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1. INTRODUCTION, CREDITS, CONSULTANTS

This review is an updating through December 1975 of
our previous review (Particle Data Group, 1974, and
Supplement, 1975). In this version, we have attempted
to make the text as complete and self-contained as pos-
sible.

As usual, the results of our compilation are presented
in two sections. The Tables of Particle Properties,
usually referred to as simply the Tables, contain a sum-
mary of the properties of only those peaks or resonances
which in our judgment have a large probability of stand-
ing the test of time. This is a conservative judgment,
and surely means that some genuine resonances are
(temporarily) omitted. See Sec. V below.

The Data Card Listings, on the other hand, are an at-
tempt to give up-to-date information, along with refer-
ences, on all the reported particles whose existence is
either considered confirmed (in which case they are al-
so included in the Tables) or not yet confirmed. The
Listings also contain mini-reviews pertaining to ques-
tions of interest.

A short survey of the history of some of the constants
we compile, as well as some of those compiled by oth-
ers, has been added to the text as a new feature (Sec.
VIII). In general, the reliability of the data has been
pretty good; that is, the percentage of the time that
our best estimates of various constants have changed
by more than one standard deviation over the years is
roughly what would be expected from statistical con-
siderations. A history of the Particle Data Group, with
a discussion of procedures and problems, has been
given by Rosenfeld (1975).

This year we are experimenting with a new statistical
procedure in our data averaging. Given in the Tables
are our best estimates (and their errors), calculated in
the old way. In the Listings, we give simultaneously the
old (labeled “AVG”) and new (labeled “STUDENT”) val-
ues. In most cases there is little difference. Details
may be found in Sec. VII. User comments are solicited.

A pocket-sized data booklet, containing the Tables
and a reprint of the figures and formulae from the first
part of the book, is available on request.

For North and South America, Australia, and the Far
East, write to Technical Information Division, Lawrence
Berkeley Laboratory, Berkeley, California 94720, USA.

For all other areas, write to CERN Scientific In-
formation Service, CH-1211 Geneve 23, Switzerland.

As usual, we wish to emphasize that we compile the
experimental results of others. It is inappropriate to
give us the credit for their countless hours of effort.
We urge that references be given directly to the orig-
inal data, and we provide complete references in the
Data Card Listings for that purpose.

The responsibilities for the various sections can be
broken down as follows:

(1) Stable particles: A. Barbaro-Galtieri, N. Barash-
Schmidt, and T. G. Trippe.

(2) Meson vesonances: V. Chaloupka, R. J. Heming-
way, M. J. Losty, and M. Roos.

(3) Baryon resonances: A. Barbaro-Galtieri, C. Bric-
man, and R. L, Kelly.

Rev. Mod. Phys., Vol. 48, No. 2, Part II, April 1976

(4) General, including text: All authors.
Consultants: To overcome unavoidable gaps in our
coverage, both intellectual and geographical, we have

solicited the help of consultants:

+Ugo Amaldi (CERN)

* Stanley J. Brodsky (Standford Linear Accelerator

Center)

*Denyse M., Chew (Lawrence Berkeley Laboratory)

*Ronald Crawford (University of Glasgow)

*J. Engler (CERN)

< Anatoli Kuznetsov (JINR, Dubna)

*Gerald R. Lynch (Lawrence Berkeley Laboratory)

* F. Monnig (CERN)

*R. Gordon Moorhouse (University of Glasgow)

*David R. Nygren (Lawrence Berkeley Laboratory)

*Oliver E. Overseth (University of Michigan)

* Sherwood 1. Parker (Lawrence Berkeley Laboratory)

*Bernard Sadoulet (Lawrence Berkeley Laboratory)

* Paul Sdding (DESY)

* Fumiyo Uchiyama (Lawrence Berkeley Laboratory)

The usefulness of this compilation depends in large
part on the interaction between the users and the authors
and consultants. We appreciate comments, criticisms,
and suggestions for improvements of all stages of data
retrieval, processing, and presentation.

Il. SELECTION OF DATA

All particles are considered to fall into one of the
three groups:

(1) Stable particles, immune to decay via the strong
interaction, including the 7.

(2) Meson resonances (including all the new high mass
particles, whether “stable” or not).

(3) ' Baryon resonances.

These groups are maintained within the two main parts
of the compilation:

(1) Tables of Particle Properties.

(2) Data Card Listings.

The Data Card Listings contain the original informa-
tion (data, references etc.), weighted averages, com-
ments, and “mini-reviews”. Immediately preceding the
Data Card Listings is an Illustrative Key thereto. We
attempt to give complete Data Card Listings up to our
closing date (January 1, 1976) for all journals listed in
the Illustrative Key. We also include preprints and un-
published conference reports which have come to our
attention, but make no attempt at completeness.

Roughly 40% of our encoded results are not used for
averaging. They are set off in parentheses: our rea-
soning is then often given in a footnote below the data.
If the reason is not given, it is one of the following:

*The quantity was presented with no error stated.

*The result comes from a preprint or conference re-
port. It is our experience that such results (and par-
ticularly the errors) often change before final publica-
tion. Accordingly we keep these new results in paren-
theses until they are published (or explicitly verified to
us by the authors).

It involves some assumptions that we do not wish to
incorporate.
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+It is of poor quality, e.g., bad signal-to-noise-ratio.

*The result is inconsistent with others, e.g., because
of different methods employed, rendering averaging
meaningless.

It is not independent of other results, e.g., a result
from one of several partial-wave analyses all using the
same data, again rendering averaging meaningless.

When the data for a particle have received special
treatment or when they present special problems, this
is noted in a mini-review in the Data Card Listings.

The Tables of Particle Properties represent the out-
put of weighted averages and some critical judgment.
The extent to which “blind” averaging has been tempered
with judgment is explained in footnotes to the Tables. In
general, however, the footnotes are less complete than
is the collection of notes and mini-reviews in the Data
Card Listings. The reader is therefore encouraged to
familiarize himself with the Data Card Listings and,
ultimately, with the original experiments.

11l. NOMENCLATURE
A. Quantum numbers
The symbols I¢(J F)C represent:
I=isospin
G = G-parity
J= .épin
P = space parity

C =charge conjugation parity .

1. Mesons

The charge conjugation operator C turns particle into
antiparticle and has eigenvalues +1 only for neutral
states; so it is useful to define an extension G which
has eigenvalues for charged states too. It is usually’
defined by

G=C exp(inl,) . (1)

A neutral nonstrange state is an eigenstate of exp(inl,)
with eigenvalue (- 1)’. Then we can write the eigen-
value equation for the whole multiplet as

G=C,(-1), (2)

where C, (n for neutral) is the eigenvalue C would have
if applied to the neutral member of the multiplet. Thus,
for a 7%, C has the eigenvalue +1, and since I=1, G
=~ 1. For the charged pion there are no eigenvalues
corresponding to C and to the isospin rotation, but Egs.
(1) and (2) still give G=-1.

Consider a meson as a bound state of fermion-anti-
fermion, e.g., gg, with orbital angular momentum I,
and with the two fermion spins coupling to give a spin
S. Then one can show that the charge-conjugation
eigenvalue [defined in Eq. (2)] is

IMost texts define it as in Eq. (1); see, e.g., Gasiorowicz
(1966); however, sometimes the rotation is taken about I,. The
difference between the two conventions is mentioned in a foot-
note in Kallen (1964).
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C,=(-1)"*% . (3)
Equations (2) and (3) combine to give

G=(=1)!*S+T (4)
The parity is

P=_(-1). (5)
Equations (3) and (5) combine to give

C,P==(~1) (®)

so all singlet (*S,, *P,,...) have C,P=-1, and all trip-
let (3S,,...) have C,P=+1. For proofs of the above,
see our 1969 text (Particle Data Group, 1969) and Ap-
pendix by C. Zemach.

If, instead of gq, we consider the meson as a state of
boson-antiboson (e.g., A2 -KK), it turns out that some
signs cancel, and Eqgs. (3) and (4) [not (5)!] apply un-
changed. Of course the mesons are often spinless so
S is zero, but the equations are more general. Egs. (3)
and (4) can be considered as selection rules forbidding
many decays.

We now use Egs. (3) and (4) to introduce the concept
of “Abnormal-C” mesons, i.e., mesons that cannot be
composed of gq. :

The unitary triplet of quarks is of course defined to
have isospin and hypercharge properties such that gg
can combine (according to the SU(3) relations {3}®{3}
={8}@®{1}) so as to form only unitary octets and sin-
glets. The non-observation of “exotic” mesons (i.e.,
mesons in more complicated supermultiplets) is of
course one of the bases of the naive quark model. But
it is slightly less obvious that even some octets are
forbidden by the model, namely those with (J¥)C, = (0%)-,
(17)+, (29—, .... Such states are also not observed, and
this is an additional success of the naive quark model
classification scheme. ;

In what follows, do not confuse “Abnormal-C” with
“Normal” or “Abnormal” J%, both of which are allowed by
the quark model. The series J¥=0%17,2%, ... is called
Normal because P=(-1)7 as for normal spherical har-
monics, and J¥=0",1%, ... is called Abnormal.

The top part of Table I shows all the low angular mo-
mentum states that can be formed from gg. Note that
half of the J¥ states can be formed by both a triplet and
a singlet gq state, e.g., 3P,, 'P, or °D,, 'D,. Eq. (3)
shows that 3P, and 'P, have opposite C,, so the gg mod-
el allows both, But the states *P, and 3P, have no 'P
counterparts. According to Eq. (6) they have C,P=+1,
and with the gg model there is no way to form a state
with a J® of °P, , (i.e., J¥=Normal) and with C,P=~1.
As mentioned, such octets have not shown up. With the
help of Table I one can also see that the special state
1Sy, C,P=+1, cannot be formed, so has Abnormal C.

2. General remarks

Well-established quantum numbers are underlined in
the Tables of Particle Properties (except for stable par-
ticles, where most of the quantum numbers are estab-
lished). We have used flimsy evidence to guess many of
the remaining ones, and we have indicated with “?” ones
(in the baryon table) for which there is almost no evi-
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TABLE 1. I6(J®) of non-strange mesons from gq¢ model. For the distinction between abnormal J¥ and abnormal C, see text fol-

lowing Eq. (6). K mesons share the same values of J¥ as the /=0 and 1 states shown, but are not eigenstates of G. The middle
column, which gathers together (JP)N(,,A CP, is a redundant intermediate step intended to make the table easier to read.

§q State [ AD) o CP
CP CP Normhl or IC'(.II'P)Cn Examples and comments
. - + abnormal
3 1s (07), - 0¥ (07)+ mn', E?
5 0 A 1707 )+
S /UOUUR RO RPIPRIRURIDS NN & 3 S0 b . R .-
35 (A7)t {0 (1)- w b
1 + -
\ 1(4)- P
1 N + 0~(1%)-
P (1), -
L N thah. 0 B o
+ 3P (A + {0+(0+)+ €,S*
P 0 N 17(0")+ § 2
= 4+
:E; 31:,1 (1+)A+ O_(1+)+ D ?
A 17(1 ")+ A1
+ 4+
3 + 0'(2 ')+ f, £!
P, (27t +
\ 1 (2 )+ A2
N ‘% -
1 - 0 (2 )+
D, \{)A' { -\ }
________________________________ 12 M) A .
3p (1_\ same as 381 p!

Parity -
w
)
[«
~
vl S
> 2
7

Regge recurrence of

v 07 (27)-
2 1+( 27)- thg abnormal-C state
\ _ (gHe, = (0=
3 - 07(3)-
D (37) + . -
3 N L{“(s )- g
1 + 1 ‘ N
] ST NS S I & e N
:; 3 2 (2+)N+ same a,s\?’PZ
R ’F, (37) 4+ lJ >2
. 3 +
1 4 (47t 'etc.
ABNORMAL C STATES THAT CANNOT COME FROM qq MODEL
( A (0" 07(07)- A
)A+ + -
1°(0)-
Abnormal C [P Y PR i Y A All except
+, , -
- 0'(1 )+
(4 )~ { P_,-
states N 17(17)+ J°" =0
-t
{ — + 0 (0)-
Have no qq (0 )oy- are
. (o >
model + 0 (2+)- J® = normal,
(2~ 4+, .+
1°(2)
) 0*(37)+ CP = -1
(3 )N" - -
. J 17(37)+ J
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dence.

As is customary, we define antiparticles as the result
of operating with CPT on particles, so both share the
same spins, masses, and mean lives. Whenever there
is a particularly interesting test of CPT invariance we
include it in the Stable Particles Table.

B. Particle names

If a meson has a well-accepted colloquial name, we
use it. If not, we name it by a single symbol which spec-
ifies its baryon number B (=0 for mesons), its isospin 7,
its hypercharge Y, and, for a nonstrange meson its G
parity. For convenience, we also list the strangeness
S, which is related to ¥ and B by

S=Y-B.

The name conventions for mesons are given in the first
part of Table II. ’

To crowd even more information onto the symbol, we
sometimes add a subscript giving J¥. If J® is not known,
but must be “Normal” (0*,17,2*...), e.g., because K7
decays are seen, we use the subscript N. If such modes
are not seen (and are not otherwise forbidden), we guess
that it is because J is “Abnormal”, and we use the sub-
script A.

For some pairs of mesons with supposedly identical
quantum numbers, we also use primes; e.g., 1, 7; f,f’.

For baryons no attempt has been made to attach a
subscript about J and P. The name conventions are
given in the second part of Table II. For stable baryons
of each I and ¥ we use the symbol standing alone; for
resonances, the mass is in parentheses [i.e., N(1688),
A(1405), =(1765), etc.]. The J¥ assignments are re-
ported in the Baryon Table as 3*, 3", 2*, etc., and also
by the symbols P,,, D,,, F,,, which refer to the np or
Kp partial-wave amplitude in which the resonant state
occurs (the first subscript refers to the isospin state:

TABLE II. Particle name conventions.
Name I Y S G
Mesons
n 0 0 0 +
wor ¢? 0 0 0 -
P 1 0 0 +
m 1 0 0 -
K*, KO i +1 +1
K™, K° 3 -1 -1
Baryons
N 3 +1 0
A 2 +1 0
z,, Z, 0,1 +2 +1
A 0 0 -1
= 1 0 -1
E 3 -1 -2
Q 0 -2 -3

2 Since 1973, we have used the symbol w for those I€=0"
mesons that decay mainly into 3m[w(783), w(1670)]; we reserve
the symbol ¢ for ¢(1020) and possible future higher-mass I¢
=0~ mesons that decay mainly into KK,
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2 XI for N and A and just I for Z, A, and ©). When two
or more baryons have identical quantum numbers we
warn the reader by adding primes to the spectroscopic
symbol as explained in footnote (a) of the Baryon Table.

IV. CONVENTIONS AND PARAMETERS FOR
STRONG INTERACTIONS
A. Partial-wave amplitudes and resonance parameters

The vast majority of information concerning baryon
resonances comes in the form of partial-wave analyses.
In addition data concerning mesonresonances (rm,Km,77m)
are, with increasing frequency, being subjected to par-
tial-wave analyses. We thus find it natural to introduce
the resonance parameters which we compile in terms of
a Breit—-Wigner approximation for the partial-wave am-
plitude.

In general the elastic amplitude for a given angular
momentum / may be written as

_ nexp(2i6) - 1 )

T 2 ’

where 7 is referred to as the absorption parameter
(0<7n<1) and 6, as the phase shift. The subscripts
11 on T denote scattering from channel 1 to channel
1 (i.e., 77 —77 or KN —KN).

In Fig. 1 we show an Argand plot of the elastic partial
wave amplitude T,,. It illustrates geometrically how the
real parameters 7 and § are related to the real and
imaginary parts of T,,, Many examples of such Argand
plots may be found in the Baryon Data Card Listings.

Consider the so-called non-relativistic Breit—-Wigner
approximation for Ti,:

Ty, =3T,/(M~E - i) ()

where E is the c.m. energy of invariant mass, I'; and

I are the elastic and total widths, and M is called the
resonance mass. Equation (2) is, of course, not the
only possible description of a resonant amplitude; it
suffices to illustrate the properties of partial-wave
amplitudes which we associate with resonance behavior
in the absence of any background in the same partial
wave (see, e.g., the 7N D, and F,; waves in the Baryon
Data Card Listings). Usually the widths contain barrier-

ImT ImT
1
€e=0
28
n/2
Yo
n/2
— 1 2 +
e=+1
1 1
—% 0O ReT Ye ReT 2
(a) (b)

FIG. 1. Argand plots for the partial wave amplitude 7y,. The
outer circles are the unitarity bound (n=1). The inner circles
correspond to the Breit-Wigner approximation of Eq. (2) for
(a) xy=T,/T'=0.75 and (b) x;=0.4. Note: €=2(M—E)/T.
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penetration factors which can vary rapidly with energy.
Near threshold, T',(E) should start up as ¢3**! (also true
for the inelastic width I';). Various E dependences are
then used for I';, mostly of the form

(qR)21+ 1
const.+ -+ + + (¢gR)??’

I (E) = 3)
see Jackson (1964), Pisit and Roos (1968), and Barbaro-
Galtieri (1968).

The BW-approximation to the amplitude for an inelas-
tic process leading from channel 1 to channel 8 (z7 —KK
or KN -~ Zx, for example), is

Ts=3(T,Te)*/3/(M — E - £4T)

= (x,%5)" 2[$T/ (M~ E - 341)] , ()
where
F=ZN:I‘B, x3=1"3/1", (5)

and x, (called the elasticity) is often written x,. (Note
that in the Data Card Listings we use the symbol P, to
denote x,;.) The channel cross-section o,z for the reac-
tion 1 -8, for spin 0-spin 3 scattering, is

0 =4mA2(T +3) | Tp4)?, (6)

where J=1+%.

The important features of Eq. (4) which characterize
resonant behavior in the Argand diagram (Im7,; versus
ReT,g) are:

(1) Energy variation given by circles with diameter
(%,%)* /2 and maximum amplitude at E=M of

T08% =4 (x,x,) 2 . (W)
(2) A maximum in the speed near resonance, given
approximately by

2(x,%5)" 2

“Speed” (res)= IdTls /dE |E=M = I‘(E) ’ (8)

for slowly varying I'(E). These features may be related
to the 7, 6 representation of 7,,. Thus when E=M, 6 is
either 90°(x, >%) or 0°(x, < %) and 7 dips to its minimum

value.

These simple properties can be used to judge the pres-
ence or absence of resonance behavior in an Argand plot.
However, it must be kept in mind that Egs. (2) and (4)
are only approximations to the “true” amplitude. The
simple picture given above can be distorted by various
effects:

+the presence of “background” in the same partial wave
as the resonance

+two resonances in the same partial wave overlapping
in energy

*the resonant energy M being close to an inelastic chan-
nel threshold, in which case a K-matrix-like parametr-
ization is more appropriate.

B. SU(3) sign conventions for A and X resonances

Consider the partial width I'; of a resonance decaying
into the channel 8. We can always define a coupling con-
stant such that

T,<GE.

In this case the inelastic amplitude in the Breit—-Wig-
ner approximation, Eq. (4) will go as

T,3<G,Gy /(M—E - 34T) ,

where G, is the coupling constant for the elastic chan-
nel. In the context of exact SU(3) symmetry the rela-
tive signs of the product G,G, for different resonances
are often useful as a consistency check on SU(3) assign-
ment of A and ¥ resonances. See Appendix II for further
details.

In the Data Card Listings for A and ¥ resonances, we
tabulate measured values for (x,%5)'/2«G,G;. Whenever
there is an explicit sign, it will be according to the con-
vention advocated by Levi-Setti (1969) and used in the
table of SU(3) Isoscalar Factors presented in this re-
view. Thus the signs multiplying the Breit—Wigner am-
plitudes for KN —>(1385) - =7, Ar and KN -~ A(1405)

— 27 are simply the product of the phases of the ap-
propriate isoscalar factors. This convention is shown
in Fig. 2 from Levi-Setti (1969).

SU(3) RELATIVE SIGN OF RESONANT AMPLITUDES

~ . _F-; T
Toes ~@(Gzye* G a)/(M-E-i %)
{0} {8} le] fel 8} fiof i FIG.. 2. P.lot adapted f%'om
2(1385) A(1670) A(1690) A(1820) A(1830) I(2030) A(2100) Levi-Setti (1969) showing the
P13 x sor 003 FO5  0OS F17 ‘527 " sign convention adopted here

P NZERNDLS SN for the Zm and A7 amplitudes.

X
TN /”T\\\ /f\‘\ ARNTTNT TN R E
-3 ! Y A \ ¥ v y v
T £
\

/ ¥
D 7 ) T I
\ \ \
N NN NN 0 NN

~— - -

e N -
s \ N\
\% }/ \l/ i/ }( l\
RN TN TR W
X X X X

Once the signs of one I=0 and
one I=1 amplitude are fixed,

sol 003 o X X s oI5 s the others can be measured
I .
A1405) A(IS20) E(1660) 3 (I760) T (1760) $0915) relative to these two. Arrows
i L] 8 {8} 8| {8l here indicate signs predicted
{8} ]51 lef lIO} by SU(3); X marks indicate the
£(17€0) £(1760) £(1915) £(2030) observed phases; e indicates
® X Sl DIS FI5 FI7 phase chosen according to sign
>N A~ P N SN x\\ convention described in text.
\
—- A L f ) / T \ [ Y Y ! ' T \r The Z(1915) predictions have
L}
\\\_‘,/ AN \\}_/ \\{,/ ‘\\{,/\\\’,/ been changed from Levi-Setti’s
. o3 X X X original figure.
3(1385) 3(1660)
hol o
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C. Types of partial-wave analyses

Partial-wave analyses (PWA) are classified into three
categories in the Data Card Listings: energy-indepen-
dent partial-wave analyses (IPWA), energy-dependent
partial-wave analyses (DPWA), and model-dependent
partial-wave analyses (MPWA), in increasing order of
the number of explicit supplementary hypotheses that
are used to extract the amplitudes from experimental
data.

In an IPWA, data at different energies are analyzed
separately. Usually each partial wave included in the
fit is allowed to vary freely (subject to unitarity con-
straints) over some large region, and waves whose angu-
lar momenta are above some cutoff value are assumed
to be negligible. The sharp cutoff in angular momentum
resolves continuum ambiguities in the solution (such as
the overall phase ambiguity), but there remains a finite
number of indistinguishable “best” solutions (i.e., so-
lutions corresponding to identical physical observables)
which have been codified by Barrelet (1972). In addi-
tion, there are generally some neafby solutions (and
their associated Barrelet ambiguities) which have chi-
squared values close to the minimum one.

At the end of the analysis a choice is made among
these many solutions, usually on the basis of energy
continuity. A popular criterion for making this choice is
the shortest path technique in which the total “length” of
the preferred solution is chosen to be a minimum. The
definition of “length” used here is not universal but is
usually closely related to the total geometrical length of
the lines representing the various partial-wave ampli-
tudes in Argand plots (see the Baryon section of the
Data Card Listings for examples of Argand plots). Vari-
ous other criteria which are also used in some analyses
are, e.g., matching with known solutions at low ener-
gies, the presence of known resonances in the final re-
sults, and limited inelasticity in high partial waves.

In a DPWA, data at different energies are fit simulta-
neously by using an energy dependent parametrization of
the partial-wave amplitudes. The parametrization is
usually chosen to include both resonances and nonreso-
nant background of some sort and an attempt is made to
keep it as “model independent” as possible. Often the
data are grouped into several energy bins which are fit
separately rather than trying to fit the whole energy
range under consideration simultaneously. One of the
main advantages of DPWA over IPWA is that sparse
data spread over many different energies can be ana-
lyzed, e.g., nearly all S=—1 analyses are DPWA. In
addition, the built-in energy continuity helps to resolve
the ambiguities that plague IPWA and eases the prob-
lems associated with resonance parameter extraction.
The price one pays for these advantages lies in the
danger of systematic error in the amplitudes and poor
fits to the data if the parametrization is poorly chosen
or insufficiently flexible.

An MPWA also uses an energy-dependent parametriza-
tion, but one based on explicit model-dependent theoreti-
cal assumptions such as Regge exchanges. This tech-
nique is usually applied to reactions where the data are
incomplete. There is, of course, no sharp distinction
between DPWA and MPWA, and a well chosen MPWA

Rev. Mod. Phys., Vol. 48, No. 2, Part 11, April 1976

parametrization may actually be less biased than a
model-independent but poorly chosen DPWA parametriza-
tion. '

D. Production of resonances

Hereby, we mean the observation of statistically sig-
nificant peaks in invariant mass plots or, loosely, in
integrated cross sections. Many meson resonances are
of this type. We expect most of these peaks to be as-
sociated with Breit—Wigner behavior in appropriate
Argand plots; thus the p meson peak in 77 mass plots
is firmly related to the I=1, /=1 77 phase shift passing
through 90°.

From mass plots we can determine M, I', and the ap-
proximate branching ratios

Xo/%s=T4 /Ty . (9)

In the case of total cross sections, the peak above back-
ground gives us, using the optical theorem, the product
(J+2)x,:

U E =M) = 47X3(J + 3)x, . (10)

V. CRITERIA FOR RESONANCES

An experimentalist who sees indications of a resonance
in some energy (or mass) region will of course want to
know what has been seen in that region in the past;
hence, we strive to have the Data Card Listings serve
as an archive for all substantial claims or evidences for
resonances.

For the Tables of Particle Properties, on the other
hand, we wish to be more conservative and to include
only those peaks or resonances which we feel have a
large chance of survival. An arrow (—) at the left of the
Tables of Particle Properties indicates that a question-
able candidate has been omitted from the Table, but that
it can be found in the corresponding part of the Data Card
Listings. One’s betting odds for survival are of course
subjective; therefore no precise criteria can be defined.
In what follows we shall attempt to specify some guide
lines.

(a) When energy-independent partial-wave analyses
are available (mostly for N¥’s), 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 could accredit a resonance
even if its elasticity is too small to make a noticeable
peak in the cross section.

Of course even if Argand plots are available, it may
still be a matter of opinion as to what behavior consti-
tutes a resonance. Such an example is the Z,(1780)
state seen in KN total cross-section experiments and
in partial-wave analysis. The recent partial-wave anal-
yses of Giacomelli (1974) and Martin (1975) find pre-
ferred solutions which exhibit a resonance-like loop in
the P,, wave near 1740 MeV (see Fig. 5 of the S=+1
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mini-review in the Baryon Data Card Listings). How-
ever, Giacomelli et al. and Martin point out that, despite
the resonant-like appearance of the loop, the evidence
for resonant enevgy dependence is inconclusive. Thus
we omit the Z,(1780) from the Baryon Table. A similar
quandary has existed for some time concerning the
Z,(1900), and it too has been omitted from the Tables.

(b) When there are insufficient data to perform energy-
independent analyses, one often resorts to energy-de-
pendent partial-wave analyses (mostly for Y *’s). In
this case Breit—Wigner behavior is an input. We there-
fore require that resonance solutions be found by sev-
eral different analyses, preferably in different channels
(EN ~KN, 12, etc.), before putting the claim in the table.

(c) Partial-wave analyses of three-body final states
(mN - mnN) are becoming available. While these anal-
yses are based on the isobar model (7N —pN, 74, etc.)
and are subject to theoretical objections of varying im-
portance, they provide increasingly reliable information
on inelastic decay modes of otherwise established reso-
nances.

(d) Most mesons, = * peaks, and high mass N* and
Y * peaks fall into a category for which no partial-wave
analyses exist. In general we accept such peaks if they
are experimentally reliable, of high statistical signifi-
cance or if they are observed in several different pro-
duction processes.

(e) A special category of “diffractive mesons” consists
of statistically significant peaks like 4,,A, or @, which
are not far above the pm, fr, or K *r thresholds. The
question of a resonance interpretation for these states
is complicated, because the behavior near threshold in
these channels may be described by the Deck effect.
Modern partial-wave analyses can shed considerable
light on these problems. See the mini-reviews for de-
tails.

Thus, we enter into the tables of Particle Properties
only states for which there is experimentally convincing
evidence, and we expect that most of these will be con-
firmed as resonances.

VI. CONVENTIONS AND PARAMETERS FOR WEAK
AND ELECTROMAGNETIC DECAYS
A. Muon-decay parameters

The p-decay parameters describe the momentum spec-
trum (p and 1), the asymmetry (£ and §), and the heli-
city () of the electron in the process u* —e*+v+7v. As-
suming a local and lepton-conserving interaction, the
matrix element may be written as

Z <E|ri II*L)(—’;IFi(Cz'*'C;Ys),V) ’

where the summation is taken over i=S,V, T, A, P, Using
the definitions and sign conventions of Kinoshita and
Sirlin (1957), we have for the momentum parameters

p=[3g%+3g%+6g%] /D,
n=[g%-g%+2¢%~22%]/D,

for the asymmetry parameters:
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b

£= 0825 8pCOSP sp ~ 8248yCOSP 4y +14g7COSPp
D

6=[- 6g48yco8¢ 4+ 6g%COSP 7] /DE ,

and for the parameter describing the helicity of the elec-
tron:

h= 2858pCOSPsp — 884 8yCOSP 4y — Bg7COSP
D .

Here
D=g5+g%+4g5=6g%+4g%,
gi=lci|*+ [ci]2,

and
cos¢;;=Re(C¥Cj+CiC¥) .

The quantities g; are defined to be real non-negative
numbers, and the ¢;; are phase angles between the i-
type and j-type interactions. Under the assumption of
two-component neutrinos C;=~C; and C}=-C;, the
S, P, and T terms vanish, and ¢ ,, is the phase angle
between C 4 and C,, in the complex plane.

By using the above equations and the experimental de-
terminations of p, 1, £ 6, and 7, limits can be placed
on gs/gv, £4/8vs &1/8v, &p/8y, and ¢,y. The results,
given in the Data Card Listings assume neither two-
component neutrinos nor time-reversal invariance. If,
however, two-component neutrinos are assumed, then
sing 4, is the amplitude of time-reversal violation.

Note that most experiments study only the upper end of
the spectrum where p and 7 are highly correlated, so
they can only report p for 1=0 and 7 for p=%, The val-
ues for p and 7 we use here were obtained by combining
measurements of both upper and lower ends of the spec-
trum and turn out to be nearly uncorrelated.

Note also that the radiative corrections are unambig-
uous only when gg=g,=gp=0. The same limits on g,/
gy and ¢, are obtained, however, as when g5, g, and
gp are left free.

Current values for the asymmetry parameters as well
as | gA/gVI and ¢4, are given in the Addendum to the
Stable Particle Table. In addition, upper limits on
lgs /gvly lg:r/gvl and 'gp/gvl are given in the p sec-
tion of the Stable Particle Data Card Listings.

B. K-decay parameters

1. Dalitz plot for K— 3w decays

The small deviation from uniformity of the Dalitz plot
for the 37 decay of the K meson is usually described by
a “slope parameter” (Dalitz, 1956). For the 7 and 7’
decays of the charged K’s, and the 7° decay mode of
the K, we parametrize the Dalitz plot distribution by
‘the expression

Ss3

—-s, Sg — 2
|M|""oc1+g———2 °+h<—°3 zs >
: m?, m2,

2
S, — S S,— S
syt () &y
mr, m,

where mf_,. has been introduced so as to make the coeffi-
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cients g, h, j, and & dimensionless, and

S;=(Py= Py =(mg—m;)* - 2m;T; , i=1,2,3
S =%Zsi=-§—(m§(+mf+m§+m§) .
i

Here the P; are 4-vectors, m; and T; are the mass and
kinetic energy of the ith pion, and the index 3 is used
for the odd pion. v

The coefficient g is a measure of the slope in the
variable s, (or T,) of the Dalitz plot, while % and . mea-
sure the quadratic dependence on s, and (s, - s,), re-
spectively. The coefficient j is related to the asym-
metry of the plot and must be zero if CP invariance
holds. Note also that if CP is good, g must be the same
for 7* and 77, and similarly for % and %.

At present there is no compelling experimental evi-
dence for the %, 2, or j term (for upper limits on the
j term, see Sec. B.3(b) below). Thus we stop the
above expansion at the first term and list only g. Since
different experiments use different forms for [M[z, in
order to compare the experiments we have converted to
g whatever coefficients have been measured. See the
mini-review in the K* section of the Stable Particle
Data Card Listings for details on this point. The re-
sults are given in the Addendum to the Stable Particle
Table and in the K* and K9 sections of the Stable Par-
ticle Data Card Listings.

Relations among 7*, 7'*, and 7° are predicted by the
AT =% rule. See Appendix I for these relations and a
discussion of this rule.

2. Form factors in K, leptonic decays

Assuming that only the vector current contributes to
these decays, we write the matrix element as

M e fa- (t)[ (PK+ Pﬂ)uﬁlyu(l + Ys)uv ]
A m it (1+ 75)I«lu] s (2)

where P, and P, are the four momenta of K and 7 me-
sons; m; is the lepton mass; f, and f. are dimensionless
form factors which can depend only on ¢= (P, — P,)?, the
square of the four-momentum transfer to the leptons.

f. and f. are relatively real if time reversal invariance
holds for these decays. K,, experiments measure f,
and f_, while K, experiments are sensitive only to f,
because the presence of the lepton mass makes the f.
term negligible.

(a) K, 3 experiments

Analyses of K, data frequently assume a linear de-
pendence of f, and f_on ¢, i.e.

fe @ =f, O 1+, /m,*)] . 3

Most K ,; data are adequately described by Eq. (3) for
f. and a constant f_ (i.e. A_.=0). There are two equiv-
alent parametrizations commonly used in these anal-
yses:

(1) N+, &0) Parametrization. Analyses of K, data often in-
troduce the ratio of the two form factors

O =£.0/. @) .
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The K ,; decay distribution is then described by the two
parameters A, and £(0) (assuming time reversal in-
variance and A_=0). These parameters can be deter-
mined by three different methods:

Method A: By studying the Dalitz plot or the pion spec-
trum of K,, decay. The Dalitz plot density is (See, e.g.
Chounet et al., 1972):

P(E,, E,) =fi(O[A+BE@)+ CE@?]

where

A=my2E,E, -~ mygE;)+m}(3E;, -E,) ,
B=m}(E, - 3E}) ,
c=tnis,
m2 +m2 —m?
E:r =E1rmax_E1r: £ - & _'E1r .

2my

Here E,, E,, and E, are respectively the pion, muon,
and neutrino energies in the kaon center of mass. The
density p is fit to the data to determine the valuesof A, ,
£(0), and their correlation.

Method B: By measuring the K ,,/K,, branching ratio
and comparing it with the theoretical ratio (See, e.g.,
Fearing et al., 1970) as given in terms of A* and £(0),
assuming p-e universality.

T(K2;)/T(KZ)=0.6457+1.4115x, + 0,1264£(0)
+0.0192 £(0)+0.0080n, £(0) ,
I‘(K 0 )/T(K %) =0.6452+1.3162x, +0.1246 £(0)
+0.0186 £(0)+0.0064, £(0) .

This cannot determine A, and £(0) simultaneously but
simply fixes a relationship between them.

Method C: By measuring the muon polarization in K ,,
decay. In the rest frame of the X, the K is expected to
be polarized in the direction K with B=A&/ |A| where
A is given (Cabibbo and Maksymowicz, 1964) by

A=a,(9p,

_az(g){%[mK—E”+ Py ” > (£,

II2

uﬂ+@}
+m ImE@)(B, X D) -

If time-reversal invariance holds, £ is real, and thus
there is no polarization perpendicular to the K-decay
plane. Polarization experiments measure the weighted
average of £(¢) over the ¢ range of the experiment, where
the weighting accounts for the variation with ¢ of the
sensitivity to £(z).

(2) A+, No Parametrization. Some of the more recent K,,
analyses have parametrized in terms of the form
factors f, and f, which are associated with vector and
scalar exchange respectively to the lepton pair. f; is
related to f, and f. by

fo@ =1 @)+ [t/ % -m)]7.() .

Here f,(0) must equal f, (0) unless f.(¢) diverges at £=0.
The earlier assumption that f, is linear in ¢ and f. is
constant leads to f, linear in #

Fo®) =f(0)[ 1 +2,(2/m3)] .



Particle Data Group: Review of particle properties

With the assumption that £,(0) =f, (0), the two paramet-
rizations, (x,, £(0)) and (,, ;) are equivalent as long
as correlation information is retained. (x,,x,) correla-
tions-tend to be less strong than (X, £(0)) correlations.

The experimental results for £(0) and its correlation
with A, are listed in the K* and K9 sections of the
Stable Particle Data Card Listings in subsection XIA,
XIB, or XIC depending on whether Method A, B or C
discussed above was used. The corresponding values
of A* are listed in subsection L+M,

Because current experiments tend to use the (A, , ;)
parametrization, we have added a subsection LO for
2, results. Wherever possible we have converted £(0)
results into A, results and vice versa.

b) K, 3 experiments

Analysis of K, data is simpler than that of K, be-
cause the second term of the matrix element assuming
a pure vector current (Eq. 2 above) can be neglected.
Here f, is usually assumed to be linear in #, and the
linear coefficient A, of Eq. (3) is determined.

If we remove the assumption of a pure vector current,
then the matrix element for the decay, in addition to the
terms in Eq. (2), would contain

+2m p(fst, (1 + v5)u,
+ (2fT/mK)(PK)), (Pw)uh—lo'), u,(l + 75)14,, ’

where f is the scalar form factor, and f, is the tensor
form factor. In the case of the K, decays where the f.
term can be neglected, experiments have yielded limits
on |fs/f, | and | fr/f.
The K, results for \,, |fs/f.| and | fp/f, |arelisted in
the subsections L+ M, FS, and FT respectively of the K *
and K ¢ sections of the Stable Particle Data Card Listings.
See also the Note on K and K9, Form Factors in the
K* section of the Stable Particle Data Card Listings for
additional discussion of the K9, parameters, correla-
tions, and conversion between parametrization and
also for a comparison of the experimental results.

3. CP violation in K9 decays

We list parameters for four different reactions in
which CP-can be tested [for details, see Okun and Rubbia
(1967), Steinberger (1969), and Wolfenstein (1969)].

(a) Kg—n*7"n°. The quantity measured here is the ratio
of amplitudes

AsKs~m*n ) /ALKy~ 7 n-n%) =x+dy . 4)

If CPT invariance holds and there is no I=3 state pres-
ent, then x can be neglected and CP violation would be
observed as a nonzero y. We give the result for Eq. (4)
in the K9 section of the Stable Particle Table and under
Branching Ratio R4 in the K% section of the Stable Par-
ticle Data Card Listings. Our procedure is to assume
that x=0, and to list (A5/A;)? in the form of a branching
ratio.

(b) Charge asymmetry in K; ~3n decays. As men-
tioned above, the presence of a term in (s, - s;) in ex-
pression (1) describing the Dalitz plot distribution for
7*, 7% decays of K mesons would be an indication of
CP violation. Rather than licting values of the (s, —s,)
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coefficient j in Eq. (1), we choose to list o, from the
equivalent expression

[M|2c 140, GAVINT, = T.)/T, o

+ (CP nonviolating terms) ,

(5)

where T, are the kinetic energies of the charged pions.
We have momentarily abandoned the form involving the
Mandelstam variables s, in favor of Eq. (5) because the
latter has been consistently used by experimenters
searching for CP violation. We list 0, among the CP-
violating parameters at the back of the K section of the
Stable Particle Data Card Listings. Note that only upper
limits have been reported for this quantity.

(c) Asymmetry in the K; — 17 I*v decays. The quantity
measured and compiled here is

DKy~ 11 v) = T(K, =~ 7* ")

O T, = T+ TR, = %)

This asymmetry violates CP invariance. If CPT is good,
for a pure K% beam, 6 can be written as

6=2[(1 - [x]/(|1 - x[?)]Ree ,

where x is the AS=AgQ-violating parameters defined in
section B4, and ¢ is the parameter of the expansion

|Ky=[(1+e|K) -1-9|K)]/[2(1+ |€|®] /2, (62)

[Ksy=[(1+9]K)+(1 - |BY]/[2(1+ | €|®]*/2 .

We give § in the Addendum to the Stable Particle Table.
In addition, in the K} CP-violation section of the Stable
Particle Data Card Listings, we list 6 separately for K9
—7muv and K —~qev. :

(d) K, —~27 decay. The relevant parameters are

N =AE~ 11 )/ AKs~1" 1) = |0, |exp(ip,.) ,

Too=AEK = 7°1°)/AK g~ 7°1°) = l oo I exp(igoo) »
¢, defined in Eqs. (6) above, and

€ =33 V2 [expi(5;, ~ 5,)] Im(4,/A,) .

Here, A; and §; are the amplitude and phase of 77 scat-
tering at the K mass, defined by

(I=0|T|K)=exp(id,)4, ,
(I=2|T|K)=exp(i5,)A, .

(6b)

Wu and Yang (1964) have derived the relationships
N.=€+e€,
Tho = € — 2€’ .

We give 1, ., T ¢.., and ¢, in the Addendum to the
Stable Particle Table. The phases are measured direct-
ly, whereas the magnitudes 7, . and 7,, are derived pa-
rameters. We use, as far as we can, the directly mea-
sured quantities as input and calculate 7, and 7,, from
the values given by our constrained fits. Therefore, if
one looks at the Data Card Listings, most of the |7]
measurements appear in the form of branching ratios,
with appropriate comments. We then give the values
of m,_ and |7,|? in a separate list at the end of the CP-
violating parameters section of the K9 section of the
Stable Particle Data Card Listings.
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4. AS=AQ rule in K? decays

The relative amount of AS+# AQ component present is
measured by the parameter x, defined as

x=AE = 7' v)/AK°~71"V) .
We list Re{x} and Im{x} for both K, and K, at the end

of the Stable Particle Data Card Listings and give values
in the Addendum to the Stable Particle Table.

C. n-decay parameters
1. C-violation in n-decays

As a test of possible C-violation in electromagnetic
interactions, a number of experiments have looked for
possible charge asymmetries in the decays n-n*7"1°
and n—7*7"y. We list the following parameters:

(a) The left-right asymmetry
A=(N*-N")/(N*+N"),

where N means the number of events with the 7’ en-
ergy greater than the 7 energy in the 7 rest frame.
(b) The sextant asymmetry

_ N+ Ny +N;, =N, - N, - Ng
87 N;+N,+Nz+N,+Ns+Ng

A

for the decay n—n*7r"7°. The numbers refer to the sex-

tants of the Dalitz plot [ see, for example, Layter (1972)].

A, is sensitive to an I=0 C-violating asymmetry.

(c) The quadrant asymmetry A, defined in a similar
way as A, but with each sector of the Dalitz plot now
containing 7/2 rather than 7/3 radians. A . 18 sensitive
to an I=2 C-violating final state.

(d) The d-wave contribution to the C-violating ampli-
tude in the decay n—a*r"y. The upper limit for this con-
tribution is measured by the parameter B, defined by

dN/d|cos8| = sin?6(1 + B cos?0) ,

where 6 is the angle between the 7* and the ¥ in the di-
pion center of mass. A term proportional to cos?6 could
also be due to p- and f-wave interference. )

We list A for the decay modes 11— r*7"7° and n—7*7"y,
A, and A, for the decay 71—~ m*7~n°, and B for the decay
n~*7~y in the 7 section of the Stable Particle Data Card
Listings.

2. Dalitzplotforn—>a"n"n°

The Dalitz plot for the decay -7 *7"n° may be fit by
the distribution

|M(x, y)|? <1+ ay +by?+ cx+dx®+exy .

Here,
x=V3 (T,-TJ)/Q,
y=(3T0/Q)_1 )

T,.,T., T, are the kinetic energies of the 7*, #~, and
7° in the 7 rest system, and Q =m, —m,+ — Mye — Myo.
The coefficient of the term linear in x is sensitive to
C-violation due to an =0 or I=2 final state. We list
papers presenting determinations of thée parameters
a, b, ¢, and d in the 7 section of the Stable Particle
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Data Card Listings. 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.

3. Dalitz plotforn—>n"n "y

The Dalitz plot for the decay 1 — 7 *r~y may be fit to
the expression

|M|2m1+2az ,

where
2 3 3 1 2 p2
Z~§iz=; [mn_3m1r <Ei—§mn)] " Phax

Here E; is the energy of the ¢th pion in the 7 rest
frame, and p is the distance to the center of the Dalitz
plot. We list the parameter o in the 7 section of the
Stable Particle Data Card Listings.

D. Baryon-decay parameters
1. A/V ratio for baryon leptonic decays
Consider the decay
B;~B;+l+v.

Assuming V,A theory, neglecting “induced” scalar, “in-
duced” pseudoscalar, and axial weak-magnetism terms,
and neglecting the ¢* dependence of the form factors, the
baryon part of the matrix element for these decays may
be written (Goldberger and Treiman, 1958) as

(By |7x(gv—g.475)+(gw/msi)awfb lBi> s

where B; and B, represent initial and final baryons, g,
and g, the axial and vector coupling constant, g, the
weak magnetism coupling constant, and ¢, the sum of
the lepton momenta. Here the Pauli representation is
used for the y matrices. The definition of g,/g, is

g,q/gv= ]gA/gV |eXp(i5) s

where § is 0+nr if time-reversal invariance holds (see
Jackson et al., 1957).

In neutron beta decay the measurements are consistent
with time reversal, so g,/g, is nearly real and has been
considered to be such in all the baryon leptonic decays.
Notice that by using the above definition of the matrix
element with the Pauli representations, the value of
g A/gv in neutron beta decay is negative.

Due to statistical limitation the weak magnetism form
factor gy, is usually assumed from CVC and SU(3), so
only g, and g, are determined experimentally. This
determination is accomplished in a variety of ways:

(a) The lepton-neutrino angular correlation provides
a measure of the absolute value of g /g, (for relevant
formulas, see, e.g., Albright, 1959).

(b) The up-down asymmetry of the lepton from polar-
ized baryon decays provides a measure of g A/g,, with its
sign (for relevant formulas, see, e.g. Albright, 1959),

(c) The lepton spectrum, given enough statistics, pro-
vides a measure of g ,/g, with its sign (for relevant
formulas, see, e.g., Bender, 1968).

(d) The polarization of the decay baryon, from polar-
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ized or unpolarized initial baryon, also provides g,/g,
with its sign (for formulas, see, e.g., Willis and Thomp-
son, 1968).

We compile the ratio g,/g, with its sign, for those
decays for which it has been measured. For the neutron
beta decay we compile also the phase 5. i

All the coupling constants and decay rates for baryon
leptonic decays are related by Cabbibo’s theory
(Cabbibbo, 1964). A recent fit to this theory has been
done by Roos (1974).

2. Asymmetry parameters in nonleptonic hyperon decays

The transition matrix for the hyperon decay may be
written as

M=s+p(6+4q), )]

where s and p are the parity-changing and the parity
conserving amplitudes, respectively; G is the Pauli spin
operator, and q is a unit vector along the direction of the
decay baryon in the hyperon rest frame.

The asymmetry parameters are defined by the rela-
tions :

a:VZRe(s*p)/(lslz+ 21® ,
B=2Im(s*p)/(|s |+ |p|?) ,
r=(s>= [p[/(s |2+ ] .

With the transition matrix (7), the angular distribution
of the decay baryon, in the hyperon rest system, is of
the form

I=1+aP,-q,

where P,=(Y|o|Y) is the hyperon polarization.
In the notation of Lee and Yang (1957) the polar-
ization P of the decay baryon is?

P o @+ Py DT+ p(PyxT)+rGx (Byx§)
B 1+aP,+q

where P s is defined in that rest system of the baryon ob-
tained by a Lorentz transformation along q from the hy-
peron rest system in which q and '15,, are defined. Note
that a is the helicity of the decay baryon for unpolarized
hyperons.

The three parameters o, B, and y satisfy the relation

o?+BP+y2=1,
It is then convenient to describe hyperon nonleptonic de-
cays in terms of the two independent parameters a and
the angle ¢ defined by

B=(1 - a?'/2sing ,

y=(1 -a?*'/2cos¢ ,

which has a more nearly Gaussian distribution than g or
v. Evidently '

ZNote that Lee and Yang (1957) contains a misprint. The
minus sign in the definition of 8 should be replaced by a 2. In
addition, our unit vector § is the direction of the baryon,
whereas their unit vector P is the direction of the pion.
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—%ﬂSqﬁséw for y>0.
+ar<p<3y for y<O.

In discussing time-reversal invariance, the quantity
of interest is A, defined by

a=2|s|p|cosa/(|s|?+ |p|?),
p==2s| p|sina/(|s|*+|p|? ;
that is, A is the phase angle of s relative to p. Evidently
~ir<Asiy for >0,
+3r<A<ig for a<O0.

Under the assumption of time-reversal invariance, the
angle A must satisfy the relation

A=08,-9,,

modulo 7, where 5, and &, are the pion-baryon scatter-
ing phase shifts at the appropriate energy and for the
appropriate isospin state. For A decay, assuming the
validity of the |AI| =3 rule,

A=5,—5,=(6.8 +2.0) deg.?

In the Stable Particle Data Card Listings we give o and
¢ for each decay since they are the most closely related
to the experiments and are essentially uncorrelated.
Whenever necessary we have changed the signs of the
reported values, so as to agree with our conventions.

In the Stable Particle Table we give a, ¢, and A with
errors; and for convenience we also give the central
value of v, without an error.

VIl. STATISTICAL PROCEDURES

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

A. the unconstrained case, or “simple averaging”, and
B. the constrained case.

In what follows, the term “error” means one standard
deviation (10); that is, for central value ¥ and error 6%,
the range ¥ + 6% constitutes a 68.3% confidence interval.

A. Unconstrained averaging

We first describe the standard procedure which we
have used for several years to determine averages and
errors. We will then discuss a second method, newly
proposed, which we feel offers a less conservative, and
possibly more accurate, estimate of errors.

1. Standard procedure—Gaussian distribution with scale
factor

We begin by assuming that measurements of a given
quantity obey a Gaussian distribution, and thus we cal-
culate a weighted average and error

3This value for 65 — 06, is derived from the phase-shift anal-~
yses by Roper et al. (1965). The error is our estimation of the
uncertainty.
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97169?=<; wixi/ 2; wi>i[1/ <Zi:wiﬂ-1/z ,
w; =[1/(6%,)] , (1

where x; and 8x; are the value and error, respectively,
reported by the ith experiment, and the sums run over
N experiments. We also calculate x* and compare it
with its expectation value of N -1,

If x3/(N —1) is less than or equal to 1, and there are
no known problems with the data, we accept the above
results.,

If x3/(N - 1) is ridiculously large, or if there is prior
knowledge of extremely large inconsistencies between
experiments, we may choose not to average the data at
all. Or, in some cases, we may quote the calculated
average, but then give an “educated guess” as to the
error; such a guess is a generally quite conservative
estimate designed to take into account known problems
with the data. '

Finally, if ¥3/(N - 1) is greater than 1, but not to such
a large extent, we still average the data, but then try to
make up for this fact in two ways:

(i) We plot an ideogram to guide the reader in deciding
which data he might reject before making his own se-
lected average. An example of such an ideogram is
given in Fig. 3 below. Each experiment appearing in
the plot is represented by a Gaussian with central value
x;, error dx;, and area proportional to 1/6x;. The
choice of area is a somewhat arbitrary one; it is based
on the assumption that an experimenter will work to
reduce his systematic errors until they are slightly
smaller (but seldom much smaller) than his statistical

WEIGHTED RUERAGE = 104,2 = 12.1
ERROR SCALED BY 2.3

—_—

CHISQ
_— - FOLEY 72 CNTR 0.2
----- GRAYER 71 ASPK 7.2
- -CRENNEL 71 HBC 1.4
-------- ALSTON-GA 70 HBC 0.3
\ - Ao oo e DAHL 67 HBC 10.1
—_— e e e e BARLOW 67 HBC 10.3
e e | . - -BARLOW 67 HBC 3.0
32.6
(CONLEU
o] SO 100 150 200 250 =0.000)

A2 WIDTH (MEV), K KBRAR MODE

FIG. 3. Ideogram of measurements of the A, width, as deter-
mined from the KK mode. The vertical line indicates the posi-
tion of the weighted average, while the horizontal bar atop the
line gives 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.
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errors. Thus as a bubble-chamber physicist gets more
events, he will use them both to reduce his statistical
errors and to study his biases. Our confidence that a
significant systematic error has not been made in his
experiment, as compared with other contradictory ex-
periments, then tends to go up as 1/6x;.

But why not assign a weight 1/ fo, as is done when
computing a weighted average? We feel that this is
equivalent to assuming that large systematic errors
are as infrequent as large statistical fluctuations, and
that this is unrealistic.

We want to emphasize the difference between least-
squares averaging (where the weighting factor is the
inverse square of the error) and the ideograms pre-
pared for visual display. The former arithmetic is of
course best if one has statistically distributed input,
and yields a narrow Gaussian distribution centered at
the weighted mean. The ideogram (often multipeaked
and certainly not Gaussian) is based on the opposite hy-
pothesis that some of the input is systematically inerror.
The idea behind least-squares averaging is that experi-
ments 1,2, 3, etc., are all valid (so we should multiply
their probabilities); our ideograms are based on the as-
sumption that 1 or 2 o 3, etc., is valid, “hedged” with
1/ ox; betting odds; we then add their probabilities. Both
approaches cannot simultaneously be right; we leave it
to the reader to choose. A glance at the ideogram will
show, however, that the discrepancy is often not severe
for reasonably distributed input.

(ii) The second way in which we try to take account of
x2/(N - 1) being greater than 1 is to scale up our quoted
error 6% in Eq. (1) by a factor

SCALE=[x3/(N-1)]*/2 , (2)

Our reasoning is as follows. Since we don’t know which
one or more of the experiments are wrong, 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® returns to N -1, and of course the out-
put error scales up by the same factor.

If all the experiments have errors of about the same
size, the above (straightforward) procedure for calcu-
lating SCALE is carried out. If, however, we are to
combine experiments with widely varying errors, we
must modify the procedure slightly. This is because it
is the more precise experiments that most influence not
only the average value ¥, but also the error 6§xX. Now,
on the average, the low-precision experiments each con-
tribute about unity to bo¢z the numerator and the denom-
inator of SCALE, hence the x* contribution of the sensi-
tive experiments is diluted, i.e., reduced. Therefore,
we evaluate SCALE by using only experiments for which
the error are not much greater than those of the more
precise experiments. Explicitly, to calculate SCALE
we use only the most sensitive experiments, i.e., those
with errors less than §,, where the ceiling §, is (arbi-
trarily) chosen to be

8o=3N/26% .

Here 6% is the unscaled error of the mean of all the ex-
periments. Note that if each experiment had the same
error 8x;, then 6% would be 5x,/N'/2, so each individual
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experiment would be well under the ceiling on 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 8% is increased so that it is
approximately half the interval between the two discrep-
ant values.

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

2. A second procedure—Student’s distribution

The newly proposed method of averaging data, de-
scribed in detail in Roos et al. (1975), relies upon an
empirical determination of the distribution of the resid-
uals for the ensemble of data appearing in the Review.
The residual for the 7th measurement of a quantity with
average value ¥ is defined as

hy=(x;-%)/6x;.

Roos et al. select several different subsamples of the
data, and show that the residuals for each subsample
have approximately the same properties; in particular,
their first few even moments are similar. Since the
distributions have longer tails than a Gaussian, the
authors choose to represent them by a distribution func-
tion having such a property, namely the Student distribu-
tion

(n/c)?

n

.

Sn(h/c)=K[1+ ]'("H)/z

3)

Here K is a normalization constant, and » and ¢ are pa-
rameters which the authors then fit to the combined sam-
ple of data. The resulting empirical distribution is

]-11 /2

Note that the shape of S,, is somewhere between that of
a Gaussian (=S.,) and that of a Breit—-Wigner (=S,).

The proposed method of averaging the data for a given
quantity then consists of finding the value of ¥ which max-
imizes the log-likelihood function

(n/1.11)2

sm(h/1.11)=0.351[1+ 10 (4)

iew of particle properties S15

— XX .
LOg"B ({xi} Ix)_Z Slo<1.115xi ) s (5)
the sum here is again taken over all N measurements of
x. The error 6x is determined by finding the variation

in ¥ needed to decrease the log-likelihood by 1/2:

log® ({x;} | %) - log® ({x,} | ¥+ 6%) =% . (6)

3. Comparison of procedures

Both of the procedures described above adopt a par-
tially empirical approach to the problem that measured
values for the quantities tabulated in this Review do not
exhibit the Gaussian behavior naively expected. (This
problem, it should be noted, persists even when careful
attempts are made to resolve difficulties and incon-
sistencies in the data prior to averaging.)

The first approach operates on a quantity-by-quantity
basis and adjusts the error in each case so that no
scaled x2/(N —1) is greater than 1, This is obviously
rather conservative, since even if the data obeyed a
Gaussian distribution, about half of the quantities would
be expected to have x3/(N-1)>1.

The second approach, on the other hand, assumes that
(provided we first eliminate quantities with obvious,
known problems) all quantities have the same theoretical
distribution function, namely the fairly long-tailed Sm(h/
1.11). With this supposition, if a particular quantity has
a large x2, it is assumed to be just a happenstance, oc-
casioned by a random fluctuation into the long tails, and
no special scaling for this quantity is done. This pro-
cedure thus results in generally smaller, or less con-
servative, error estimates for quantities having
/(N -1)>1, (However, it should be noted that, because
of the overall scale of 1.11 appearing in the empirical
Student’s distribution, the errors for quantities with
x2/(N —1) <1 are actually increased by about 10%.)
Table III shows some comparisons of sample results
from the two procedures, using data from the 1974 edi-
tion of the Review. Shifts in both ¥ and 6% can be ob-
served, especially where SCALE> 1,

Since the new procedure is a significant departure
from the past, we have adopted the following approach
for this year: in the Data Card Listings we give the
average-and-error for each quantity calculated both
ways; the standard way is labeled at the left with the
code “AVG,” while the proposed newer way is labeled

TABLE III. Comparison of procedures.
Pure Standard method: Proposed method:
Gaussian Gaussian + scale factor Student’s distribution
Particle property X+ 0x X+ 6% SCALE X+ 0x
p® mass (MeV) 770.32+0.65 770.32+0.91 1.4 770.37+0.82
n’ mass (MeV) 957.59+0.24 957.59+ 0.24 1.0 957.58+0.28
¢ mass (MeV) 1019.69+0.15 1019.69+0.28 1.9 1019.83+0.20
K *(1420) mass (MeV) 1421.3 +£2.3 1421.3 +2.3 1.0 1421.3 +2.6
K9 mean life (1078 sec) 5.158 +0.042 5.158 *0.042 1.0 5.158 +0.046
=* mean life (10719 sec) 0.8004 +0.0058 0.8004+0.0058 1.0 0.8004+0.0064
=~ mean life (10719 sec) 1.482 +£0.011 1.482 +0.017 1.5 1.479 £0.013
K* —ntgtn™ (%) 5.521 *0.075 5.521 =+ 0.098 1.3 5.533 +£0.089
A —pm~ (%) 63.99+ 0.49 63.99+0.49 1.0 63.98+0.55
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“STUDENT.” Inthe Tables of Particle Properties, we
continue to use the standard procedure—Gaussian with
SCALE factor. As in the past, a SCALE factor greater
than 1 is indicated by the appearance of “S=...” next
to the value and error.

We heartily invite your comments on the proposed
Student’s distribution method. They will assist us in
deciding on procedures for future editions.

B. Constrained fits

Except for trivial cases, all branching ratios and rate
measurements are analyzed by computer program AHR.
This program makes a simultaneous least-squares fit
to all the data, and outputs the partial-decay fractions
P,, width T, partial widths I';, and their error matrix.

The original version of AHR was written by J. Peter
Berge. It is documented separately, and we wish here
only to give the simplest nontrivial example that permits
us to comment on the error matrix and the scale factor.

Assume that a state has only three partial-decay frac-
tions, P,, P,, and P, (2 P;=1), which have been mea-
sured in four different ratios, R,,...,R,, where, e.g.,
R,=P,/P,,R,=P,/P,,etc.? Further assume that each
ratio has been measured by N experiments (we designate
each experiment with a subscript x, e.g., R;,). Then
AHR finds the best values of P,, P,, and P; by minimiz-
ing ¥?, namely

e B[SEEELRY] o

r=1 x=1

In addition to the fitted values P,;, the program calcu-
lates an error matrix (6P;56P;). We tabulate the diagonal
elements 6P, = (6P,6P,)'/? [except that some errors are
scaled according to Eq. (2) as discussed below]. In the
listings we give the complete error matrix; we also cal-
culate 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 I'; as well as total
width I'. In this case AHR must introduce I"' as a param-
eter into the fit, along with the relations I'; =T'P,, ), T,
=T'. When appropriate, we tabulate the I'; along with the
P;, and give error matrices in the listings.

(2) Note that 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,

In asymmetric errors, we use a continuous function of
&5(P)* and 6(P)" in the fitting. When no errors are re-
ported, we merely list the data for inspection.

Hyperon-decay parameters

The program AHR handles any type of input, o, ®, A,
B, or y, according to the definitions of Sec. VI. If for a

‘We can handle any R of the form R =>30;P;/7 B P{, where
a; and B; are constants, usually 1 or 0.
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particular hyperon decay there are data for more than
two of the decay parameters, they are analyzed by using
the constraint

P+ +2=1,

Inconsistent constrained data

According to our simple example, which led to Eq. (7),
the double sum for x® is summed over experiments x=1
to N, leaving a single sum over ratios

=20 %

Even before fitting, some of the x? may be too large.

But if we scaled them before fitting, then the scaling
would move the central value, contrary to our policy.

So we do not scale until after the first fit; then, knowing
the fitted y2 and its expectation value (x2) we form SCALE
factors (just as before), i.e.,

(SCALE); =x2/(x%),

and if any (SCALE), is greater than 1, all N of the mea-
surements of that particular ratio are equally penalized
by having their errors increased by SCALE. Program
AHR then recycles on all the data, those with errors un-
changed as well as those with errors increased. We then
get new values, 6P/ for the errors in the partial decay
modes.

Because of the constraint (2 P; =1) some SCALE fac-
tors may still be greater than 1 even after this second

pass. If this is so, the whole procedure (i.e., increasing

errors by the new SCALE factors and recycling through
AHR) is repeated.

At the end of AHR’s final pass we have fwo measures
of the errors for the P;,. One is, of course, the 6P,
i.e., the errors in the final fitted values P} which include
the effects of scaling the input errors. The other mea-
sure of the errors is (P; - Pj), i.e., the shift in the cen-
tral values of the ith mode between the first (unscaled)
fit and the final (scaled) fit. In practice we find that on
the average these two measures of the uncertainty are
about equal. Rather than selecting just one or the other,
our tabulated errors are given by the combination

(6P)) =8P + (P, - P} 2112,

where P; is the fitted value of the ith partial-decay mode
before scaling, Pj is its value after scaling, and 6P} is
the error in P;. The SCALE factors we finally list in
such cases are defined by

(SCALE), = (6P,);,,/6P; .

However, in line with our policy of not letting SCALE
affect the central values, we give the values of P; ob-
tained from the original (unscaled) fits. [The differences
between the P, calculated with either the scaled or the
unscaled errors are, of course, always within the tabu-
lated errors, (6P;)u. ]

VIiil. A LOOK AT HISTORY

It may be said that one can estimate the age of a high
energy physicist by asking him or her the mass of the
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A°. If the answer is 1115.44 MeV, he probably was deep
into his graduate training in 1965.

A history of the values of physical constants has more
than whimsical value. In Fig. 4 we show how the gen-
-erally accepted values for the speed of light and a couple
of other constants have changed with time. The “gener-
ally accepted value” is usually an average over several
experiments, performed by a compiler (in Fig. 4, the
compiler is other than the Particle Data Group in all
cases, although we do of course quote the complied re-
sults). The x axis on all these figures is the date of
publication of the value shown. Clearly there is a gen-
eral progression toward better understanding—at least
as measured by the size of the error bars. However, the
size of the error bars do not tell the full story, as we
can see by the frequency with which the “best” value has
changed by more than one standard deviation. Changes
in these values can come from several sources—a new
experimental measurement, re-evaluation of an old mea-
surement (which can come about if a previously unrecog-
nized source of bias is discovered and corrected, or if
a new value for one of the input constants, e.g. the elec-
tric change, is available), or a change in the averaging
procedure.

In Fig. 5 we show the history of some masses (includ-
ing the A°, for radioactive A° dating of your colleagues),
based on averages which we ourselves have performed.
All of these were originally presented in Rosenfeld
(1975). The publication date refers to the publication of
the Review of Particle Properties.

In Fig. 6 we show the best estimates for the lifetimes
of some of the particles stable against strong decay.
These and subsequent figures have been compiled since
publication of Rosenfeld (1975). In Fig. 7 we show the
widths of some of the resonances, and in Fig. 8, the
values of some of the branching fractions. All values
are taken from the Tables. Before 1964, very few
branching fractions were listed in the Tables. In all
cases, a representative sample is chosen. In each fig-
ure, the heavy inner error bar represents the statistical
error computed in the averaging procedure, and the thin
outer error bars, when present, indicate the increase in
the error due to the scale factor. The scale factor is de-
scribed in the preceding section. It represents an at-
tempt to quantify the increase in the uncertainty which is
present in the case of experiments which disagree by
more than a certain amount. In the case where the error
represents an “educated guess,” rather than a calcula-
tion, the inner error bar is absent.

On the whole, the number of times the values have
changed by more than one standard deviation over the
years is remarkably few. Even those branching fractions
which involve rare decays and which are therefore pre-
sumably difficult to measure (Fig. 8) are, for the most
part, within one or two standard deviations in 1974 of
their value in any year since 1960. This is in spite of
the vast amount of new experimental input, and indicates
the general reliability of the results.

Of course, the data points for the different years are
hardly independent of each other, but those differing by
several years frequently have quite different experimen-
tal input. The relative lack of change is a comment both
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on the experiments and on the averaging procedures.
We, of course, are responsible only for the averages
(but not on Fig. 4). These averages entail considerable
exercise of judgment: there are conflicting experiments,
experiments with impossibly small errors, “prelimi-
nary” results, and so forth. Statistical procedures will
tell us that two experiments do not agree; they do not
give a clue as to which (if either) is a good representa-
tion of the truth. Major decisions, and their motiva-
tions, are usually discussed on a case-by-case basis in
the Data Card Listings; general comments may be found
in Sec. II and in Rosenfeld (1975). Note that, occasional-
ly, the error bars increase from one publication to the
next, in these figures. This is usually the result of de-
cision making by the compiler, e.g., to cease using a
particular result.

We show these figures not only to demonstrate that
there is not much change in these averages in the usual
case, but also to show that there exist cases with rela-
tively large changes. There is a psychological danger
in preparing tables of “right” answers. The old joke
about the experimenter who fights the systematics until
he or she get the “right” answer (read “agrees with pre-
vious experiments”), and then publishes, contains a
germ of truth (presumably, those who compile and aver-
age experimental results are also not immune to this
disease). A result can disagree with the average of all
previous experiments by five standard deviations, and
still be right! Hence, perhaps it is of value to show that
large changes can (and do) sometimes occur.

In summary, with the addition of Figs. 7—8, not avail-
able at the time of publication of Rosenfeld (1975), we
find we can reiterate his conclusions. Namely, that the
combination of careful work by experimenters and by
compilers (which involved excluding around 40% of the
data from the averages, adjusting impossibly small er-
rors, etc.), and the frequent use of the conservative
scale factor, has produced averages whose reliability is
remarkably good.
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TABLES OF PARTICLE PROPERTIES

April 1976

N. Barash-Schmidt, A. Barbaro-Galtieri, C. Bricman, V. Chaloupka,
R. J. Hemingway, R. L. Kelly, M. J. Losty, A. Rittenberg,
M. Roos, A. H. Rosenfeld, T. G. Trippe, G. P. Yost

(Closing date for data: Jan. 1, 1976)

Stable Particle Table

For additional parameters, see Addendum to this table.

Quantities in italics have changed by more than one (old) standard deviation since April 1974.

Particle IG(JP)Cn Mass Mean Life Partial decay mode
(MeV) (sec) por
Mass2 cr Mode Fraction? PmaxPb
(Gev)2 (cm) (MeV/c)
0,1(17)~  0(<7x10"22) stable stable
v J-;— ve: 0(<0.00006) stable stable
vy 0(<0.65)
e J=1 0.5110034 stable (>5x102!y)  stable
+.0000014
M =1 105.65948 2.197134x10°° evv 100 % 53
+.00035 +.000077 ery ( <4 )x10~6 53
m2=0.01116 cT=6.5868x10% 3e (- <6 )x10~9 53
m,—m,+= -33.909 ey_ ( <2.2 )x1078 53
£.006 etvev, ( <25 )% 53
nt 17(0") 139.5688 2.6030x10~8 nv 100 % 30
+.0064 +.0023 ev ( 1.267+0.023)x10™* 70
m2=0.0195 cT=780.4 nvy ©(  1.24£0.25)x10™% 30
(rr-17)/ 7= nOev ( 1.0220.07)x10~8 5
(0.05£0.07)% evy ¢( 3.0.40.5 )x1278 70
(test of CPT) evete” ( <3.4 )x10~8 70
11'0 17(07)+ 134.9645 . 0.828x10"16 r ( 98.8510.05)% 67
£.0074 $.057 S=1.8" yete ( 1.15:0.05)% 67
m2=0.182 cr=2.5x10"6 rrr (<5 © )x10-6 67
mpyt-m,o0=4.6043 e*te~e*te” d( 3.32 )x10~5 67
£.0037 rry (<6 )x10~3 67
ete” ( <2 )x10~6 67
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Stable Particle Table (cont’d)

Particle 1G(P)c, Mass Mean life Partial decay mode
(MeV) (sec) p or
Mass2 cT Mode Fractiond PmaxP?
(GeV)2 (cm) (MeV/c)
Kt +07) 493.707 1.2371x10~8 uv ( 63.61£0.16)% 236
+0.037 +.0026 S=1.9* nn® ( 21.05£0.14)% 205
m?3=0.244 cr=370.9 et ( 5.59£0.03)% S=1.1* 125
(r¥-17)/7= mnon® ( 1.73:0.05)% S=1.4* 133
(:11£.09)% uny ( 3.20£0.09)% S=1.7" 215
(test of CPT) eny ( 4.82:£0.05)% S=1.1* 228
S=1.2 oy c( 5.8 £3-3 )x10~3 236
enOn0y ( 1.8 ¥2-4 )10-5 207
mgs—myo=—3.99 nn¥ety ( 3.7 0.2 )x10~3 203
£0.13 nntey ( <5 yx10~7 203
S=1.1 m¥uty ( 0.9 0.4 )x10~5 151
rrtu¥y ( <3.0 )x10~6 151
ev ( 1.54£0.09)x10~3 247
evy S( 1.62£0.47)x1073 247
0y  ©C( 2.71£0.19)x10™% 205
antn™y  S( 1.0 $0.4 )x107% 125
unOuy C( <6 )x10~3 215
enOuy S( 3.7 $1.4 )x10™% 228
nmete” ( 2.6 £0.5 )x10~7 227
nTetet ( <1.5 x10~3 227
mutu ( <2.4 yx10~6 172
nyy °( <3.5 )x10~3 227
Tyyy °( <3.0 )x10~4 227
v ( <0.6 )x10~6 227
ny ( <4 )x10~6 227
enTut ( <2.8 )x10~8 214
entu¥ (<1.4 )x10~8 214
nvvy ( <6 )x10~6 236
Ko o) 497.70 50% Kshort» 50% Kiong
+0.13
S=1.1
KO m=? =0.248
o) 0.8930x10~10 (f) e ( 68.67 )% 206
S =z +.0023 n0x0 ( 31.33%0:35)x S=L. 209
cr=2.68 wru~ ( <3.2 *10~7 225
ete” ( <3.4 )x10~% 249
Ty ¢( 2.0 £0.4 )x10~3 206
rr ( <0.4 )x10~3 249
K?‘ 10" 5.181x10~8 nOnOn0 (21.4 £0.7 )% S=1. 139
+.040 ntnn0 ( 12.25£0.18)% S=1. 133
cr=1553 Ty ( 27.1 0.5 )% 216
nev g 39.0 0.5 )% S=1. 229
mevy 8°S( 1.3 0.8 )% 229
mg —mg = 0.5349x101%% sec™! mtn” f( 0.201+0.006)% 206
L +0.0022 nOn0 ( 0.09410.019)% S=1.5% 209
ntny S( 6.0 £2.0 )x10~> 206
nOyy ( <2.4 )x10~% 231
124 (" 4.9 £0.5 )x10™% 249
en ( <2.0 )x10~2 238
wrus h( 1.0 $0.3 )x10°8 225
uwtuy ( <7.8 )x10~6 225
utu—n® ( <5.7 )x10~53 177
ete” ( <2.0 y*x1072 249
ete™y ( <2.8 )x10~3 249
n*tnete” ( <7.2 )x10~6 206
nOnte®y, ( <2.2 yx10~3 207
n 0%(07)+ 548.8 er=(0.85£0. 12)kev D) 7% (38.0 £1.0 )% S=1.2] 274
tO.S* Neutral decays { ” 67 3.1 #1.1 )% S-i.Z* 258
S=1.4% (71.0£0.7)% 3m (129.9 #1.1 )% S=t.17 180
m?=0.301 S=1.1* ntnn0 ( 23.6 +0.6 )% S=1.1 175
Ty ( 4.89£0.13)% S=1.1* 236
ete y ( 0.50+0.12)% 274
nOete~ ( <0.04 )% 258
e~ ( <0.15 )% 236
Charged decays ntn"ete” ( 0.1 20.1 )% 236
(29.0+0.7)% n*tn~n® (<6 )x10~% 175
. S=1.1* ntaTyy ( <0.2 )% 236
wtu ( 2.2 £0.8 )x10~5 253
wtu—n0 (<5 )x10~% 211
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Stable Particle Table (cont’d)

Particle IG(.IP)Cn Mass Mean Life Partial decay mode
(MeV) (sec) por
Mass2 crT Mode Fraction? PmaxP
(Gev)? (em) (MeV/c)
P id 938.2796 stable (>2x103%y)
+0.0027
m?2=0.8804
n Firad) 939.5731 91814 pe~v 100 % 1
+0.0027 cr=2.75x1013
m?3=0.8828
mp-m,=-1.29343
+0.00004
A oc+) 1115.60 2.578x10~10 pn (64.2, o 5 )% 100
£0.05 £.021 S=1.6% nn® ( 35.8% 02 )z 104
$=1.2 cr=7.73 pe v ( 8.13:0.29)x10~% 163
m®=1.245 puv ( 1.57:0.35)x10"% 131
pry ©( 0.85:0.14)x1073 100
st gy 1189.37 0.800x10710 pr® (51.6 0 , )% 189
+0.06 +.006 nnt (a48.4 =" 2= , 185
S=1.8 cr=2.40 pY ( 1.2410.18)x1073 s=1.4" 225
m2=1.415 nnty ©( 0.9310.10)x10™3 185
. Ae';u ( 2.02g0.47)x10': 71
mg+-mg-=-7.98 DEI>27n0) o, ‘_3 nu v ( <3.0 )x 10_5 202
g.og ME™ 2L nv) ne'v ( <0.5 )x10 224
S=1.2 pete” ( <7 )x10~6 225
20 184 1192.47 <1.0x10”14 Ay 100 % 74
5 £0.08 cr<3x10™4 Aete™ d¢ s5.45 )x10~3 74
m<=1.422 Ayy ( <3 )% 74
b2 14+ 1197.35 1.482x10~10 nm 100 % 193
, %0.06 £.017 S=1.5% ne~v ( 1.08£0.04)x1073 230
m3=1.434 cr=4.44 nuv ( 0.45£0.04)x1073 210
Ae"v ( 0.60%0.06)x10~% 79
mgo—mg-= —4 .88 nn”y °( 4.6 £0.6 )x107* 193
+.06
=0 1dHW)  1314.9 2.96x10~10 An® 100 % 135
2x().s +.12 A ( 0.5 £0.5 )% 184
m2=1.729 cr=8.87 £9y (<7 )% 117
pm ( <3.6 )x10~3 299
pev ( <1.3 yx10~3 323
t*te v (<1.1 )x10~3 120
ety ( <0.9 yx10~3 112
mzo-mz-=—6.4 stuy (<1.1 yx10~3 64
+.6 T uty ( <0.9 )x10~3 49
puTv ( <1.3 yx10~3 309
= dHW 132120 1.652x1010 An™ 100 % 139
$0.14 £.023 S=1.1% Ae~v K 0.69:0.18)x10"3 190
m2=1.746 cT=4.95 0~y ( <0.5 )x10~ 123
A"V ( 3.5 £3.5 )x10™% 163
0%~y ( <0.8 yx10~3 70
nn~ ( <t.1 yx10~3 303
ne~v ( <3.2 yx10~3 327
nuTy (<1.5 )% 313
=y ( <1.2 yx10~3 118
prw (<4 )x10~4 223
pnTe v ( <4 )x10"4 304
pr Ty ( <4 )x10~4 250
=0e~y ( <2.3 yx10"4. 6
Q odMH)  1672.2 1.3%3:3x10-10 Total of 293
+.4 ) 43 events 290
m3=2.796 cr=4.0 seen 211
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ADDENDUM TO

Stable Particle Table

e 1.001 159 6567 =<0 .
+.000 000 0035 zmec " Decay parameters ( )
M 1-001 166 897 ;‘“c p = 0.752£0.003 75 = - 0.12 £0.21
+.000 000 027 “Mu &€ =0.972£0.013 6= 0.755$0.009 h = 1.00£0.13
lga’gvl=0.86%3:33 ¢ = 180°£15°
* Mode Partial rate (sec™!
C
K ¢ ) .| oI -—;—rule for K -+ 3x (m)
" (51.42£0.17)x10% S=1.2
® (17.02+0.12)x10% s=1.1: Kton*ntn~ g=-0.214£.005 s=1.7:
nrtnT  (4.52£0.02)x10% S=1.1 K »n n"n* g=-0.214£.007 S=2.7
mnon®  (1.40£0.04)x10% ' S=1.4*| K*+nOnOnt g= 0.550+.020 S-l.G:
un®  (2.58£0.07)x10% s=1.7: sntnn® g= 0.646+.014 S=2.5
en®  (3.90£0.04)x105 S=1.1
Form factors for K;3 decays (For ¢, A%, and A} see
3 + 0
0 _ Data Card Listings, especially note in K* section.)
K& ntn~  1(0.7689+.0035)x101° . e e * .
S 790  n( 0.35004.0030)x1010 S=1.1*| K&z A$=0.029+.004 K33 A§=0.0288+.0028 S=1.4
KO 7On070  ( 4.13 £0.14)x105 s=1.2*| CP violation parameters (°:2.1) 3 .
L ntn—n® (2.36 £0.04)x106 S=1.1*| Im4-I=(2.272¢.023)x1073 Ingol=(2-32£.09)x1073 S=1.1
nuv (5.23 £0.10)x108 $4-=(45.0£1.2)° 2 $oo=(4B£13)°
rew ( 7.52 £0.11)x105 1n4-0l2<0.12  Inggol®<0.28  6=(0.3304.012)x10
s £.0( 3.88 £0.11)x10* .| as=-a0
nOn®  D(1.81£0.37)x10*  S=1.5"| Re x=0.008£.020 S=1.4" Im x = -0.003:+.027 S=1.2"
n Mode Left—right asy try Sextant asy: t Quadrant asymmetry
ntnn® (0.12+.17)% (0.19£0.16)% (=0.17£0.17)%
ntny ( 0.88+.40)% B=0.047£0.062
Magnetic ., Decay pnumeters(")
moment Measured Derived g2/ 8y gv/8a
(eh/ZmPc) a ¢(degree) ba A(degree) -
2.7928456
P +.0000011
-1.913148 | pe™v -1.250£.009
n ;. oooos6 6=(181.11.3)°
A -0.67 pnT  0.647£0.013  (-6.5:¢3.5)° 0.76 (7.6%3:9)°
+.06 nn® 0.651£0.045 : .
pev -0.66£0.05 S=1.2
+ pn®  -0.979:0.016  (36£34)° 0.17  (1B7%6)°
2.62 nn*t  +0.066£0.016 (167+20)° -0.97  (-73*136)°
+. -1 1*
+.41 pr  -1.031-2¢ S=1.1
s nn”  -0.069£0.008 (10£15)° 0.98 (249%}%)°
-1.48 ne v +£(0.435£0.035) .
£.37 Ae"v 0.24£0.23 5=1.3
0 o +13)°
=0 An®  -0.44£0.08 (21£12) 0.8a (216*13
= S=1.3
—— —1.85 An”  -0.392£0.021  (246)°, 0.92  (185£13)°
= £.75 S=1.1
- +0.36
Q- Ak~ -0.66%9-38
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Stable Particle Table (cont’d)

*S = Scale factor = Vx2/(N—1), where N & number of experiments. S should be = 1. If S> 1, we have

g.
h.

j-
k.

enlarged the error of the mean, 6x; i.e., 6x » S6x. This convention is still inadequate, since if S
>> 1 the experiments are probably inconsistent, and therefore the real uncertainty is probably
even greater than S6x. See text, and ideograms in Stable Particle Data Card Listings.

Quoted upper limits correspond to a 90% confidence level.

In decays with more than two bodies, ppax is the maximum momentum that any particle can
have.

See Stable Particle Data Card Listings for energy limits used in this measurement.

Theoretical value; see also Stable Particle Data Card Listings.

The direct emission branching fraction is (1.56+.35)x1073,

The T(Kg) and |n4_| averages (and the related Kﬁ -+ ntn~ branching fraction and rate averages)
contain only post—1971 results. The pre-1971 averages were |n,_| = (1.951:0.03))(10'3 and T(Kg) =
(0.862£0.006)x10™ 10 sec. See notes on In4-| and T(Kg) discrepancies in Stable Particle Data Card
Listings. .

The branching fraction for Kﬁ »mer includes the radiative events KE > mevy.

This is above the contradictory result of Clark et al. (<0.3x10™8). See note in Stable Particle Data
Card Listings.

See note in Stable Particle Data Card Listings.

P for = and JP for 0~ not yet measured. Values reported are SU(3) predictions.

Assumes rate for =~ » %~ small compared with =~ » AeTv.

lga/gvl defined by gg = [CoI2+IC o2, g§ = ICyI2+IC'yI3, and Z(EIMlu)PIT(Ci+C'irs)Iv);

¢ defined by cos ¢ = —Re(CiC'y+C'4C¥)/gagy [for more details, see text Section VI A].

The definition of the slope parameter of the Dalitz plot is as follows [see also text Section VI B.1]:

53—S
M = 1+ g(2272)
Me+

The Kg »nm and KE ->7nn rates (and branching fractions) are from independent fits and do not
include results of K?_—Kg interference experiments. The |7,_| and |nggl values given in the
addendum are these rates combined with the |7,_| and Inggl results from interference
experiments.

The definition for the CP violation parameters is as follows [see also text Section VI B.3]:
A(Kg >ntnT) A(KD » n%n0)
A(KE » ntn7) A(KE » n%n0)
_ F(Kg-bl"’)—l'(Ke'-)l_) In - I‘(Kg—nr*’n"no) Imoal? = F(Kg-nrorrono)
r(kQ-1*)+r(KP>17) * +00 7 p(kQantnn0) 0008 ™ (kP> On0n0)
The definition of these quantites is as follows [for more details on sign convention, see text
Section VI B]:
= Bsllpleosd | 5 _ /175 Zing

IsI?+1pl®

Nae = Iny_lei®+- = 700 = Ingole'?00 =

ga/gy defined by (Bera(gv—ga75)IB;)

B= _‘_‘TZIIEZHES_I'ZEA_ 7 = V1-a2cosp | 6 defined by gA,/gy = |ga/gvle'’
S| P
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Meson Table
April 1976

In addition to the entries in the Meson Table, the Meson Data Card Listings contain all
substantial claims for meson resonances. See Contents of Meson Data Card Listings{}

Quantities in italics have changed by more than one (old) standard deviation since April 1974.

Partial decay mode

Name
Ilol4 Full
S 00 Mass Width M2 .
M [p +—iestab. M r M Mode Fraction (%) Pmax[)
(Mev) (MeV) (Gev) [Upper limits are 1o (3)] (MeV/c)
+ - -
m 1 (0)+ 139.57 0.0 0.019479
0 i S 134.96 7.8 v 0.018215 See Stable Particle Table
+.9 eV
n 0+(O_]+ 548.8 2.63 keV 0.301 Neutral 71.1  Sec Stable
0.6 £.58 keV +.000 Charged 28.9 Particle Table
0(770) 1 a0)- 773, 152, 0.598 ™ ~100 360
+3 38 +.117 ™y 0.024 +.007 374
ete” 0.0043+.0005 (d) 386
v 0.0067+.0012 (d) 372
M and I' from neutral mode. For upper limits, see footnote (e)
w(783) 0 (1)- 782.7 10.0 0.613 w0 89.9+0.6 S=1. z 327
+0.3 +.4 +.008 o 1.3+0.3 S=1.5" 366
oy 8.8+0.5 380
ete” 0.0076+.0017 S=1.9" 391
For upper limits, see footnote (f)
>
n’(958) 0°(00)+  957.6 <1 0.917 nmm 67.6%1.7 . 231
0.3 <.001 o 30.4%1.7 S=1.1 167
YY 2.0+0.3 479
For upper limits, see footnote (g)
§(970)  17(0M)+ 976(h) 50 0.953 —- seen 315
+1O +20 +.049
Possibly coupled to the I = 1 KK systemﬂ.
ST 993) 0t 0N)+ v o993(S)  40(c) 0.986 KR near threshold 53
+5 +8 +.040 ™ 476
See note on mm S waveﬂ.
®(1020) 0 (17)- 1019.7 4.1 1.040 KK 46.6%2.3 S=1.6: 128
i0.3* +.2 +.004 K Kg 35.0+2.0 S=1.6 111
S=1.6 = m® (incl. pm) 16.4+1.5 S=1.1* 462
ny 2.0+0.4 362
oy 0.14+0.05 . 501
ete” .032+.002 S=1.4 510
et .025%.003 499
N For upper limits, see footnote (i)
>
>
A (1100) 17"+  ~ 1100 ~ 300 1.21 om ~ 100 251
£,33
Broad enhancement in the Jp=1+ pom partial wéve; not an established resonanceﬂ.
e
3
€(1200)  0°(0")+ 1100 to " 600 o
1300
Existence of pole not established. See note on mm S waveﬂ.
B1235) 17(D- 1228, 125, 1.51 . wrm only mode seen 345
+10 +10 +.15 [D/S amplitude ratio = .25%.06]
For upper limits, see footnote (j)
£Qa270) o' 2"+ 1271, 180, 1.62 T 81+15 620
+5 +20 +.23 2H+2ﬂ_ 2.8%0.3 . 557
’ KK 2.7%0.6 S=1.1 395
wta2m® seen 560
For upper limits, see footnote (&)
D(1285) 0'(A )+ 1286, 30, 1.65 KR seen 305
+10 +20 +.04 nmwmw seen 484
P o . +[om . seen] 245
J =0,1, 2, with 1 favoured 2t 2 (prob. oo 7))  seen 565
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Meson Table (cont’d)

Partial decay mode

Name "
Fu
Hol1 |G[jP)Cn Mass Width M(Za] p or
e T restab, M r +I'M a Mode Fraction (%) Pmaxt®)
Finfe T (Mev) (Mev) (Gev) [Upper limits are 1o (3)] (MeV/c)
A, (1310) 1_(2+)+ 1310§ 102§ 1.72 pm 70.9+1.8 S=1.1" 411
+5 +5 +.13 nm 15.0£1.2 . 529
' [Ru 9.3+1.9 S=1.2 354
KK 4.7£0.5 428
n'm <1 279
E (1420) g:(A )+ 1416§ 60§ 2.01 Kgy _ ~ 40 421
+10 +20 +.08  +[K'K + K'K ~ 20] 130
nmTmw ~ 60 564
tL 6w possibly seen] 352
Not a well established resonance.
>
3
£ras514) 0T 2N+ 1516 40 2.30 KK only mode seen - 572
+3 +10 +.06
For upper limits, see footnote (k)
F,(1540) 1 (A) 1540 40 2.37 KK + KK . seen 321
+5 £15 +.06 3 possibly seen 737
Not a well established resonance.
. dm dominant 738
o' (1600) 1 (17)- ~ 1600 200-800 2.56 T[pﬂ+w seen with m*n~ in S—wave] 573
kg possibly seen 788
T KK < 8 629
Not a well established resonance.
A3(1640) 1°(2)+  ~ 1640  ~ 300 2.69 £ 304
: . +.49 :
Broad enhancement in the Jp = 27 fr partial wave; not a well established resonance.“
w@675) 07 (37)- 1667§ 150§ 2.78 pm seen 646
+10 +20 +.25 3m possibly seen 806
5w possibly seen 778
Hwmm possibly seen] 615
g (1680)7 1+(3_)- 1690§ 180§ 2.86‘ 2m 24x1 833
+20 +30 +.30 4m (incl. mmp,pp,A2m,wr) large - 787
P KK . small 683
J, M and T from the 2m mode. KKm (incl. K K) small 624
>
h(2040) 04"+ 2040 193 4.16 T seen 1010
+20 +50 *,39 KK seen 890
See note (1) for possible heavier states.
+ -
K 1/2(0 .71 ’ 0.244
KO 1/200) 383.70 0.248 See Stable Particle Table
K*(892) 1/2(17) 892.2 49.4 0.796 Km ~ 100 288
0.5 +1.8 +.044 Kmm < 0.2 216
M and T from charged mode; m°® - m" = 4.1+0.6 MeV. Ky 0.150.07 309
K (1250) 1/2(0+) 1250§ ~ 450 1.56 Km
+100 +.56
See note on Km S waveﬂ.
Q region 1/2(A) 1200 to Kmmr only mode seen
1400 .
H{K large]
JP = 1" is dominant contribution; +[KD seen]
not a well established resonance¥. T[K(ﬂ“)gzo possibly seen]
.
K*(1420) }/2(2+) 1421, 108, 2.02 K 56.1+2.:6 616
+3 +10 +.15 K'n 30.9+2.1 415
Kp 6.6+1.7 316
See note (m). Kw 4.5+1.7 305
Kn 2.0£2.0 482
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Meson Table (cont’d)

Partial decay mode

Name
Full
Jol1 Sy, Mass Width H(za p or
e ™ estab. r +I'M )2 Mode Fraction (%) Pmax(b)
+1Te (Mev) (MeV) (Gev) [Upper limits are lo (%)] (MeV/c)
L(1770) 1/2(A) 1765§ 140§ 3.11 Kmm dominant 788
+10 +50 +.25 Kynﬂ seen T 757
Not a well established resonanceﬂ. +[K (1420)m and other subreactions J
See note (1) for possible heavier states.
J/W(3100) 0 (17)- 3098 0.067 9.6 ete” 7+1 1549
+ 3 +.012 £.0 wtus 71 1545
hadrons 86+ 2
identified - T
+[hadron modes 12]
+ly X(2750) possibly seen]¥ 328
¥(3700) 07 (17)- 3684 0.228 13.6 ete” 0.9%.2 1842
0 + 4 +.056 + .0 tuo 0.9+ .2 1839
hadrons 98.1% .3
I 33+ 3] 474
+1I/p mon® 17+ 2] 478
IV n 4.2+ .7] 189
+[YPC,PC—>J/11; Y 3.6+.719
+[yx (3410) seen]¥ 264
+[vX(3530) seen]f 151
other identified
~ 1
[hadron modes 0'5]
¥(4100) (17)-  ~4100 ~ 200 16.8
+ .8
Broad enhancement in the e'e” total cross section; probably not a single resonance."
¥(4400) - 4414 33 19.5 ete” .0013 + .0003 2207
+ 7 +10 + .1
+X(2750)
*PC(33OO or 3500) States observed in radiative decays of J/¢(3100) and ¢(3700).
>x(3410) See Meson Data Card Listings for a compilation and discussion
of the experimental data.
+x(3530) .
(1) Contents of Meson Data Card Listings
Non-strange (Y = 0) Strange (]Y| = 1)
G, P G, P ) G, P .
entry I )Cn entry I°J )Cn entry I°(J )Cn entry I (JP)
™ 17(07)+ Ay (1100) 1@+ o' (1600) 17 (17)- K 1/2(07)
n 0 (07)+ >M  (1150) As (1640) 17 (27)+ K*(892) 1/2(17)
o (770) 17(17)- > Ay 5(1170) w (1675) 07(37)- « (1250) 1/2(0%)
©w (783) 0°@7)- e (1200) 07 (0%)+ g (1680) 17(37)- Q 1/2(A)
> M (940) B (1235) 17(")- > X (1690) K @420) 172029
- M (953) > p' (1250) 1+(1—)— - X (1795) 1 - KN(1700) 1/2
n’ (958) o0 (07)+ £ @270) ot@hy+ > A, (1900) 17 L (1770) 1/2(A )
s (970) 17(0%)+ D (1285) 07(A )+ > S (1930) 1 + Ky (1800) 1/2(3")
+H  (990) A, (1310) 125+ " h (2040) 0F(4ahy+ - K* (2200)
s* 993y 0" (0)+ E  (1420) 0%(A )+ - p (2100)
¢ (1020) 0 (17)- - X (1430) © - T (2200) 1
> M (1033) > X (1440) 1 > U (2360) 1
’ 4+ _+ -
- B1(1040) . f » (1514) 0 (2)H)+ > NN(2375) 0 > Exotics
- nN(IOSO) 0 (N)+ F, (1540) 1 (A) - X(2500-3600)
New heavy mesons
J/w(3100) ¥(3700) $(4100)  y(4400)  ~X(2750)  >P_(3300 or 3500)  ~X(3410)  +X(3530)
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Meson Table (cont’d)

Indicates an entry in Meson Data Card Listings not entered in the Meson Table. We do not regard

these as established resonances.

See Meson Data Card Listings. -

Quoted error includes scale factor S = /XZTN-I) . See footnote to Stable Particle 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 of the average of the
published values. (See Meson Data Card Listings for the latter.)

TM is approximately the half-width of the resonance when plotted against M2.

For decay modes into 2 3 particles, ppax is the maximum momentum that any of the particles in
the final state can have. 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 - ir/2).

The e'e” branching ratio is from e"e”™ + n'n experiments only. The wp interference is then due
to wp mixing only, and is expected to be small. See note in Meson Data Card Listings. The
Wy~ branching ratio is compiled from 3 expetriments; each possibly with substantial wp inter-
ference. The error reflects this uncertainty; see notes in Meson Data Card Listings. If eu
universality holds, T'(p® » u'u") = I'(p° + e*e”) x 0.99785.

Empirical limits on fractions for other decay modes of p(770) are mn < 0.8%, w'a*n @« < 0.15%,
+. 4+ = 0 o

mrw m < 0.2%.

Empirical limits on fractions for other decay modes of w(783) are w'm y < 5%, 7'n%y < 1%,

n + neutral(s) < 1.5%, u'u™ < 0.02%, 7% p~ < 0.2%, ny < 0.55%.
Empirical limits+05_1 fractions for other decay modes of n’(958): T <
ot < 1%, maw w0 < 1%, 6m < 1%, T e e < 0.6%, mlete” < 1.3%
Yw < 5%.

The mass and width are from the nm mode only.
may be 120 MeV or more.

Empirical limits on fractions for other decay modes of ¢(1020) are 7 7~ < 0.03%, 77 vy < 0.7%,
wy < 5%, py < 2%, 2t 2nw® < 1%. )

Empirical limits on fre_lctiosls for other dscay modes of B(1235): mm < 15%, KK < 2%, 47 < 50%,
¢m < 1.5%, nm < 25%, (KK)™m < 8%, Kgkg m < 2%, KgK, m* < 6%.

Empirical limits oll_fractions for other decay modes of f' (1514) are n'n < 20%, nn < 50%,

nrw < 309, Kkm + K'K < 35%, 2n'2m < 32%.

Empirical 1limits on fractions for other decay modes of f£(1270) are nmm < 1%, K°K'n + c.c. < 1¢
m < 2%.

The tabulated mass of 1421 MeV comes from the Km mode;
diffractively produced Q.

-
2%, mw m°
b +—<

ne'e 1.1%

< 5%,
%, mop° < 4%,

If the KK channel is strongly coupled, the width

the Knm mode can be contaminated with

Established Nonets, and octet-singlet mixing angles from Appendix IIB, Eq. (2'). Of the

two isosinglets, the 'mainly octet'" one is written first, followed by a semicolon.

P
J )Cn Nonet members elin. equadr.
7+ 7, K, n; n' -24 +1° | -11 + 1°
anH- 0, K, ¢; w 37 £ 1° 40 * 1° .
@*y+ A, K*(1420), £'; £ 29 + 2° 31+ 2°
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-Baryon Table

April 1976

The following short list gives the status of all the Baryon States in the Data Card Listings. In addition to the
status, the name, the nominal mass, and the quantum numbers (where known) are shown. States with three-
or four-star status are included in the main Baryon Table; the others have been omitted because the evidence
for the existence of the effect and/or for its interpretation as a resonance is open to considerable question.

N(939) P11 A(1232) P33 okkxx A(1116) PO1 ek $(1193) P11 ks H(1317) P11 wokkx
N(1470) P11 A(1650) §31  wxkxx  A(1330) Dead 3(1385) P43 #iskok =(1530) P13 wdorx
N(1520) D13 A(1670) D33 ik A(1405) S01 >(1440) Dead =(1630) ok
N(1535) S11 A(1690) p33  * A(1520) D03 sk >(1480) * '=(1820) sk
N(1670) D15 : A(1890) F35 Rk A(1600) PO1 * >(1580) D13 s =(1940) sk
N(1688) F15 sk A(1900) S31 * A(1670) SO01 sk >(1620) S11 % =(2030) sk
N(1700) S11  #kdx A(1910) P34 ¥k A(1690) DO3 ik >(1660) P11 ks =(2250) *
N(1700) D13 % A(1950) F37 k¥R A(1800) P01 (1670) D13 sk =(2500) sk
N(1780) P11 ek A(1960) D35 k¥ A(1800) GO9 * Z(1670) ek
N(1810) P13 ¥k A(2160) ok A(1815) FO5 #kik >(1690) ke Q(1672) P03 kddek
N(1990) F17 % A(2420) H311 Rk* A(1830) D05 sk =(1750) S11 ¥k
N(2000) F15 = A(2850) ok A(1860) P03 ¥k (1765) D15 sk
N(2040) D13 ok A(3230) el A(1870) SO01 sk >(1770) P11 *
N(2100) S11  * A(2010) sk >(1840) P13 %
N(2100) D15 * Z0(1780) PO1 %k A(2020) FO7 * (1880) P11 %
N(2190) G17 #%%k Z0(1865) D03 A(2100) GOT sk (1915) F15 sskoiex
N(2220) H19 k%% Z1(1900) P13 A(2110) FO5 % >(1940) D13 skt
N(2650) sk Z1(2150) * A(2350) ek =(2000) S11 *
N(3030) w%%  Z1(2500) * A(2585) sksk $(2030) FA47 skkex
N(3245) * >(2070) F15 *
N(3690) * >(2080) P13 %
N(3755) =(2100) G17 *

>(2250) Hookksk

>(2455) skskesk

%(2620) EEY

>(3000) ok

k0 Good, clear, and unmistakable. *¥% Good, but in need of clarification or not absolutely certain.
%% Needs confirmation. * Weak.

* % *« L. . .
[See notes on N's and A's, on possible Z 's, and on Y 's and = 's at the beginning of those sections in the
Baryon Data Card Listings; also see notes on individual resonances in the Baryon Data Card Listings.]

a .
Particle® I (JP) m™or K Bez«mﬂb Mass Full M2 Partial decay mode
estab. pbeam(GeV7c) ME Wlith :tl"Mb por
o = 41\-)&2 (mb) (MeV) I\].;I‘ v (GeVZ) Mode Fraction Prmax
(Mev) %o (MeV /<)
P 1/2(1/2+) 2?32 gggg See Stable Particle Table
n o . .
N(1470)8 1/2(1/2") Py p = 0.66 1390 to 180 to  2.16 N ~60 420
- o =27.8 1470 220 #0.29 N7 ~18 d
(200) N ~25 368
[Ne ~ 7] d
[aw ~19]e 177
[Np <9 d
pyf 0.07-0.14 435
nyf <0.05 435
N(1520)8 1/2(3/27) D' 4 p=0.74 1510 to 110 to  2.31 N ~55 456
_ o = 23.5 1530 150  +0.19 N ~45 410
(125) [Ne <5]e d
[Np ~15]¢ d
[am ~25]e 228
Nn <1 d
pyf 0.4-0,7 471
ny f 0.3-0.6 471
N(1535)8 1/2(1/27) st p = 0.76 1500 to 50 to  2.36 Nm ~30 467
- 1 o = 22.5 1530 120 #0.15  Nn ~65 182
(100) N ~ 5 422
[Np ~ 3]e d
[Ne ~ 2]¢ d
[an ~ 1]° 243
pvE <0.4 481
ny <0.4 481
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’
Baryon Table (cont’d)
. a P2 b 2
Particle I (J°) m_or K Beam Mass Full M Partial decay mode
— estab. pbeam( Gev/c) ME Wlith :!:I‘Mb p or
o= 4w X" (mb) (MeV) r 2 Mode Fraction P
(MeV) (GeV"™) max
° (MeV/c)
N(1670)8 1/2(5/2')13'15 p =1.00 1660 to 145 to 2.79 Nm ~45 560
o =15.6 1685 165  +0.26 N ~55 525
(155) [an ~50]e 360
AK <0.3 200
Nn <0.5 368
pyi <0.03 572
nyf <0.14 572
N(1688)8 1/2(5/2+)F‘15 p =1.03 1670 to 120 to 2.85 N ~60 572
o =14.9 1690 145  +0.24 Nrw ~40 538
(140) [Ne ~14]¢ 340
[Np ~14]¢€ a
AT ~11]e 375
N7 <0.3 388
pyi 0.1-0.4 583
ny <0.03 583
N(1700)8 1/2(1/2‘)5"“ p = 1.05 1660 to 100 to 2.89 Nw ~55 580
o= 14.3 1690 200 £0.26 N ~ 30 547
(150) [Ne ~10]e 355
{Np ~ 7]e d
AT ~ 4]€ 385
AK ~ 4 250
ZK ~ 2 109
pyf <0.1 591
- nyf <0.15 591
N(1780) 1/2(1/2*)1:"“ p=1.20 1700 to 100 to 3.17 N ~20 633
o=12.2 1800 - 250 £0.36 N >40 603
(200) [Ne 15-40]¢e 440
[Np 20-50]¢ 249
[Aan 10-20]°€ 448
AK ~ 7 353
=K ~10 267
Nn 2-20h 476
pyf <0.15 643
nyf <0.13 643
N(1810) 1/2(3/2+)p13 p=1.26 1700 to 100 to 3.28 N ~20 652
o =11.5 1850 300  *0.36 N ~70 624
(200) [Np ~70]¢ 297
AK ~5 386
K ~ 2 307
- Nn, <5 503
3 PY <0.2 661
= nyf <0.2 661
N(2190) 1/2(7/2')G17 p = 2.07 2100 to 150 to 4.80 N 15-35 888
o= 6.21 2250 300 #0.55 AK <0.2 710
—_— (250) K <0.2 664
N(2220) 1/2(9/2+)H19 p = 2.14 2200 to 250 to 4.93 N ~20 905
. o =5.97 2250 350  %0.67
(300)
N(2650) 1/2( ?27) p =3.26 ~2650 ~350 7.02 N (J+1/2)x . 1154
[ o =3.67 (350) +0.,93 <0.4)
N(3030) 1/2( 2 ) p = 4.41 ~3030 ~400 9.18 N (T+1/2)x, 1366
- — o =2.62 (400)  *1.21 <o.1)
a(1232)8 3/2(3/2+>P'33 p = 0.30 1230 to 110 to 1.52 Nm ~99.4 227
o= 94.3 1234 120 £0.14 Nrto- ~0 80
(115) pyf 0.58-0.66 259
A(++) Pole position:k M-il'/2 = (1211.0£0.8) -i(49.9£0.6)
4(0) Pole position:® M-iI/2 = (1210.941.0) -i(53.1£1.0) '
A(1650)8 3/2(1/27)8}, p=0.96 1615 to 140 to 2.72 N ~35 547
o =16.4 1695 200  %0.23 N ~65 511
- (140) [Np 10-25]¢ d
[Aw ~50]¢ 344
pyf <0.25 558
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Baryon Table (cont’d) |

Particle? 1 (JP)a w or K Beaunb Mass Full M2 Partial decay mode
pbeam(GeV7C) ME Width b : b or
estab o = 4m XZ (mb) (MeV) re (GeVz) Mode Fraction Prmax d
(MeV) % (MeV/c)
A(1670)8 3/2(3/2')D33 p = 1.00 1650 to 190 to 2.79 N ~15 560
o =15.6 1720 260 +0.33 N ~85 525
(200) [Np 30-60]€ d
. [am ~45]€ 361
pvf 0.05-0.3 572
A(1890)8 3/2(5/2+)F35 p=1.42 1860 to 150 to 3.57 N ~15 704
o =9.88 1900 300 £0.47 Nrw ~80 677
(250) [Np ~60] 403
[Aan 10-30]°€ 531
zyg <3 400
N pY <0.1 712
A(1910)8 3/2(1/2+)P31 p = 1.46 1780 to 160 to 3.65 Nm 15-35 716
0 =9.54 1950 230 +0.38 Nuw ? 691
(200) [Np small ]$ 429
[aw small ] 545
K, 2-20 420
pY <0.1 725
A(1950)8 3/2(7/2+)F37 p=1.54 1910 to 200 to 3.80 N ~40 741
o = 8.90 1940 240  +0.43 N >25 716
(220) (Np ~10]¢ 471
[an ~20] © 574
=K <1 460
= pyf 0.09-0.15 749
A(2420)8 3/2(11/2+)H3 11 p = 2.64 2380 to 300 to 5.86 Nm 10-15 1023
—_ o =4.68 2450 500  *0.73
(300) )
A(2850) 3/2( 2% ) p = 3.85 2800 to ~400 8.12 N (J+1/2)x, 1266
o = 3.05 2900 (400) +1.14 ~0.25J
A(3230) 3/2( 2 ) p =5.08 3200 to ~440 10.43 Nm  (J+1/2)x, 1475
o = 2.25 3350 (440) +1.42 ~0.05J
Z* Evidence for states with strangeness +1 is controversial. See the Baryon Data Card listings for
= discussion and display of data.
A 0(1/2+) 1115.6 1.245 See Stable Particle Table
~ A(1405) 0(1/2')3'01 below K p 1405 40+10% 1.97 = 100 142
threshold x54 (40) £0.06
A(1520) 0(3/2‘)D'03 p = 0.389 1519 15 2.31 NK = 461 234
o = 84.5 +24 £2 +0.02 = 421 258
(15) Amw 10+ 1 250
- Srw 0.9%0.1 140
A(1670) 0(1/2')5"01 p=0.74 1660 to 20 to 2.79 NK 15-35 410
o = 28.5 1680 60 +0.,07 An 15-35 64
(40) 2l 20-60 ~ 393
A(1690) 0(3/2")1)'(;3 p=0.78 1690 30 to 2.86 NK 20-30 429
o =26.1 104 80 +0.10 = 15-40 409
(60) Awm ~25 415
= Zumw ~20 352
A(1815) 0(5/2+)F'05 p = 1.05 1820 70 to 3.29 NK ~60 542
o =16.7 +52 100 +0.15 b ~12 508
(85) =(1385)r 15-20 362
A(1830) 0(5/2')D05 p = 1.09 1810 to 60 to 3.35 NK <10 554
o =15.8 1840 110 £0.17 baud 35-75 519
(95) An <4 367
A(1860) 0(1/2””)1303 p=1.14 1860 to ~ 40 to 3.46 NK 15-35 576
= o=14.7 1910 110 +0.15 zm 5-10 534
- (80)
A(2100) 0(7/2')007 p=1.68 2100 to 150 to 4.41 NK ~30 748
. o= 8.68 2120 300 +0.53 = ~5 699
N - (250) An <3 617
=K <3 483
Aw <8 443
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Baryon Table (cont’d)

S33

Particle? I (JP)al m or K Beau'nb Mass Full M2 Partial decay mode
Proam G/ i
estab ,pbeam(cz}ev c) ME Width :bFMb p or
’ o = 41 X“ (mb) (MeV) re 2 Mode Fraction Prnax
(MeV) (Gev'™) %o (MeV/c)
A(2350) of ?) p=2.29 2340 to 100 to 5.52 NK (J+1/2)x_ 913
o =5.85 2360 200 +0.28 ~0.9]
(120) = seen 865
A(2585) o( ?) p=291 ~2585  ~300 6.68 NK (J+1/2)x. 1058
o = 4.37 (300) +0.78 ~1.0J
= 1(1/2+) (+)1189.4 1.415 See Stable Particle Table
_ (0)1192.5 1.422
(-)1197.4 1.434
>(1385) 1(3/2+)P'13 below K p (+)1382.5+0.5 (H35+2 1.92 Am 88+2 208
N threshold §=1.2m S=1.9™ %0.05 = 1242 117
= (-)1386.6+1.2 (-)42+4
= s=2.3m S=3.,2Mm
(35)
=(1670)* 1(3/27)D" p =0.74 1670 35 to 2.79 NK 10-25 410
13 o = 28.5 +104 70 £0.08 = 20-60 387
- - . (50) A <20 447
e
=(1750) 1(1/2‘)5'11 p = 0.91 1700 50 to 3.06 NK 10-40 483
o =20.7 to 1790 120 +0.13 AT 5-20 507
(75) p <8 450
=n 15-55 54
=(1765) 1(5/2‘)1)15 p=0.94 1723 110 to 3.12 NK ~41 496
: o =19.6 +74 150  +0.23 Am ~14 518
—_— (130) A(1520)m ~16 187
= =(1385)w ~10 315
- = ~1 461
>(1915)8 1(5/2+)F'15 p=1.25 1905 to 70 to 3.67 NK 5-15 612
o =13.0 1930 140 +0,.19 Am 20 619
(100) = ? 568
=(1940)% 1(3/27)Dy p = 1.32 1900 to 110 to 3.76 NR <20 678
o =12.0 1960 280  £0.43 A ~4 680
- © o (220) b2l ~7 589
=(2030)8 1(1/25F, , p=1.52 2020 to 120 to  4.12 NK ~20 700
o=9.93 2040 200  £0.37 Amw ~20 700
= (180) = 5-10 652
= 2K <2 412
>(2250) 1( 2 ) p = 2.04 2200 to 50 to 5.06 NK (J+1/2)x, 849
o= 6.76 2300 200  +0.34 ~0.3] 841
(150) A seen
zm seen 801
>(2455) 1( 2?2 ) p = 2.57 ~2455 ~120 6.03 NK (T+1/2)x 979
o =5.09 (120)  +0.29 ~0.2]
=(2620) 1( 2 ) p =2.95 ~2600 ~200 6.86 NK (J+1/2)x. 1064
- — o = 4.30 (200)  +0.52 ~0.3]
= 1/2(1/2+) (0)1314.9 1.729 See Stable Particle Table
(-)1321.3 1.746
=(1530)° 1/2(3/z+)p13 (0)1531.8+0.3° (0) 9.1+0.5 2.34 = 100 144
- 5=1.3m +0.02
(-)1535.1£0.6 (-)10.1%1,9 ’
(10)
=(1820)°:P  1/2( 2 ) 1800 to 12 to 3.31 AR seen 396
—_ 1850 100 +0.11 >R seen 306
(60) = seen 413
E(1530)m seen 234
L E(1940)0,9  1/2( ? ) 1900 to 30 to 3.76 Hw seen 499
= N 1970 140 £0.17 = (1530)m seen 336"
(90)
Q- 03/2") ' 1672.2 2.796  See Stable Particle Table
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Baryon Table (cont’d)

- For convenience all Baryon States for which information exists in the Baryon Data Card Listings
are listed at the beginning of the Baryon Table. States with only a one or two star (™) rating in that
list have been omitted from the main Baryon Table; each omitted state is indicated by an arrow in
the left-hand margin of the Table. In the Listings there is an arrow under the name of each state
omitted from the Table.

a. The names of the Baryon States in Col. 1 [ such as N(1470)] contain a nominal mass which is a
rounded average of the reported values in the Data Card Listings. The convention for using primes
in the spectroscopic notation for the quantum numbers in Col. 2 [such as P'11] is as follows: no
prime is attached when the Data Card Listings include only one resonance in the given partial
wave; when there is more than one resonance the first has been designated with a prime, the
second with a double prime, etc. The name and the quantum numbers for each state are also
given in large print at the beginning of the Data Card Listings for that state.

b. The numbers in Col. 3 and Col. 6 are calculated using the nominal mass (see a. above) for M and
the nominal width (see c. below) for T.
c. For M and I" of most baryons we report here an interval instead of an average. Averages are

appropriate if each result is based on independent measurements, but inappropriate where the
spread in parameters arises because different models or procedures have been applied to a com-
mon set of data. A single value with an approximation sign (~) indicates that there is not enough
datato give ameaningful interval. Anominal widthis included in parentheses in Col. 5; this nominal
width is used to calculate the value of I'M given in Col. 6.

d. For two body decay modes we give the momentum, p, of the decay products in the decaying baryon
rest frame. For decay modes into = 3 particles we give the maximum momentum, p,,,x, that any
of the particles in the final state can have in this frame. The momenta are calculated using the
nominal mass (see a. above) of the decaying baryon, and of any isobars in the final state. Some
decays which would be energetically forbidden for the nominal masses actually occur because of
the finite widths of the decaying Baryon and/or isobars in the final state. In these cases, the de-
cay momentum is omitted from Col. 9 and replaced with a reference to this footnote.

e. Square brackets around an isobar decay mode indicate that it is a sub-reaction of the previous un-
bracketed decay mode. In the case of N' and A decays into isobar modes we have used the isobar
model results of LONGACRE 75 in addition to other data from the listings (where available) to estimate
the branching fractions.

f. The tabulated radiative fractions involve a sum over two helicities (1/2, 3/2). In the case of
I =1/2 resonances, there are two distinct isospin couplings, whence yp and yn. For conventions
and further details, see the Mini-Review preceding the Baryon Data Card Listings.

Only information coming from partial-wave analyses has been used here. For the production ex-
periments results see the Baryon Data Card Listings.

h. The range given here does not include the branching ratio of approximately 80% reported by
FELTESSE 75.

i. There may be more than one state in this region. The only analysis which reports an elastic
coupling (LEA 73) also finds unusually low mass and width values. The inelastic branching frac-
tions quoted here are based on an elasticity of 10%, which is a compromise between LEA 73 and
RLIC 76.

jo This state has been seen only in an energy-dependent fit to total, channel, or fixed angle cross-
section data., J is not known; x is Tg1/T .

k. See note on determination of resonance parameters in the Baryon Data Card Listings. Values of
mass and width are dependent upon resonance shape used to fit the data. The pole position is much
less dependent upon the parametrization used. The pole positions given here are taken from results
(in the Data Card Listings) of fits to the phase shifts of CARTER 73 without Coulomb corrections.

£. The error given here is only an educated guess; it is larger than the error of the average of the
published values (see the Baryon Data Card Listings for the latter).

m. Quoted error includes an S (scale) factor. See first footnote to Stable Particle Table.

n. In this energy region the situation is still confused. In addition to the effect at ~ 1670 MéV seen in
both production and formation experiments, recent formation experiments have found evidence for
fairly narrow S;; and/or Pj] states at 1620-1660 MeV. A narrow bump in the I = 1 KN
total cross section has'also been seen recently at ~ 1590 Mé&V. It is not clear how many states
really exist here. No one has reported a strong coupling of any of these states to KN but there is
much disagreement about branching ratios into /A and 7. See the mini-reviews preceding the
Z(1620) and =(1670) Data Card Listings for more information.

0. Only E(1530) is firmly established; information on the other states comes from experiments that

have poor statistics due to the fact that the cross sections for S = - 2 states are very low. For
= states, because of the meager statistics, we lower our standards and tabulate resonant effects

if they have at least a four-standard-deviation statistical significance and if they are seen bv more
than one group. See the Baryon Data Card Listings for the other states.

p. All four decay modes shown have been seen. Branching ratios are not quoted because there may be
more than one state here.

q. This bump has been seen in both final states shown; it is not clear if one, or more, states are

present.
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PHYSICAL AND NUMERICAL CONSTANTS*

PHYSICAL CONSTANTS
Uncert. (ppm)

N = 6.0220943(63)x1023 mole~1! 1.05
Vm = 22413.83(70) cm> mole™! = molar volume of ideal gas at STP 31
c = 2.99792458(1.2)x101% cm sec™! 0.004
e = 4.803242(14)x10710 esu = 1.6021892(46)x10~ 192 coulomb 2.9; 2.9
1 MeV = 1.6021892(46)x106 erg 2.9
R=h/2n = 6.582173(17)x10722 MeV sec = 1.0545887(57)x10~%7 erg sec 2.6; 5.4
hc = 1.9732858(51)x10"11 MeV cm = 197.32858(51) MeV Fermi 2.6; 2.6
= 0.6240078(16) GeV mbl/? 2.6
a = e2/Hc = 1/137.035982(30) ©0.22
KBoltzmann = 1.-380662(44)x10716 erg °k™! 32
= 8.61735(28)x10" 11 MeV °K~1 = 1 eV/11604.50(36) °K 32; 32
mg = 0.5110034(14) MeV = 9. 109534(47)x10‘31 kg 2.8; 5.1
m,, = 938.2796(27) MeV = 1836.15152(70) m, = 6.72270(31) mp+ 2.8; 0.38; 46
= 1.007276470(11) amu 0.011
1 amu = 1/12 mg12 = 931.5016(26) MeV 2.8
my = 1875.628(5) MeV 3
re = e2/mgc? = 2.8179380(70) fermi (1 fermi = 10™13 cm) - 2.5
Ke = h/mgc = rea”! = 3.8615905(64)x10" 1! cm 1.6
3wBohr = E%/mge? = rea™2 = 0.52917706(44)A (1A = 1078 'cm) 0.82
O Thomson = (8/3)nr2 = 0.6652448(33)x1072* cm.? (10724 cm? = 1 barn) 4.9
MBohr = efi/2mgc = 0.57883785(95)x10~ 1% MeV gauss™! 1.6
My = efi/2mpc = 3.1524515(53)x107 '8 MeV gauss™! 1.7
#p/ MBonr = 1.520993136(21) ‘ 0.014
1/2w8yclotron = €/2mec = 8.794023(25)x10° rad sec™! gauss™! 2.8
1/2wByclotron = €/2mpc = 4.789378(13)x10> rad sec™! gauss™! 2.8
Hydrogen—like atom (nonrelativistic, u = reduced mass):
v, ze?. " _ uzlet _ n2R2
c’'rms — pRe' R 2 2( 5)2' uzes
R, = mee?/2h% = mc2a?/2 = 13.605804(36) eV (Rydberg) 2.6
= mecaz/Zh = 109737.3143(10) cm™! 0.009

pc = 0.3 Hp (MeV, kilogauss, cm)

1 year (sidereal) 365.256 days = 3.1558x107 sec(xmx107 sec)
density of dry air 1.205 mg cm™3 (at 20°C, 760 mm)

980.62 cm sec™? (sea level, 45“)
6.6732(31)x1078 cm3g~! sec™?

4.184 joules

1033.2275 dynes cm™< = 1.01325 bar

= 11604.50(36) °K (from E = kT)

]

"

acceleration by gravity

gravitational constant

1 calorie (thermochemical)
1 atmosphere

i

1 eV per particle

NUMERICAL CON S
n = 3.1415927 trad = 57.2957795 deg V= 1.7724539
e = 2.7182818 1/e = 0.3678794 V2 =1.4142136
In2 = 0.6931472 In10 = 2.3025851 V3 = 1.7320508
logg2 = 0.3010300 logjge = 0.4342945 V10 = 3.1622777

*Prepared by Stanley J. Brodsky, based mainly on the adjustment of the fundamental
physical constants by E. R. Cohen and B. N. Taylor, J. Phys. Chem. Ref. Data 2, 663
(1973), plus current values for N, a, u /“Bohr' R. [see B. N. Taylor and E. R. Cohen,

Proceedings of the Eij h International Cog[eregce on Atom Masses and Fundamental
Constants (AMCO-5S Paris, 1975]. The figures in parentheses correspond to the
one—standard—deviation uncertainty in the last digits of the main number. (Updated
April 1976.)
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CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS, AND d FUNCTIONS

IT ...
Note: A+ is to be understood over every coefficient; e.g., for -8/15 read -N8/15. Notation: M M .
o_ [3 ‘ \———
]/2 x 1/2 + | ffm— Yy = g cos® < ] 2 52 o
+5/2 Coefficients
+1/2 +1/2] 1o 0O Ny \/7 6 ol 5/2 3/2
t1/2 -1/2)11/2 1/ 1 1 ~ 7\ gy sinfe N2 1/2] 1 pra+3/2
-1/2 +1/2|1/2 -1/24-1 +2 -1/2]|1/5 4/5Q 5/2 3/2
|~1/2 -1/2] 1 \ +1 +1/2|4/5 -1/5§+1/2 +1/2]
' YZO 1?_ -g- cosze-%) +1 -1/2] 2/5 3/5f 5/2 3/2
1x1/21.32 T o0 +172| 3/5 -2/5}-1/2-1/2
X /
+3/2 ) 0 -1/2| 3/5 2/5] 5/2 3/2
Ei+i/2] 1 +2§+iﬁ v l=— /12 ging coso e -1 +172) 2/5 -3/54-3/2 -3/2
2 8 2
x -1 -1/2| 4/5 1/5] 5/2
1172173 273 3/2 }ﬁ ) 3/2 1/2 i R ; +1§z 155 -4?5 -séz
0+1/2| 2/3 -1/3}1/2 - 2_ 1 15 sin? g o2i® 13)2 £1/2] 1f+1 +1 m——
2 " 3Nz 2 -1/
0-1/2] 2/3 1/3] 3/2 - 3/4] 2 1
/3 372 +3/2 -1/2|1/4
2 x 1 RR2VL RYERTTE ) = v1/2 +1/2)3/4 -1/ 0 o
] T2 3/2 x I +5/2] /2 32 +1/2 -1/2|1/2 1/} 2 1
l+2 +1 N XS -1/2 +1/2|1/2 -1/24-1 -1
+2 of1/3 2/3f 3 2 1 +3/2 0| 2/5 3/58 5/2 3/2 1/2 -1/2 -1/2|3/4 1/4 2
+1+1lz/3 -1/30 41 +1 0+l +1/2 +1| 375 -2/sp1/2 +1/2 +1/2 -3/2 +1/2{1/4 -3/44-2
+2 -1[1/15 1/3 3/5 +3/2 -1|1/10 2/5 1/2 I-a/z -1/2] 1
] X ] é +1 oi8/15 1/6 -3/100'3 2 1 +1/2 o|3/5 1/15 -1/3] 5/2 3/2 1/2
PR 0+1l6/15 -1/2 1/100 0 o 0 -1/2 +1|3/10 -8/15 1/6f-1/2 -1/2 -1/2
g ¥1-1(1/5 1/2 3/10 +1/2 -1|3/10 8/15 1/6
+1 of1/2 1/2§2 1 0 0 of3/5 o -2/5 3 2 1 -1/2 0|3/5 -1/15 -1/3§ 5/2 3/2
0+1{1/2 -1/200 o0 o -1+111/5-1/2 3/100 -1 -1 -1 -3/2 +1{1/10 -2/5 1/2}-3/2 -3/2
+1-1{1/6 1/2 1/3 ‘ 0 -1{6/15 1/2 1/10 -1/2 -1 3/5 2/s5f 5/2
0 of2/3 0 -1/3f 2 1 -1-0{8/15-1/6 -3/10f 3 2 -3/2 0| 2/5 -3/5Q-5/2
-1+1{1/6 -1/2 1/3f-1 -1 -2 +11/15-1/3 3/5 f-2 -2 13/2 .0 1
0-11/2 1/2} 2 -1 -1{2/3 1/34 3
-m _ m,m* -1 of1/2 -1/24-2 -2 o{1/3-2/34-3 (G, m,m Ij R
Y, = ()Y 12 M U2
Tl -2 -1] 1 L
uJ at _ 4w Yme-im¢ LL\ J - iy -y ) o
m,0 N Zi+1 Yy =(-1) (Jpigmymy i i IM
j _(qym-m' L9 x / E) Y2 _ 8 12 )
%mtym T (1) Ym,m' = m, -m’ 3/2 32 S ) d4/2, 4/2 = °°%7 /2, -1fe =T 8I0Z
2 3/2 I+3/2+3/2 1 1 }+2 +2
X | I
| +3/2 +1/2| 1/2 1/2 3 2 1 .
+ /2 5/2] +1/2 +3/2| 1/2 - 141+ al  -itcosf 1 __ sinb
r2+3/2] 1 f5/2 +5/2 L2023 3;: 17 s 3/1 - 1472 40 T
. " +3/2 -1/2 1 1
+2+1/21 37 4/ /2 52 32 +1/2 +1/2|3/5 0 275 3 2 4. 0
+1 +3/2| 4/7 -3/7/+3/2 +3/2 +3/2 -1/2 +3/2 | 1/5 -1/2 3710} 0 0 0 0 ' 4 -cost
+2-1/2] 1/7 16/35 2/5 ¥3/2 -3/2 |4/20 1/a 9720 1/a] Y147
4 +1 12| 4/7  1/35 -2/50 /2 5/2  3/2 1/2 +1/2 -1/2 [9/20 1/4 -1/20 -1/4
2x12 e 0 3/2] 2/7 -18/35 /50 +1/2 +1/2 +1/2 +1/2 D12 1/2 [0/20 ~1/4 ~1)30 1) [y —— . .
+2+2[TQ+3  +3 +2 _iﬁ 1;%2 gﬁi zés %ﬁn -3/2 +3/2 |1/20 -1/4 9/20 -1/4f] -1 -1 -1 dpo = <os
+ - - +1/2 -3/2[1/5 1 10|
+2+1|1/2 1/20 4 32 0 1/2118/35 -3/35 -1/5 1/5 R 7/2  5/2 3/2 1/2 _172 _4; 3?5 0/2 _%5 R
+1+211/2 -1/20+2  +2  +2 -1 3/2| 4/35-27/70 2/5 -1/100-1/2 -1/2 -1/2 -1/2 372 +1/2 | 1/5 -1/2 3100 -2 -2
+2 0 [3/14 1/2 2/7 +1 -3/2 | 4/35 27/70 2/5 1/10)
- - 1,
RN 7] R 0-1/2 |i8/35 335 -1/5 -1/5 S R E
0 2 |3/14 -1/2 2/7 f+1 +1 41 +1 -1 1/2 12/35 -5/14 0 3/10f /2 5/2 3/2 .
+2 -1 [1/14 3/10 3/7 1/5 -2 3/2 | 1/35 -6/35 2/5 -2/5 §-3/2 -3/2 -3/2 L3232
[t1 0 [3/7 4/5 -1/14 -3/10 0 -3/2 | 2/7 18/35 1/5
3/2 1+cosd 6 0 1 |3/7 -1/5 -1/14 3/10] 4 3 2 1 0 -1 -1/2 | 4/7 -1/35 -2/5F 7/2  5/2
9372,3/2 = cosy QR4 2 |1/14 -3/10 3/7 -1/5. § 0 0 0 0 0 -2 1/2 | 1/7 -1¢/35 275} =572 -5/2
2 f+2 -2 J4/70 1/10 2/7 2/5 4/5 -1 -3/2[ 4/7 3/7] 72
Y2 . 3 ircost ;6 2 o[ 1ixcose +1 -1 |8/35 2/5  1/14 -1/10 -1/5 -2 -1/2| 3/7 -4/70-7/2
432,402 = N3 z s\ 9.2 ( Z ) o 0 [18/35 0 -2/7 0 1/5 / 2 Al Wk
-1 1| 8/35-2/5 1/14 /10 -1/5f 4 32 1 Lz-32] ¢
42 J3lcosh 6 g2 ._ttcose . Q-2 2 1/70-1/10 2/7 -2/5 4/5] -1 -1 -1 -1
¥2,-1/2 2 2 2,1 +1 -2 [1/14 3/10 3/7  1/5
Ve 0 -1 3?7 1/5 -1?14 -3/10
32  1-cosb . 6 2 N6 .2 2 _1+cos6 _ -1 0 [3/7 -1/5 -1/14 3/10f 4 3 2
932, 32" "2 sing dy0 = g sin® 07Tz (2eost-0) W |44 t310 37 /5 Q2 -2 -2
0 -2 |3/14 4/2 2/7
d3/2 :ic.ﬂe_icosg d2 :_1‘C°586in8 d2 g2 sinf cosf -1 -1 |4/7 0 -3/7 4 3
1/2, 1/2 2z 2 2,1 10 \ P -2 0 3/14 -1/2 2/78-3 3
2 . -1 -2 [1/2 1/2f 4
32 __ 3cosf+1 . 6 2 _ [ 1-cos0 2 _14-cos# 2 (3 2, 1 2 -1 _ _
d1/2’_1/2——~j———sm-z 4 -( > ) df, 42 (2cosB+1) d0,0 = (7 cos“f - 2) 1l/2 1/22 4
-2 - 1

Sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (
Atomic Spectra, Cambridge Univ, Press, New York,

The Theory of
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

Adapted from J. J. de Swart, Rev. Mod. Phys. 35, 916 (1963)

The convention used here is: baryon first, meson second.

{8} ® {8} = {27} & {10} & {10°} ® {8}, ® (8}s ® {1].

The one involving a {10*} has

» . .
-2t Five single-coefficient tables are omitted.

a negative coefficient, i.e. (NK|10‘) = -1. The others, involving 4271 and
| .
0" l-—>Y=1 I1=1/2 N —— -V =1 133/2A {lO}.are all +1.
%
I s W S i e W
Nm \v/5/10 35710 1/2 -1/2 N 2/2  —/2/2
2%, *| =k |[=+v5/10 -35/10 1/2 -1/2 =K \\//‘2/2 V2/2
Nn | 3v5/10 —+/5/10 1/2 1/2
_Multiplicity of 27; AK | 3v5/10  -+5/10 -1/2 -1/2
=1, x=2,A=3
y=-01=0 A > Y=0I=1 >
% )
&L 27 8D 1 8r gL # 8D 8r 10 10
NR 15/10 10/10 1/2 /2 NER | \5/5 -+/30/10 6/6 -6/6 /6/6
= —%/10 -{1‘0/10 -1/2 ﬁ/z EK | v/56/5 —+/30/10 -v6/6 6/6 —+1/6/6
BlAE AR AL S D lme v P A
|3Vl -VE/E -vR4 ° AT |+/30/10 V5/5 0 -172 -172
—
—— Y= -1 I=1/2 & . -y -1 I=3/2
£
IL 2-l-7 §D &r 10 §1—L {7 1_0* The phase factor £4 = 1, from de Swart's
Ev | _/8/10 -3+/5/10 1/2 172| = _ Table I, enters in his symmetry formula (14. 3):
N Mk e el k| VAR VA i) = 642 Ty [
AR | 3y5/10 —+/B/10 172 -172 172 1 2tal by

This factor is irrelevant if you are doing your own
self-consistent calculations; it enters when you
try to check someone else who chose pz®p.1
instead of pq@nz-

{10} ® (8] = {35} & {27} & {10} & (8].

* Four single coefficient tables are omitted; only the {27} is -1; the three with {35} are +1.

§11 27 8 2l 35 27 10
ar | =.\/5/5 -2v5/5 ar 1/4 -v5/4 /10/4
- An /4 3/4 . V2/4
= 2v5/5 v5/5 K 10/4 —2/4 - 1/2
> Ym0 Im0 N —> Y=01=1 > Y =0 I =2
g I g] ] ¥ @ 0 0§ a8 ECRE
Zr |~ +/10/5 -15/5 Zr | \/3/6 -34/5/10 /373 - \/30/15 = 2 —1/2
= -415/5 V10/5 Zn [ 2/ /10 0 -+/5/5 AR ;jg ‘53 /2
EK| v3/3 —+/5/5 /373 /15
AR | 3/6 Vv5/10 3/3  2./30/15
8 X |10 ¥ 2* o>
- Y= -1 1=1/2 = Y= -1 I=3/2
3p 27 10 § e[ 35 21
—_ o 1/4 -7/5/20 ~/2/4 —+/5/5 =
3/4 3/5/20 _~/2/4 —+/5/5 =v | V2/2 —V2/2
-l K | V2/4 -3+/10/20 -\/? /2 \)6 /5 IK| v2/2 v2/2
ZK 1/2 v5/10  +/2/2 v5/5
-2 ——-‘
-3* —egp) = -2 [ =0 ﬂ- Y = -2 =1
£ 35 10 13 35 27
Multiplicity of 35; 1L + = ] ¥ 21
- = en v2/2 ~V2/2 Qn 12 —+3/2
oxi, X2 =R | VA Vi =& | VA 1‘73”
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PROBABILITY AND STATISTICS

A. PROBABILITY DISTRIBUTIONS AND CONFIDENCE LEVELS

We give here properties of the three probability distributions
most commonly used in high energy physics:

Normal (or
Gaussian), Chi-squared, and Poisson.

We warn the reader that
there is no universal convention for the term ' confidence level"

as used by physicists; thus, explicit definitions are given for
each distribution, and we have attempted to choose definitions
that correspond to common usage. It is explained below how

confidence levels for all three distributions can be extracted
from the following figure.

xz Confidence Level vs. xz for np Degrees of Freedom

o 2 3 456 810 20 30 405060 80100
0.6 SEe=es ot ==
8.g \\ N & \\ \\\ \\ \\ \\ X X
0.2 F—~ SN NN \
R NN N\ \ \\z
0.1 np = NI N2 NINA NS W0 [\19 \20%2(30 Mo\
= 0.06 SN VL
© 004 LSie = E iR R s A
—_— 0.03 \\ \\ \\ \‘ \ \
2 0.02 NIRN WA VR i1
= 0.0l
3 —\ s — — . 3 : } i s
g 0.006
S 0.004 S S sai= i
= 0003 R aneasn il
g 0002 RRRIs =
00! For np > 30, = ey :
0.0006 Ve 2 S
. CL= 77 (= S dx A R
00003 E -~ vaT Jy exe e ER e
0.0002 with y=J2—)(_2 _ “/2"9_"‘ \\ \\ \\ \\ \ \‘ |
0.0001 Lo L LN VAR
[ 2 3 456 810

X2 (or x2x 100 for——)

20 30 405060 80100

A.1. Normal Distribution

The normal distribution with mean X and standard deviation o
(variance 0'2) is:

2,2
Plx)dx = 1 ~(x-%) /20 dx.

2mo

(1)

‘The confidence level associated with an observed deviation from
the mean, &, is the probability that |x—§| > 6, i.e.,

P

CL =2 dx P(x)
X+6

(2)

- 0 o
[ The small figure in Eq. (2) is drawn with &6 = 20.] CL is given
by the ordinate of the npy = 1 curve in the figure at X2= (6 /0)2.
The confidence level for 6

20

10 is 31.7%; 20, 4.6%; 30, 0.3%.
The central confidence interval, 1-CL, (which is also some-
times called confidence level) for 6 = 1¢ is 68.3%; 20, 95.4%:;

30, 99.7%. The odds against exceeding &, (1-CL)/CL, for

5 = 10 are 2.15:1; 20, 21:1; 30, 370:1; 40, 16,000:1; 50,
1,700,000:1. Relations between ¢ and other measures of the
width: probable error (CL = 0.5 deviation) = 0.670 ; mean ab-

solute deviation = 0.80 ¢ ; RMS deviation = ¢; half width at half
maximum = 1.18¢.

A.2. Chi-squared Distribution

The chi-squared distribution for n_ degrees of freedom is:
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) 2
2.h-1 - 2. 2 2
P ads o (AP e X ey (P =0, (3)
D* 27T (h)
where h (for "half'") =n /2. The mean and variance are np
and 2n., respectively. fr)l evaluating Eq.

(3) one ma.X( us7
Stirling's approximation: I'(h) = (h-1)!= 2.507 e-h nth-1/2)x
(1 + 0.0833/h) which is accurate to * 0.1% for all h= 1/2. The
confidence level associated with a given value of np and an ob-

served value of XZ is the probability of chi-squared exceeding
the observed value, i.e.,

Pa

o

° 2 2
CL=j2dx P, &) (4)
X D b
Z
e 2
o] 5 10 15
[ The small figure in Eq. (4) is drawn with np = 5and CL=10%.]
CL is plotted as a function of XZ for several values of n

p in the
above figure. For large np, X © becomes normally distributed
about np. Thus, —

2
vy = X - np)/N2ng (5)
becomes normally distributed with unit standard deviation. A
better approximation, due to Fisher, ! is that x , not x 2, becomes
normally distributed, specifically

Y, = W - ZnD-i (6)

approaches normality with unit standard deviation. For small
CL's in particular, yp is much more accurate than y4. Thus,
for npy = 50 and x 2 = 80, the true CL = 0.45%, but y4 is 3.0 cor-

responding to a CL of 0.13% , while y, is 2.7 correspording to a
CL of 0.35% .
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PROBABILITY AND STATISTICS

A.3. Poisson Distribution

The Poisson distribution with mean 1 is:
_(ﬁ)(ﬁ)n

= m=0,1,2,---). (7)

e
Py (n) =
The variance is equal to the mean. Confidence levels for Poisson
distributions are usually defined in terms of quantities called
""upper limits'" as follows: The confidence level associated with
a given upper limit N and an observed value nj of n is the proba-
bility that n > ng if @ = N, i.e.,

ey cL
CL= Z P .(n) f
n=n.+1 N
0
n, 1-CL
=1- X Py " (8)
n=0 Py
A Ly
T T T T T
o] 4 N 8 12

[ The small figure in Eq. (8) is drawn with ny =2 and CL = 90%. ]
A useful relation between Poisson and chi-squared confidence
levels allows one to look up this quantity on the above figure.
Specifically, the quantitg 1-CL is given by the ordinate of the

np = Z(n0+1) curve at x © = 2N. Thus, 90% confidence level up-
per limits for ng = 0, 1, and 2 are given by half the x* value cor-
responding to an ordinate of 0.1 on the npy = 2,4, and 6 curves,
respectively; the values are N = 2.3, 3.9, and 5.3.

Tables of confidence levels for all three of these distributions,
the relation between Poisson and chi-squared confidence levels,
and numerous other useful tables and relations may be found in
Ref. 2.

B. STATISTICS

We consider here the situation in which one is presented with N
independent data, y, 0y, and it is desired to make some
inference about the ' true" value of the quantity represented by
these data. For this purpose we interpret each datum Yn S 2
single sample point drawn randomly (and independently of the
other data) from a distribution having mean ¥,, (which we wish to
estimate) and variance ¢2. (Identification of ?he true 0, with the
0pn datum is an approximation which may become seriously inac-
curate when g, is an appreciable fraction of y,.) Some methods
of estimation commonly used in high energy physics are given
below; see Ref. 3 for numerous applications. Section B.1. deals
with the case in which all ¥, are the same, e.g., several differ-
ent measurements of the same quantity; Sec. B.2. deals with the
case in which ¥, = ¥(x,), where x, represents some set of inde-
pendent variables, e.g., cross-section measurements at various
values of energy and angle, x, ={E_,6,}.

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 ¥ and variance 0% (i. e., the oy are
all the same, but their common value is unknown) then

ve = }N § yl’l and (9)
2
O = % 0y - 76)2 (10)

are unbiased estimates of ¥ and 0'2. The variance of Ve is UZ/N.
If the parent distribution is normal and N is large, the variance of
02 is 20%/N.

(2) If the ¥, all have the common value ¥ and the 0, are known,
then the weighted average

— 1
Ve = % & YaVn’ (11)
where w_ = 1/02 and w =X w,,, i's an appropriate unbiased esti-

mate of 37:.1 This™choice of weighting factors in Eq. (11) minimizes
the variance of the estimate; the variance is 1/w.

B.2. Linear Least Squares Fit

A least squares fit of the function y(x) = Z; a; f;j(x) to independent
data yn * 0, at points x,, (e.g., a Legendre fit in which the f; are,
Legendre polynomials and the aj are Legendre coefficients) gives
the following estimates of the parameters a;: '
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(Cont’'d)

2
- ) 12
2,1 = Zn Vij §j4) Yn/0n (2

Here V is the covariance matrix of the fitted parameters

i = (ae,i - Ee,i) (ae,j - a‘e,j) , (13)

which is given by

-1 _ 2
(V705 =R § () ) /o) (14)
The variance of an interpolated or extrapolated value of y at point
Xy Ve =X ag jfj(x), is:
( -')Z‘ZVf(x)f(x) 15
Veve-ij 15 5 ) 06) - (15)

For the case of a straight line fit, y(x) = a + bx, one obtains the
following estimates of a and b,

a_ =(S_S__-S_5S_)/D,
e Yy xx X Xy (16)
b, =(8; Sy - S, Sy)/D,
where
$,,5.,S.,5.,S. =3z, x <2, x_y ) /fo2 (17)
1’ "x’ Py’ Uxx’ Pxy ' %0t Yn' *n Fn¥n)On’
D=s,5 -8Z.
XX X
The covariance matrix of the fitted parameters is:
Vaa Vapb Sex "S¢
-1 (18)
Vab Yoo/ DP\Sc 84

The variance of an interpolated or extrapolated value of y at point
x is:

2
_— S S
— 2 1 1
Ve =% = 5,* ‘D“<X' ﬁ) 9

C. ERROR PROPAGATION

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

Tet 1 8%t
~f{yh+sz v 5B (1) . (20)
€ -z vm@gfn > (;_;) L e
(v} = (7} oyy= {7

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

T~ £ + 202G, (22)
€ -0 =0’ 3P . (23)

Note that these equations will usually be applied by substituting
some measured quantities, {¥} say, for the true means, {y}. If,
as is often the case, ¥, - ¥, is of order N Vp,, then there is no
point in keeping the second order terms in Eq. (20) or (22) since
the substitution itself introduces first order errors.

1. R. A. Fisher, Statistical Methods for Research Workers
(Oliver and Boyd, Edinburgh and London, 1958).

2. M. Abramovitz and I. Stegun, eds., Handbook of
Mathematical Functions (National Bureau of Standards,
Applied Mathematics Series, Vol. 55, Washington, 1964).

3. W. T. Eadie, D. Drijard, F. E. James, M. Roos, and
B. Sadoulet, Statistical Methods in Experimental Physics
(North-Holland, Amsterdam and London, 1971).

Revised and expanded April 1974,
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RELATIVISTIC KINEMATICS*

DEFINITIONS AND GENERAL FORMULAE

PARTICULAR CASES AND A'SYMPTOTIC‘ VALUES (=)

I. NOTATION

We define any 4-vector p by its components:

E = the energy

"

_ E L)
p = (}_?B,P) with N N
P = (PH’Pl) = 3-vector of
magnitude P,

P“ =
where N

Pl = the transverse momentum (2 components, along 2

axes perpendicular to the beam);

lab

then - (E

lab lab zlab
P , P

r Py )

cm  Zcm

cm
,P”,Pl) .

cm
P = (B

The 4-vector scalar products are defined by

> >
. = - A-
A+B A B, - A*B ’

so that P

II. GENERAL INVARIANT DEFINITIONS AND RELATED FORMULAE

For any 2 particles i and j, the most commonly used
invariants are defined as follows:

A.  The invariant mass squared of the combination of par-

the longitudinal momentum along a beam direction

(I-1)

(1-2)

(I-3)

(I-4)

(I-5)

ticles i _and j is

=m?, =

> >
S . - P.,*P.) .
1] 1] i3]

(p; +p.)° = m?+m?+2(E,E,
it Py F i

3
Using the function A(x,y,z)
Ax,y,z) = x? +y2 +z% - 2xy - 2yz - 2zx

=[x - Wy +vVZ)illx - &y - V1,

we have the relations:

A.l. In the particle j rest frame (E, =0), the longi-

H—

>
tudinal axis being along Pi’

s,.-m?-m? Acs, . ,m%,m%)
1] 1 J R R S|
B 2m, 2m,

B 3 3

In_the c.m. frame for particles (i and j)
>

N
), the longitudinal axis being along Pi,

>
(P .
225 FLaa

2 2
(i) Sij+mi--mj
P =

> 2V's, .
ij

A(s, . ,m%,m%)
B R |

’ ’

2V Sij

0 s

P m, .
p(33) o i,
1

* VS, .

1)

thus,

relations involving s.

A.3. .3
ij=—

i) In_a Dalitz plot for

Applications: Useful

[also called A(x,y,z)], defined by

the 3-body decay, X > 1+2+3,

(II-1)

(I1-2)

(I1-6)

(II-11)

(II-13)

= const. (i,j = 1,2,3)

E sij = Zmi+mf23
i

i<j

2 2
(p,+p,+p,) =m -

. 2
with mi,, = %

ii) In a triangle plot for the 4-body decay, X > 1+

(I1-14)

2+ 3+4,

IR m +mi,,, = const. (i,j = 1,2,3,4)
i<j i
: 2 _ 2 _ 2
with ml, . = (pl+P2+P3+P“) my

B. The invariant momentum transfer squared between particles

i and k is
- 2 2 2 -

Eix = PRy = ompmy - 2R - Pty .

min > > min .2
t = . - = -
ik tx * 2(19i Py PiPk) ik 4‘9.113k sin

(6., bei h 1le b P, and P

ik eing the angle between Pi an Pk) .
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(II-15)

(II-16)

ik

2
(II-19)

III.

VERY HIGH ENERGY PHYSICS:

ASYMPTOTIC FORMULAE

A.

Colliding beams

> >
s = 2(EaE - P_*P) (III-1)

b a b

If 0 is the supplement of the angle between
the two beams, (and if we assume Ej = P;), then:

and

= 4P_P
a

2
a-2 ...

(III-2)

28 o
b COs” 3 4Pan

Interaction of particle a with target
b _at rest

B.1. In the lab frame
= Sab = m;+m;+ 2mbElab = 2mbElab
a 2 (111-3)
o S -
Pine 2m, (I11-4)
B.2. In the center-of-mass frame
. _ cm cm, 2 a cm, 2 -
= s,y = (B +E) 4(®_) (ITI-5)
cm cm S
pCcm _ ~ Y -
o Py > (III-6)
s+m2 -m m
b = a b b 0
a 2\/3_ ‘/S inc
s+m}2)—m2 -m,
b
p = |\—2—2 P. .0}
inc
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Application to the reaction a+b > c+d:

1. General formulae 2. Particular case
- _ min . 2 ac In the c.m.: dt = 2P_P d(cosb_ ).
t = tac = tbd tae - 4PaPC sin (——-—2 ) ’ a c ac
min i) m_ =m, # m,:
. max _ 2
with 9% - (g -E )% - (p_FP) (11-20) a” e "7 Ta
ac a ] a c 2, 2 2.2
min ma(mb B md)
. . . t T - —— (I1-24)
which, after expansion in powers of (1/s), gives ac s?
2 _ 2 2 __2
Jmin (my —m) (my = my) . min (ms—mé) (mé—m2)
ac s Ya (I1-25)
s
m? +m2 - m? - m?) (m?m? - mZm?)
__a b ¢ 4 . 2™ cd | 0(%) (11-22) .
s s ii) For elastic scattering
P P 2 . (a+b > a'+b'"),
In a similar way, defining u = (p_-p,)° , one finds
ad a -4 min
. =0,
A ead) aa
= = =~ phin _ in2{ 22
u = tad tbc uyg 4Pan sin > . o
'
and t = -ap? sln2< aa >
2 2 2 2 ' ’
- - a 2
min _ (ma md) (mb mc)
ad s
(m? +m? -m? -m?) (m?m? - m’m?) A
dat = ; -
a T T T My , a™p ca O(—l?) (11-23) aal 2P d(coseaa,), (I1-26)
S S
(m? - mlzj) ?
A 1 lati t i i i i
general relation between the lnvarlants is also u:\;l'l - a - (11-27)
_ 2. 2 2 2
s+t:4!-u~ma+mb+mc+md .
IV. RELATIONS BETWEEN THE (j) PARTICLE AND (ij) PARTICLE
REST FRAMES: LORENTZ TRANSFORMATION
The general Lorentz transformation has the matrix form
L. . At high energy:
E (1D Y -n o e \\3
_ E.. Vvs,.
i R R 2 ‘ e = o ama gy~ ’
' .
Pl 0] 0 1 Pl (Iv-1) J

gij is called the boost_parameter of the Lorentz
N’ transformation that connects the particle ij
rest frame to the particle j rest frame.

If we define, in any frame, the quantity: P, = E*P

(i3) (3
Py (y-m) 0 0 Py Application
f- = o (y+m) © E- ’ (1v-3) 1. To reaction a(beam) + b(target)
Py 0 0 1 P The transformation from the lab frame into the

c.m. frame is given by:

2 2 2 2 )
s..+m; - m +‘,A(s.,,m.,m.) ¥, lab
vin = —2 J 2 LR R E N (1v-4) v = Ba *my and n = Finc A
2mj\/sij \/_s_ \/;

j F
| vA(s. mZ,m?) p{P P = E plap
18] =100 = tamn £, = 2= - — (1v-5) * *
Y 13 s;: +ms - m: E9) 4.
S i b} with
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