLIN,BEZAGUET, DEGRANGE, + (EPOL+UCB
BAGLIN2 67 BAPS 12 567 BAGLIN:BEZAGUET,DEGRANGE:* (EPDL:UCB;
BALTAY1 67 PRL 19 1495 BALTAY (FRANZINI,KIM, NEWMAN+ {COLU+BRAN)
BALTAY2 67 PRL 19 1498 BALTAY,FRANZINI,KIM,NEWMAN+ (COLU+STON)
BEMPORAD 67 PL 25B 380 BENPORAD BRACCINI FDA LUBELSMEY+(PISA,BONN)

ALSO PRIVATE COMMUNICATION
BILLING &7 PL 25B 435 BILLING,BULLOCK, ESTEN, GOVAN, + {Louc, 0X¥)
BOWEN 67 PL 24B 206 BOWEN,CNOPS ,FIP’{DECHIARU + (CERN+ETH+5ACL)
BUNIATOV 67 PL 258 560G BUN[ATOV ZAVATTINT, BE!NET + {CERN+KARL)

CE &7 PRL 19 1393 CENCE, PETERS[)N STENGER CHIUv (HAWALI+LRL)
ESTEN 67 PL 248 115 +50VAN KNIGHT, HlLLER TOVEV~ (LOUC+OXF)
FELDMAN 67 PRL 18 868 FELDMAN, FRATI GLEESON, HALPERN
FLATTE 67 PRL 18 976 S.M.FL T * (?E:E;
EI;?;;E?E 2; PR 523 2;41 S.M. FLATTE AND C.G.WOHL Ly

PL B 6 LITCHFIELD,RANGAN, EEGAR SMITH+(RHEL. SACLAY

PRICE 67 PRL 18 1207 L.R.PRICE, [ S. CRAHFO " ;
ARNOLD 68 PL 278 466 +PATY  BAGLIN,BINGHAM+ (STRB+MADR+EPQL+UCB)
BAZIN 48 PRL 20 895 BAZIN,GOSHAW,ZACHER, + {PRINCETON, QUEENS)
BULLOCK 68 PL 27B 402 +ESTEN FLEHING GUVAN HENDERSON, DUENr (LOUC)Y
GORMLEY3 68 PRL 21 4D2 GDRMLEV HYMAN, LEE NASH PEDPLES* (COLU+BNL)
WEHMANN 68 PRL 20 748 WEHMANN, ENGELS,* (HARV+CASEO-SLAE+CDRN+HCGl)

BAGLIN 69 PL 29B 445 BAGLIN,BEZAGUET, + (EPOL, UCB, MADR, STRB)
ALSO 70 NP B22 66 +BEZAGUET , DEGRANGE MUSSET +(EPOL, MADR,STRB)
HYAMS 69 PL 298 128 HYAMS ,KOCH , POTTER, VON LINDERN,+ (CERN,MPIM)
MULLER 69 THESIS ARMAND MULLER (STRB)
BAGLIN 70 NP B22 66 +BEZAGUET, DEGRANGE MUSSET+ (EPOL~HADR+STRB)
BUTTRAM 70 PRL 25 1353 +KREISLER MISCH 143
CARPENTR 70 PR D1 CARPENTER, BINKLEY CHAPMAN, COX, DAGAN~ (DUKE)
70 PRL zz. 534 COX, FORTNEY, GOLSON (DUKEY
DANSURG 70 PR D2 2564 +ABOLINS, DAHL ,DAVIES, HOCH KIRZ, « (LRL)
DEVONS 70 PR D1 1936 +GRUNHAUS ,KOZLOWSKI ,NEMETHY + ~ (COLU,SYRA)
GORMLEY 70 PR D2 GORMLEY , HYMAN, LEE ,NASH,PEQPLES+ (COLU+BNL)
ALSD 70 NEVIS 181(THESIS) MICHAEL GORMLEY (COLU)
BASILE 71 NC 3A 796 +BOLLINI,DALPIAZ, FRABETTI+ (CERN,BGNA,STRB)
STRUGALS 71 NP B27 429 +CHUVILO, GEMESY , TVANOVSKAYA+ CJINR)
AGUILAR- 72 PR D6 29 AGUILAR-BENITEZ, CHUNG,EISNER ,SAMIOS  (BNL)
BLOODWOR 72 NP B39 525 BLODDWORTH, JACKSON,PRENTICE, YOON  (TORONTO)
LAYTER 72 PRL 29 316 ~APPEL,KOTLEWSKI,LEE,STEIN, THALER ~ (COLU)
THALER 72 PRL 29 313 ~APPEL,KOTLEWSK I, LAYTER LEE STEIN  <COLY)
LAYTER 73 PR D7 2565 +APPEL ,KOTLEWSKI,LEE,STEIN, THALER  (COLU)
THALER 73 PR D7 256% +APPEL ,KOTLEWSKI,LAYTER LEE STEIN  (COLU)
BROWMAN 74 PRL 32 1067 +DEWIRE,GITTELMAN (HANSON,LOH + (CORN+BING)
DAVIES 74 NC 24A 324 +GUY,Z1A (BIRM+RHEL +SHMP)
JANE1 74 PL 48B 260 +JONES, LIPMAN, UWEN, PENNEY+ (RHEL+LOWC+5USS)
JANE2 74 PL 48B 265 +JONES, LIPMAN, OWEN, PENNEY+ (RHEL +LOWC+SUSS)
KENDALL 74 NC 21 387 +LANDU, MASSIMO, SHAPIRO +  (BROW:BARI+MIT)
JANET 75 PL 598 99 +GRANNIS, JONES,LIPMAN,OWEN +  (RHEL+LOWC)
JANEZ 75 PL 598 103 +GRANNIS, JONES, (IPMAN ,OWEN +  (RHEL+LOWC)
ALSD 78 PL 738 503 ERRATUM, M.R.JANE, PRIVATE COMMUNICATION.
MARTYNOY 76 SINP 23 4B +SALTYKOV, TARASQV, UZHINSKI1 CJINRY
BUSHNIN 78 PL 798 147 +DZHELYADIN,GOLOVKIN,GRITSUCK + (SERP)
ALSO 78 SJWP 2B 775 BUSHNIN, GOLOVKIN,GRITSUK,DZHELYADIN+ (SERP)
ABROSIMO 80 SJNP 31 195 ABROSIMOV, ILINA,NISZCZ  OKHRIMENKO+  (JINR)
DZHELYA1 80 PL 948 543 DZHELYADIN,GOLOVKIN, KACHANOV + (SERP)
ALSD 80 SUNP_32 516 (YF 32 998) VIKTORDV, GOLOVKIN + (SERP)
DZHELYAZ 80 PL 97B 471 DZHELYADIN,GOLOVKIN,KACHANOF ~ (SERP)
ALSO 80 SINP 32 518 (YF 32 1002) VIKTOROV, GOLOVKIN + (SERP)
DAVYDOY 81 LNC 32 45 +DONSKOV, INYAKIN +  (SERP+BELG+LAPP4+CERN)
ALSO 81 SJNP 33 B25 (YF 33 1534) BINON,BRICMAN- (SERP+BELG+LAPP+CERN)
DZHELYAD 81 PL 105B 239 DZHELYADIN,GOLOVKIN,KONSTANTINOV +  (SERP)
ALSO 81 SUNP 33 822 (YF 33 1529) VIKTOROY,GOLOVKIN+ (SERP)
8INON B2 SJNP 36 391 +BRICMAN, GOUANERE+  (SERP+BELG<LAPP+CERN)
ALSO 82 NC 71A 497 BINON,BRICMAN, DAVYDOV+{SERP+BELG+L APP+CERN)
WEINSTEI 83 PR 28 2896 WEINSTEIN+ C(HARV4CIT+PRIN+STAN+SLAC)
ALDE 84 ZPHY €25 225 ALDE+BINON+BRICMAN+DONSKOV+ (1TEP+BELG+LAPP)
ALSO 84 SINP 40 918 A