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I. OVERVIEW

This review 1s an updating through December 1987 of
the Review of Particle Properties [Parllcle Data Group
(1986)], a compilation of experimental results on the prop-
erties of particles studied in elementary particle physics
These properties include masses. widths or lifetimes,
branching ratios. and other experimentally determined prop-
erties Where feasible, we provide a suggested “best™ value
of each parameter based on our own judgment using the
best available data We also provide an extensive summary
of searches for hypothesized particles These usually take
the form of mass limits under specified assumptions Since
such himits are often complex functions of mass and may be
model dependent one 1s often well advised to consult the
onginal papers for detailed information A discussion of
some of the procedures that we apply and a brief review of
the historical performance of averages of measurements,
may be found below (Section IV Part D)

The results of this compilation are presented n two sec-
uons. the “Summary Tables of Particle Properties™ and the
“Full Listings ™ The Summary Tables give our estimates of
the properties of those states whose existence we consider
well established Our opimion of whether or not a particle 1s
well established can change as new data become available
We attempt to be conservative, so particles awaiting confir-
mation are not included. even 1f they may be theoretically
well understood The Summary Tables also give a con-
densed version of search limits for hypothesized particles,
usually the most restrictive limit 1s given

All data used for the numerical estimates 1n the Sum-
mary Tables are included 1n the Full Listings, with refer-
ences and our comments, 1f any Those measurements con-
sidered recent enough or important enough to mention but
which for some reason were not used 1n the averaging,
appear 1n a separated scction, just underneath the other
data The Full Listings also contain information on uncon-
firmed particles and unsuccessful particle scarches, as well
as short ““mini-reviews’ about subjects of particular interest
or data that have particular problems

In the past, we have attempted to use the Full Listings
as an archive of all reported data on particles of interest
This 15 no longer possible because the growth of information
would require a 5 to 10% per year expansion 1n this Review
Therefore we refer interested readers to previous editions
for references to data considered obsolete

In this edition we continue with our particle naming
conventions [Barnen (1985) and Wohl (]984)]. which
became our standard 1n 1986 They primanly affect meson
names A few baryon states are renamed as well In the
Summary Tables of Particle Properties and the Full Listings
each particle 1s listed by 1ts new name, with the old name, 1f
different, given below 1t It 1s our hope that these conven-
tions, described in Section I below, if adopted by the com-
munity will bring order to the chaos of particle names and
facihitate discussion and understanding A few minor
changes are introduced this year to better conform to usage
or for increased convenience Since there will doubtless be
a transition period duning which the hiterature may contain
a mixture of both old and new names, we will continue to
list the old names with the new for several editions

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

STABLE PARTICLES — All particles stable under the
strong interaction These include the truly stable
parucles as well as those which decay weakly or elec-
tromagnetically, including the n. D, D (formerly
called the F) A M 7% and so on

MESONS — All meson resonances that decay strongly
including the ¥, x, and T familes

BARYONS — All baryon resonances that decay strongly,
including the resonant Vv and A famihes, dibaryon
candidates, and so on

This classification scheme 1s used to organize the Summary
Tables and the Full Listings

We include a section of “Miscellaneous Tables Figures,
and Formulae ™ These provide a quick reference for the
practicing elementary particle physicist  They normally
presuppose some understanding of the subject matter, and
do not attempt 10 serve as a textbook We welcome all
suggestions and comments regarding topics for inclusion or
deleuion. any errors or confusing passages elc

A pocket-sized Particle Properues Data Booklet 1s avail-
able This contains the complete Summary Tables of Parti-
cle Properties and the most frequently used parts of the
Miscellaneous Section but not the Full Listings For North
and South America, Australta and the Far East, write to
Technical Informauon Department, Lawience Berkeley
Laboratory, Berkeley, CA 94720 USA For all other areas,
write to CERN Scientific Information Service CH-1211
Geneva 23, Switzerland

We have continued our modernization, begun in 1984,
of the procedures used to produce the Review We have
introduced a new database management system 1o store our
data internally, and have made many changes in the format
of the Full Listings Some of the details of these changes
are given below

» Use of a modern relational databasec management sys-
tem (ORACLE)

Data entry 1s clearly separated from entry of comments
and footnotes, making errors less likely,

Checking 1s easier (author-name spelling, standard
names for measurement techniques, institutions,
etc ),

Organization 1s better for modern typesetting (see fol-
lowing)

» Format of Full Listings

Headings for *data blocks™ are large and easily visible,

Full Greek, math symbols, and upper/lower case
English are now used,

Our “best™ value (from data average, fit, tightest limut,
estimate, etc ) for the quantity being tabulated (mass,
width, etc ) 1s now given at the top of the data block,

Experimental values which are used in averages. fits
etc, are histed 1n the upper part of the block, values
not used (due to various problems) are put in a
separate list at the bottom of the block (this means
that the old scheme 1nvolving parentheses around
unused data 1s no longer 1n effect),

Within each of these two lists, values from later years



are given before those from earlier years (references
at the end of the particle are also given 1n reverse
chronological order),

Almost all “*best™ values appearing 1n the “*Particle
Summary Tables™ (near the front of the book) will
also appear at the top of the appropriate block 1n the
Full Listings, previously, only averages and fits
tended to be locatable 1n the Listings

Value and error are written as “value™ + “error” rather
than depending on column position,

Systematic experimental errors are presented scparately
from statistical errors where possible (they are com-
bined 1n quadrature for averaging and fitting)

Asvmmetric experimental errors are presented in stan-
dard format and are used to compute asymmetric
final errors,

Some columns tn data blocks have been swapped, but
all columns are now labeled as to therr meaning

Footnote position and numbering have been standard-
12ed

ONE CAVEAT Because we have made so many modif-
1cations to our files 1n order to bring about the above
changes, there 1s an excellent chance that we have intro-
duced some errors, despite checking all the substantive
information as best as we could Thus we would appreciate
your bringing any errors to our attention We would also
like to have your comments on the various format changes
Please send all comments, corrections, etc to the appropni-
ate author, according to the list of responsibilities below. or
to

Particle Data Group, MS 50-308
Lawrence Berkeley Laboratory
Berkeley, CA 94720, USA

for proper routing Rapid access 1s obtainable via computer
mail to LBL PDG on HEPNET or PDG@LBL on BIT-
NET We take comments seriously and will reply to all
messages

Thank you

1I. AUTHORS AND CONSULTANTS

The primary areas of responsibility of the authors are as
follows
(1) Stable particles R M Barnett, B Cabrera,
G Conforto, R A Eichler, K Hagiwara, K G Hayes,
S Kawabata, G R Lynch. K A Olve, R R Ross,
R H Schindler, R E Shrock, TG Trippe, W P Trower, and
C G Wohl
(2) Meson resonances M Aguilar-Benitez,
JJ Hernandez, L Montanet, F C Porter, M Roos
K R Schubert, and N A Torngvist
(3) Barvon resonances R L Crawford, G Hohler,
D M Manley, L D Roper, and CG Wohl
(4) Miscellaneous tables, figures and formulae
I Hinchhiffe and G P Yost
(5) Production B Armstrong, A Rittenberg, and
G S Wagman

Consultants
Of increasing importance to the production of this
Review 1s a world-wide network of consultants experts 1n
particular topics  We wish to mention the following people
with thanks
« D Anderson (Fermilab)
R A Arndt (Virginia Polytechnic Inst and State Univ )
V 1 Balbekov (Serpukhov)
R M Battiusaitis (University of Utah)
M J Berger (U S National Bureau of Standards)
W de Boer (SLAC)
G Brianti (CERN)
E Browne (LBL)
R N Cahn (LBL)
J Carr (University of Colorado)
* M Chanowitz (LBL)
F Close (University of Tennessee)
¢« COMPAS Group (IHEP Serpukhov)
« ED Commins (University of Califorma, Berkeley)
* D Coward (SLAC)
« R H Dalitz (Oxford University)
* J Donoghue (University of Massachusetts, Amherst)
* F Dydak (CERN)
» JJ Eastman (LBL)
J Ellis (CERN)
*« V'V Ezhela (Serpukhov)
D Finley (Fermilab)
V' Flaminio (University of Pisa)
G Gidal (LBL)
FJ Gilman (SLAC)
G Goldhaber (LBL)
M Goldhaber (BNL)
G Gopal (Rutherford Appleton Lab)
N A Greenhouse (LBL)
H E Haber (University of California, Santa Cruz)
R Hagstrom (ANL)
+ G Hall (Impenal College, London)
C Hearty (LBL)
« R Hemingway (Carleton University)
« W Hofmann (LBL)
« J H Hubbell (U S National Bureau of Standards)
« I D Jackson (LBL)
« R Jaffe (MIT)
* Zhang Jinjun (IHEP Beiing)
« R'W Kenney (LBL)
K Kleinknecht (Universitat Dortmund)
P Langacker (University of Pennsylvania)
T L Lavine (SLAC)
* GM Lews (University of Glasgow)
K B Luk (Fermilab)
« WG Moorhead (CERN)
« DR O Mornson (CERN)
K Mursula (University of Oulu, Finland)
S Ozak: (KEK)
ST Parker (University of Hawan)
J M Paterson (SLAC)
J M Peterson (LBL)
A Prokapenko (Novosibirsk)
H'S Pruys (Zurich University)
= F Remes (Umiversity of Califormia Irvine)



B Renk (Universitat Mainz)

D Rice (Cornell University)

* J D Richman (LBL)

N A Roe (SLAC)

S Rudaz (University of Minnesota)

F Scheck (Universitat Mainz)

* M Shaevitz (Nevis Laboratory)

« T Shimada (Niels Bohr Institute)

« KH Simpson (LBL)

* V Soergel (DESY)

» WJ Sturhng (University of Durham)

« BN Taylor (US National Bureau of Standards)
+« J A Thompson (University of Pittsburgh)

« W Toki (SLAC)

* GH Tnlling (LBL)

*« RD Trnpp (LBL)

* R Voss (CERN)

R Waldi (Universitat Heidelberg)

R Wigmans (NIKHEF, Amsterdam)

+ L Wolfenstein (Carnegie-Mellon University)

In addition, the Berkeley Particle Data Group has bene-
fited from the advice of the PDG Advisory Committee
which meets annually to discuss matters of importance to
the group, including the structure and content of this
Review The members of the 1987 commuttee are
A Kernan (University of Califorma. Riverside) (chair)

J Dainiki (LBL), J Donoghue (University of Mas-
sachusetts), J Dorfan (SLAC), and S Ellis (University of
Washington) The members of the 1986 commuttee were
R Thun (University of Michigan) (chair) S Ellis (Univer-
sity of Washington), A Kernan (University of Califorma,
Riverside), D R Lide (National Bureau of Standards), and
C Quigg (FNAL)

The usefulness of this compilation depends 1n large part
on nteraction between the users and the authors and con-
sultants We appreciate comments criticisms and sugges-
tions for improvements of all stages of data retrieval
evaluation, and presentation

III. THE NAMING SCHEME FOR HADRONS

“Young man, if I could remember the names of these
particles, I would have been a botamst
Enrico Fernu

A. Introduction

We introduced 1n the 1986 edition a new naming
scheme for the hadrons Here we summarize the rules and
rationale for the scheme

The virtues sought after were as follows The symbols
ought to be as few and as simple as possible, with those
already in common use retained where possible, the sym-
bols ought to convey unambiguously the important quan-
tum numbers of the particles they name, and the quark
model ought to guide the whole scheme, without limiting 1t
Some compromise between simphicity and long-established
usage was unavoidable

Changes from older terminology affect mainly the

heavier mesons Otherwise, the only names that change are

1* becomes = 1, 79 becomes QY
C [4

(The last 15 an unconfirmed baryon ) None of the lightest
pseudoscalar or vector mesons change names, nor do most
of the ¢ or bb mesons (we do, however, now use the nota-
tion x, for the (¢ x states), nor do any of the established
baryons Wc have this year followed the literature and
adopted spectroscopic names as the primary names for most
of those Y. T, and x states for which the spectroscopic 1den-
tity 1s known (see below) We continue to use the form of
the name with the mass as alternate names 1n these cases,
and as primary names where the spectroscopic identity 1s
not known The Particle Property Summary Tables give
both the new and old names whenever a change has
occurred

F* becomes DJ* .

B “Neutral-flavor” mesons (§ =C =B =T =0)

Table I shows the naming scheme for mesons having the
strangeness and all heavy-flavor quantum numbers equal to
zero  The naming scheme 1s designed for all mesons How-
ever, we have assigned names only to those states with
quantum numbers compatible with being gg states The
rows of the table give the possible gg content The columns
give the possible parity/charge-conjugation states, PC = ~+,
+— ——,and ++, these combinations correspond one-to-
one with the angular-momentum state 25+ ILJ of the gq
system being l(L even), l(L odd); 3(L even); or
3(L odd), * In addition, the spin J 15 added to the maimn
symbol as a subscript except for pseudoscalar and vector
mesons, and the mass 1s given for any meson that decays
strongly (except that for the lowest mass meson resonances,
we sometimes shorten names by writing p for p(770) etc)

Experimental determination of the mass, quark content
9where relevant), and quantum numbers 7/, J P, and
C (or &) of a meson thus fixes 11s symbol Conversely,
these properties may be inferred unambiguously from the
symbol

[f the main symbol cannot be assigned because the quan-
tum numbers are unknown, the symbol Y 1s used tem-
porarilly Sometimes 1t 1s not known whether a meson 1s
mainly the 1sospin-0 mix of wu and dd or 1s mainly s5., a
prime {(or symbol ¢) may be used to distinguish two such
mixing states

Names have been assigned for the anticipated /7 mesons
No suggestion 1s made here for names for mesons (should
any be found) with the “exotic” quantum numbers that a
g system cannot have, namely J7¢ =077, 0t 177,
277,377, Gluonium states or other mesons that are
not gq states are (1f the quantum numbers are nor exotic) be
named just as the gg mesons are named Such non-gq
states will probably be difficult to distinguish from gg states
and will likely mix with them — the name makes no
attempt to distinguish the “*mostly gluonium™ or “‘mostly”
qq nature of the particles

* The relations between the quantum numbers are
P:(_I)L+l (‘=(__1)L+S G:(—I)L+S+I_
where of course the ' quantum number (charge conjugation) 1s
only relevant to charge-zero mesons



Table I Symbols for mesons with the strangeness and all
heavy-flavor quanutum numbers equal 1o zero

0+ 17 - ot
JPC_ 27t 37" 27" 1t
9 25 +1 1 1 3 3

content LJ= (L even); (L odd); °(L even); “(L odd),
ud. dd —uw. du (I-1) =« b 0 a
U R N b wé N
and/or s5 |
@ n he oot X
bb T hb T Xp
i n, h, 0 X,

TThe J /Y remains the J /¢

The results of all this were as follows None of the lowest
mass pseudoscalar or vector mesons (m, n and ', p. w, and
¢) changed names. nor did any of the (¢ or bb mesons
(except for x becoming x, ) Established mesons whose
names changed slightly are

Old name  New name Old name  New name
H(1190) hl(ll70) 1,(1320) a,(1320)

B(1235) hl“235) 1’(1525) fé(1525)

f(1270) f2(1270) w(1670) w4(1670)

4,(1270)  a,(1260)

Established mesons whose names changed completely are

Old name  New name Old name  New name
S(975) fo(975) 1,(1680) m(1670)
6(980) an(980) g(1690) p3(1690)

D(1285) f,(1285) 6(1690) f5(1720)
€(1300) fo(1400) $(1850) Y(1850)

E(1420) f,(1420) h(2030) f 4(2050)
1(1440) 1(1430)

Note that the S(975), D(1285), €(1300). E(1420), 6(1690)
and #(2030) all became f mesons the new scheme reveals
that all have PC=++ and are 3(L odd); states

For ¢ T, and x states for which the spectroscopic nota-
tion 1s known, we use that in the primary name and use the
mass in alternate names, ¢ g, Y(2.5) = Y(3685) and x; (2P)
= X, ,(10255)

iTwo different conventions exist 1n the hiterature for the sign
of the flavor of & quarks We have adopted the convention that
the sign of the flavor of a quark 1s the same sign as s charge Thus
the strangeness of the § quark 1s negative the charm of the ¢ quark
1s positive, and the bottom of the b quark 1s negative In addition,
I3 of the 4 and d quarks 1s positive and negative, respectively
The effect of this convention 1s as follows Any flavor carned by a
charged meson has the same sign as 1ts charge Thus the K™, D™,
and B™, have posiuive strangeness, charm and bottom, respective-
ly, and all have positive /3 The D; (formerly the F*) has posi-
ttve charm and strangeness  Furthermore, the A(flavor) = AQ rule,
which 1s best known for the kaons, applies to every flavor

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

Since the strangeness or a heavy flavor 1s nonzero none
of the mesons here are eigenstates of charge conjugation,
and 1n cach of them one of the quarks must be heavier than
the other The rules are

(1) The main symbol 15 an upper-case Roman
letter indicating the heavier quark as follows
s—>K (D bo>B t->T
(2) If the Lighter quark 1s not a « or a ¢ quark,
1ts 1dentity 1s given by a subscript
(3) If the spin-parity 1s 1in the “normal’ series
JP <ot 17 27 . a superscript ©="1s
added
(4) The spin 1s added as a subscript unless the
meson 1s a pseudoscalar or a vector
Simularly to the naming for “neutral flavor’ mesons,
possible non-qg (e g, gqg) states are covered in the
same scheme

Thus the pseudoscalar and vector K A* D, D" and B

mesons did not change names Established mesons whose
names did change were

Old name  New name Old name  New name
Q,(1280) K, (1270) L(1770) K 5{1770)
«(1350) K6(1430) K*(1780) K3'(1780)
0,(1400) K (1400) K™(2060) k‘;(2075)
K*(1430) 1\2'(1430) F D,

Most notably. the F (the ¢s state) changed to a D, How-
ever, with the prospect of B, B . T, and similar mesons
there was no consistent and economical alternative The
rules can lead to cumbersome symbols, such as a Ds‘l but
such particles are unlikely to be often seen

D. Baryons

No change 1s made to the symbols A, A A = =, and Q,
used for 20 years for the baryons made of light quarks (u,
d. and s quarks) They tell the 1sospin and quark content
and the same information 1s conveyed by the symbols used
for the baryons containing one or more heavy quarks (¢ b
and 1 quarks) The following system was invented carher
and independently by Hendry and Lichtenberg (1978) and
by Samios (1980) The rules are (see also Fig 1)

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

(2) Baryons with no 1 and/or d quarks are
\’s (1sospin 0) or ¥’s (1sospin 1) If the third
quark 1s a heavy quark (not an s quark) its identity
1s given by a subscript  This nomenclature was
already used for the 3, (22835). I, (2455), and
4,(5500)

(3) Baryons with one v or d quark are ='s
(1sospin 1/2) One or two subscripts are used 1f
one or both of the remaining quarks are heavy
thus £ . Z . Z;, etc The 4(2460) was
renamed the EL (2460)

(4) Baryons with no 1 or d quarks are Qs
(1sospin 0), and subscripts indicate any
heavy-quark content The possible but not
established T(2740) was renamed the Q (2740)



Fig 1 SU(4) muluplets of baryons made of «# 4, s and ¢ quarks
(a) The 20-plet with an SU(3) octet  (b) The 20-plet with an SU(3)
decuplet

In short, the total number of # and & quarks together
with the 1sospin determine the main symbol, and subscripts
indicate any content of heavy quarks A = always has 150s-
pin 1, an Q always has 1sospin 0 etc

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

IV. PROCEDURES

A. Selection and treatment of data

The Full Listings contain a complete record of all
relevant data known to us As a general rule we do not
include results from preprints or conference reports It 1s
our experience that preprinted results often change before
pubhcation In some cases, such results may be cited but
not used 1n computing the estimates given 1n the Summary
Tables There are a few exceptions to this exclusion, which
we decide on a case-by-case basis after consultation with the
experimenters

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

If data are included 1n the Full Listings but not used 1n
calculating or estimating the final value given in the Sum-
mary Tables, they are listed 1n a separate section immedi-
ately following the data which are used We give explana-
tory comments in many such cases If no comment s
given, the reason the data were excluded 1s one or more of
the following

« The data are superseded or included 1n later results

« No error was given

« The data were contained in a preprint or conference
report

e The result involves some assumptions we do not
wish to incorporate

« The measurement has poor signal-to-noise ratio, low
statistical significance, or 1s otherwise of much
poorer quahty than other data available

« The measurement 1s clearly inconsistent with other
results which appear to be highly reliable (see discus-
sion 1n Section IV Part D below)

» The measurement 1s not independent of other
results, e g, 1t 1s from one of several partial-wave
analyses, all of which use the same data, rendering
averaging meaningless

In some cases, none of the measurements 1s entirely reli-
able and no statistically meaningful average 1s quoted For
example, the masses of many of the baryon resonances
obtained from partial-wave analyses, are quoted as a range
thought to probably include the true value rather than as an
average with error  This 1s discussed 1n more detail in some
of the mini-reviews in the Baryon Full Listings

For upper limits, we normally quote 1n the Summary
Tables the strongest imit available from a single exper-
ment We do not average or combine upper imits except in
a very few cases where they may be re-expressed as meas-
ured numbers with Gaussian errors

For quantum number assignments we indicate 1n the
Summary Tables those which are either well established or
probable In the Meson Summary Table, we underline
those we consider well established, the others are inferred
from whatever experimental evidence 1s available In the
Stable Particle Summary Table nearly all quantum
numbers are well established and we do not underhine, those
which are not well established are indicated by a footnote

As 1s customary, we assume that antiparticles are the
result of operating with CPT on particles, so both share the
same spins, masses and mean lives There 1s an entry n
the Miscellaneous Section, Tests of Conservation Laws list-
ing tests of CPT and other conservation laws

Values which we have extracted from the data include
the results of our weighted averages and fits, or of one of
the techniques described above We also evaluate quantities
which have not been directly measured but which are based
on measured quantities For example, ratios of branching
fractions can be combined with direct measurements of one
part of the ratio to extract an estimate of the other part
Whenever we quote a result obtained by us from one of
these procedures, we ndicate 1t 1n the Full Listings by one
of the following

OUR AVERAGE — From a weighted average of
selected data

From a constrained or overdeter-
mined multiparameter fit of
selected data

OUR EVALUATION — Evaluated by us from measured
ratios or other data Not from a
direct measurement

Based on the observed range of
the data Not from a formal sta-
ustical procedure

For special cases where the limit
1s evaluated by us from measured
ratios or other data Not from a
direct measurement

OUR FIT —

OUR ESTIMATE —

OUR LIMIT —



B. Criteria for new states

An experimentalist who sees indications of a new state
will of course want to know what has been seen in that
region 1n the past Hence we include in the Full Listings all
reported states which, in our opimon, have sufficient statist-
ical merit and which have not been disproved by better
(e g . more reliable) data

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

(a) When energy-independent partial-wave analyses are
available (mostly for #A resonances). approximate Breit-
Wigner behavior of the amphtude appears to us 1o be the
most satisfactory test for a resonance We can check that
the Argand plot follows roughly a left-hand circle, and that
the “speed” of the amplitude also shows a maximum near
the resonance energy further there should be data well
above the resonance showing that the speed again
decreases Indeed. proper behavior of the partial-wave
amplitude often cstablishes a resonance even 1f its elasticity
15 too small to make a noticeable peak in the cross section

(b) When there are nsufficient data to perform energy-
independent analyses one often resorts to energy-dependent
partial-wave analyses In this case Breit-Wigner behavior 1s
an mput We usually require that resonance solutions be
found by several different analyses, preferably in different
channels (I?N — KN 7= elc ), before putting the claim n
the Summary Tables

(c) Stable particles, most meson resonances. = reso-
nances, and high-mass N A A, and I resonances fall into a
category for which no partial-wave analyses exist In gen-
eral, we accept such states if they are experimentally reli-
able, of high statistical significance (4 50 or better). or
observed 1n several different production processes

(d) Partial-wave analyses of three-body final states (7 V
— 7w /N) are also available While these analyses are based
on the 1sobar model (7N — pV w4, etc) and are subject to
theoretical objections of varying importance, they provide
increasingly rehiable information on inelastic decay modes
of otherwise-established resonances

C. Averages and Fits

We divide this discussion on obtaining averages and
errors into three sections

1 Treatment of errors,

2 Unconstrained averaging, and

3 Constrained fits

1. Treatment of errors

In what follows, the term “‘error”, 61, means that the
range x + 0x 1s intended to be a 68 3% confidence interval
about the central value \ We treat this error as if 1t were
Gaussian Thus when the error /s Gaussian 61 1s the

usual one standard deviation (lg) Many experimenters
now give statistical and systematic errors separately In
such cases, we usually quotc both errors, with the statistical
error first For averages and fits, we then add the the two
errors 1n quadrature and usc this combined error for 6+

When experimenters quote asymmetric errors (61 )
(61)~ for a measurement v, the error that we use for that
measurement 1s a continuous function of these three quant-
ues When the resultant average or fit 1 1s less than
X —(6v)”, weuse (6v)  when 1t 1s greater than \ + (6v) ",
we use (61)"  In between, the error that 1s used 1s a linear
function of \  Since the errors that are used are functions
of the result, we iterate to find the final answer for both
averages and fits  Asymmetric output errors are determined
from the mnput errors assuming a linear relation between the
input and output quantitics

In the fitting or averaging process we do not include
correlations between different measurements but we try to
select data 1n such a way as to reduce correlations When a
group improves statistical or systematic errors by further
data-taking or analysis, we use only the improved result
The earlier result 1s cither put into the list of measurements
that are not used 1n averages or fits or 1s omitted entirely

Correlated errors are treated explicitly when theie are a
number of results of the form 1, + ¢, + A that have identi-
cal systematic errors A In this case one can first average
the 4, + ¢, and then combine the resulting statistical error
with A One obtains, however the same result by a second
procedure, averaging t = (012+ _312)‘/2 where
_\.1 =0,A 2(1/01‘) The second procedure has the advan-
tage that with the modified systematic errors A,. each mcas-
urement may be treated as independent and averaged in the
usual way with other data Therefore, when appropriate, we
adopt this procedure, tabulate A, rather than A for the sys-
tematic error, and include a footnote that this has been
done

2. Unconstrained averaging

To average data, we use a standard weighted least-
squares procedure with the addition of a *scale factor™
apphed to the errors  The Student’s t distribution, the basis
of an ecarlier cxperiment of ours 1n data averaging, would
give more conservative (and perhaps more realistic) errors
at the two-standard-deviation (20) and higher levels, but we
do not choose to quote such errors [t 1s worth noting how-
ever, that a 20 error might well be somewhat larger than
twice a lo error, owing to the non-Gaussian character of
some sets of real measurements This 1s a persistent prob-
lem 1n averaging mildly discrepant measurements

We begin by assuming that measurements of a given
quantity arc uncorrelated, and calculate a weighted average
and error as

Y LoV = [2"1\1/2“1] + [E\\l]]

W, = 1/6y)2. (1
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where v, and 6\[ are the value and error reported by the rth
experiment. and the sums run over V experiments We
also calculate x2 = Ew[(\— - \1)2 and compare 1t with 1ts
expectation value, which 1s v — 1 if the measurements
obey a Gaussian distribution

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

If xz/(/V — 1) 1s very large we may choose not to avei-
age the data at all Alternatively we may quote the calcu-
lated average but then give an educated guess as to the
error, a conservative estimate designed to take into account
known problems with the data

Finally 1f XZ/( N — 1) 1s greater than 1, but not greatly
so, we still average the data but then also do the following

(a) We try to take account of x?'/( N — 1) being greater
than 1 by scaling up our quoted error of 1 in Eq (1) by a
scale factor

S =[xV = ]2 (2)

Our reasoning 1s as follows The large value of the xz 1S
likely to be due to underestimation of errors 1n at least one
of the experiments Since we do not know which of the
errors are underestimated we assume that they are all
underestimated by the same factor S I we scale up all
input errors by this factor the x2 becomes N — | and of
course the output error 61 scales up by the same factor

If we are combining data with widely varying errors we
modify this procedure shghtly  We evaluate S by using
only the experiments with errors that are not much greater
than those of the more precise experiments, 1 ¢ only those
experiments with errors less than 50 where the ceiling 60 15
(arbitrarily) chosen to be

Here 6 1s the unscaled error of the mean of all the experi-
ments This 1s done because although the low-precision
experiments have little influence on the value 1 and 6,
they can make significant contributions to the xz. and the
contribution of the high-precision experiments tends to be
obscured by them Note that 1f each experiment had the
same error 6y, then 61 would be o, /N2 50 each indivi-
dual experiment would be well under the ceiling

Thus 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
0x 1s increased so that 1t 1s approximately half the interval
between the two discrepant values

We emphasize that our scaling procedures for errors 1n
no way affect central values In addition, if one wishes to
recover the unscaled error 6V, one need only divide the
quoted error by S

(b) In cases where xz/( N — 1) 1s greater than | 25, we
also plot an 1deogram 1o display the pattern of the data We
do not extract numbers from these 1deograms the ideo-
grams are intended simply as visual aids Sometimes only
one or two data points lie apart from the main body, other

times the data split into two or more roughly equal groups
The reader may use this information in deciding upon an
alternative average Figure 2 shows such an ideogram

WEIGHTED AVERAGE
111557 + 006 (Error scaled by 13)

~

+ Values above of wetghted average, error,
/ and scale factor are based upon the data in
this 1deogram only They are not neces-
sarnly the same as our “best” values,

obteined from a ieast-squares constrained fit
utihzing measurements of other (related)
quantities as additional information
N
v
M 2
N7 X
A HYMAN 72 HEBC ~ 01
N MAYEUR 87 EMUL 22
LONDON 86 HBC
N SCHMIDT 85 HBC 14
—f—y BHOWMIK 63 RVUE "
¥ 48
N {Confidence Level = 0 188)
AN J
M50 1165 118 0 M656 1170
A mass (MeV)
Fig 2 Ideogram of measurements of the \ mass The “data

point” at the top shows the position of the weighted average while
the width of the error bar (and the shaded pattern beneath 1t) shows
the error 1n the average after scaling by the scale factor S Only
those experiments indicated by + error flags were precise enough to
be accepted in the calculation of S, the column on the far right
gives the x2 contribution of each of these experiments Less precisc
experiments would be included 1n the calculation of the weighted
average but not §, they would have L error flags

Each experiment appearing in an 1deogram 1s
represented by a Gaussian with a central value v, error &y
and area proportional to 1/6\, The choice of 1/6 v, for the
areas 1s somewhat arbitrary  With this choice, the center of
gravity of the ideogram corresponds to an average that uses
weights equal to 1/6 \, rather than the (1/6 \, )2 used 1n the
weighted averages This may be appropriate for the case in
which some experiments have seriously underestimated
their systematic errors  However, since for this choice of
area the height of the Gaussian for each measurement 1s
proportional to (1/5\1 )2 the peak position of the 1deogram
will often favor the high-precision measurements at least as
much as does the least-squares average The 1986 edition
contains a detailed discussion of the motivation behind the
use of ideograms

3. Constrained fits

Except for trivial cases, all branching ratios and rate
measurements are analyzed by making a simultaneous
least-squares fit to all the data and extracting the partial
decay fracuons P,. the full width I, the partial widths T,
and the associated error matrix
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Assume, for example, that a state has m partial decay
fractions P, where > P, = 1 These have been measured
N, dlfferent ratios R, where,eg R, =P,;/P5 R, =

/P3, etc *7 Further assumc that each ratio R has been
measured by N, experiments (we designate each experiment
with a subscript A, eg, R ;) We then find the best values
of the fractions P, by mimmizing the x2 as a function of

the m — 1 independent parameters
' 2
N | M4 | R, -R
2 _ rk r
= 2| 2 | "R . 3)
r=11] k=1 th

where the R, are the measured values and R, are the fitted
values of the branching ratios

In addition to the fitted values P we calculate an error
matrix <5P 6P Y We tabulate the dlagona] elements of 6P
= <6P,6P >[l (except that some errors are scaled as dis-
cussed below) In the Full Listings we give the complete
correlation matrix, we also calculate the fitted value of each
ratio for comparison with the input data, and list 1t above
the relevant input, along with a simple unconstrained aver-
age of the same input

Three comments on the example above

(1) There was no connection assumed between measure-
ments of the full width and the branching ratios But often
we also have information on partial widths I, as well as the
total width I' In this case we must introduce I' as a param-
eter 1n the fit, along with the P, and we give correlation
matrices for the wadths 1n the Full Listings

(2) We do not allow for correlations between input data
We do try to pick those ratios and widths that are as
independent and as close to the original data as possible
When one experiment measures all the branching fractions
and constrains their sum to be one, we leave one of them
(usually the least well-determined one) out of the fit to
make the set of input data more nearly independent

(3) We calculate scale factors for both the R, and P,
when the measurements for any R give a larger-than-
expected contribution to the x~ According to Eq (3), the
double sum for x2 1s first summed over cxpenments A=1
to N, leaving a single sum over ralios X7 Ex, One 1S
Iempted to define a scale faclor for the ratio » as S~ =

/(xr However since (x, ) 1s not a fixed quanmv (it 1s
somewhere between N, and N, _ ) we do not know how
10 evaluate this expression Instead we define

N, [R - R ]2
s2= - —r (@)
k k=1] (BR,;)* —(6R))
where 6R 15 the fitted error for ratio +  With this defim-
tion the expected value of S‘ 1s one
The fit 1s redone using crrors for the branching ratios
that are scaled by the maximum of S, and one, from which

2, r
new and often larger errors 8P, are obtained The scale

** We can handle any ratio R of the form X o, P,/ 8, P,
where «, and f3) are constams. usually 1 or O The forms
R =P P ,and R = (P, P) are also allowed

factors we finally list 1n such cases are defined by S,
61’ /6P However 1n line with our policy of not lemng S
affect the central values, we give the values of P obtained
from the onginal (unscaled) fit

There 1s one special case in which the errors that are
obtained by the preceding procedure may be changed
When a fitted branching ratio (or rate) P turns out to be
less than three slandard deviations (61’ ) from ZeT0 a new
smaller c¢rror (51’ ) 1s calculated on thc low side by requir-
ing the area under the Gaussian between I’ ((3!’ /) and
P, 10 be 68 3% of the area between zero and P -\ similar
correcuon 1s done for branching fractions that arc within
three standard deviations of one  This keeps the quoted
errors from overlapping the boundary of the physical region

The procedure that we are now using for calculating
scale factors in fits 1s a significant change from what was
done 1n previous ediions  Usually the scale factors
obtained by the two methods arc the same (to two signifi-
cant figures) the average scale factor 1s very nearly the same
also

D. Discussion

The entire question of averaging data containing
discrepant values 1s nicely discussed by Taylor (1982) He
considers a number of algorithms which attempt to incor-
porate data which are not completely consistent into a
meaningful average Problems occur because 1t 1s very diffi-
cult to develop a procedure which handles simultaneously
In a reasonable way two basic types of situations (a) data
which seem to lie apart from the main body of the data are
incorrect {contain unreported errors), and (b) the opposite
(the main body of the data 1s systematically wrong) Unfor-
tunately. as Taylor shows, case (b) 1s not infrequent His
conclusion 1s that the chotce of procedure 1s less significant
than the inital choice of data to include or exclude

We place a great emphasis on the choice of data to
include or exclude Unfortunately, the volume of data pre-
cludes spending as much tume on the problem as we would
like We address this problem by soliciting the help of as
many outside experts (consultants) as possible In the final
analysis, however, 1t 1s often impossible to determine which
(1f erther) of two discrepant measurements is correct  Our
scale factor technique 1s an attempt to address this
ignorance by increasing the error aboyve that suggested by
least-squares analysis In effect, we are saying that present
experiments do not allow a precise determination of this
constant because of unresolvable discrepancies and one
must await further measurements The reader 1s warned of
this situation by the size of the scale factor he or she 1s then
able to go back 1o the literature (via the Full Listings) and
redo the average as desired

Our situation with regard to discrepant data 1s easier to
handle than most of the cases Taylor considers, such as esti-
mates of the fundamental constants like A, etc  Most of the
errors 1n his case are dominated by systematic effects  In
particle properties data, statistical effects are often at least
as large as systematic effects. and statistical errors are usu-
ally easier to estimate A notable exception occurs 1n
partial-wave analyses, where different techniques applied to



the same data vield different results In this case, as stated
earlier, we often do not attempt an average, but just quote a
range of values

A brief history of Particle Data Group averages ts given
in Rosenfeld (1975) Updated versions of some of
Rosenfeld’s figures are shown in Fig 3 The least-squares
error 1s shown by the thick portion of the error bars, the full
error bar exhibits the scale factor extension

Some cases of rather wild fluctuation are shown, this
usually represents the introduction of significant new data
or the discarding of some older data Older data are some-
umes discarded 1n favor of more modern data (f 1t 1s felt
that the newer data had fewer systematic errors, had more
checks on their systematic errors, made some corrections
unknown at the ume of the older experiments. or some such
reason Near the time at which a large jump takes place,
the scale factor sometimes becomes large, reflecting the
uncertainty introduced by the new existence of partly incon-
sistent data

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

We conclude that the rehability of the combination of
experimental data and Particle Data Group averaging pro-
cedures 1s usually good. but 1t 1s important to realize that
fluctuations outside of the quoted errors can and do occur,
perhaps with more frequency than expected for truly Gaus-
sian errors

ACKNOWLEDGMENTS

We thank all those who have assisted 1n the many
phases of preparing this Review In particular, we acknow-
ledge the usefulness of feedback from the physics commun-

11

1ty, especially those who have made suggestions or potnted
out errors

The European members of the Particle Data Group
acknowledge the technical assistance of Karin Gieselmann,
and the Berkeley members acknowledge the assistance of
Gail Harper and Rebecca Greer

REFERENCES

R M Barnett et al (Particle Data Group), “Finding a
Rauonal Nomenclature for Mesons and Baryons,” LBL-
19612 (May 1985)

A W Hendry and D B Lichtenberg, Rep Prog Phys 41,
1707 (1978)

Particle Data Group M Aguilar-Benitez F C Porter,

J J Hernandez, L Montanet, R L Crawford,

K R Schubert M Roos, N A Torngvist, G Hobhler,

R M Barnett, [ Hinchhiffe, G R Lynch, A Rittenberg
TG Trippe, GP Yost, B Armstrong, G S Wagman,
DM Manley, T Shimada, G P Gopal, J Primack,

K G Hayes, R H Schindler, R E Shrock. R A Eichler
R Frosch, L D Roper, and W P Trower, Phys Lett
170B (1986)

A H Rosenfeld, Ann Rev Nucl Sci 25, 555 (1975)

N P Samios, in Proceedings of the I " International
Conference on Barvon Resonances (Toronto, 1980), ed
N Isgur, p 309

B N Taylor, “Numerical Comparisons of Several Algo-
nthms for Treating Inconsistent Data in a Least-Squares
Adjustment of the Fundamental Constants,” U S
National Bureau of Standards NBSIR 81-2426 (1982)

C G Wohletal (Particle Data Group), “Proposal for the
Systematic Naming of Mesons and Baryons,” The
Santa Fe Meeting of the Division of Paiticles and Fields
of the APS (Santa Fe, 1984). ed T Goldman and
MM Nieto, p 192



12

7845

y 1450 ] 4942
1
i
7840 “ 1240 . 4941
; ] 1 [ 4340
~ 7835 > 1430
2 S LR R
~ 7830 ﬁ 1420 %
@
é I l ' =] é 4938 !
~ 7825 l ] R o g
= ] = £ as37 H ]
[ N H Prrtrr
3 7820 w1400 b 2036
7815 L 1390 4935 :
1960 965 970 1975 198G 1985 990 1960 1965 1970 1970 1980 1985 993 960 1966 1970 Y975 1880 1985 1990
PUBLICATION DATE PUBLICATION DATE PUBLICATION DATE
90 2,0 , 5
— . 200 . [
> 70 2 —~
E “H 2 : [ ’ | ’ l ] ’ % : “l
< = s
£ 50 S w0 } ~ l
: L] : l E [0
g N Z w0 l 1
g o ) I l } ; [
z ER S '
< 0 B " 5 °
30 50 P - - ,J
1960 965 370 1975 1982 1985 1990 1460 ELY 1970 97 38C 1985 1990 1960 865 970 1975 1980 985 1958
PUBLICATION DATE PUBLICATION DATE PUBLICATION DATE
17 g 270 226 |
170 265 ] l T ‘ [ I
3 —_ l [ l 2210
- “ i ‘H
3 280
? 160 ? ] o
% o 25 ?3 2205
- ]l a
3 50 B e 5—‘:
= < =
‘ “Il EERRN s L [y
s 248 ! l“”
140 J 240 2196
1960 1965 970 1975 1980 1985 W80 1960 1965 1970 1975 1980 1985 1990 1960 1966 970 1976 1980 1985 1990
PUBLICATION DATE PUBLICATION DATE PUBLICATION DATE
20 [— 2 65 E
| 0
50
g 15 8
K | |1 2 £ .
L ‘ < ® >
= o t
: REI R t, |
+ ! 2 91
k = =
- N :
) 1 > i S
+ } 0
00 l 2 —J 40 J
1960 1965 1970 1975 1980 1985 1990 1960 1965 970 1975 1980 1985 1980 1960 1966 1970 1975 1980 1985 1990

PUBLICATION DATE PUBLICATION DATE PUBLICATION DATE

Fig 3 Historical perspective of a few quantities tabulated in the Review of Particle Properties, abeissa specifies date of publication of the
Review Data measured by a variety of different techniques are included The general reliability of the averages 1s good very few are
presently more than two standard deviations from therr first tabulated values Full error bar indicates quoted error thick-lined portion
indicates the same, but without the “scale factor™ (see Section IV Part C above) Errors with no thick-lined portion are uncertain and
represent a best “educated guess ™



13
SUMMARY TABLES OF PARTICLE PROPERTIES

April 1988

Particle Data Group

M Aguilar-Benitez, R M Barnett, B Cabrera, G Conforto, R L Crawford, R A Eichler,

K Hagiwara, K G Hayes, J J Hernandez, I Hinchliffe, G Hohler, S Kawabata, G R Lynch,
DM Manley, L Montanet, KA Olive, FC Porter, A Rittenberg, M Roos, L D Roper, R R Ross,
R H Schindler, KR Schubert, R E Shrock, M Suzuki, N A Tornqvist, TG Trippe,

WP Trower, CG Wohl, and G P Yost, and Technical Associates B Armstrong and G S Wagman

(Approximate closing date for data January 1, 1988)

Stable Particle Summary Table

(stable under strong decay)

For additional parameters, see the Addendum to this Table

Quantities 1n 1talics are new or have changed by more than one (old) standard deviation since our 1986 edition

Mean life Decay modes
b 7 (sec) Fraction ?
Particle IG(JPC)2  Mass et (cm) Mode [Limits are 90% CL) p(MeV/e) €

GAUGE BOSONS

Y 0I0TT)  (<3x107B MeV) e stable
W = 810 I'<65GeV ev (100 2% % 40 5x10°
=13 Gev w (12 1w 40 5x103
™ (102 233 % 40 5x 103
tlevy <19 )% 40 5x103
VA 924 ['<56 GeV ‘o +12 3
% 462
218 Gev eve” ( 46 117 ) 6x103
[T seen 46 2x 10
my—my, =114
+14 GeV
LEPTONS
Ve J =% < [8eV stable stable
(CL=95%) [7> 300 m, sec(mp mneV) CL=90%|
e (4
v, J=1 <025MeV stable stable
(CL=90%) [r>11x10°m | sec(m inMeV) CL=90%]
u “

v, J=1  <35MeV
(CL=95%)

Searches for massive neutrinos and lepton mixing

Limits on number of light » types

v bounds from astrophysics and cosmology See the Stable Particle Search Limits Summary Table and Full Listings
Heavy lepton searches
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Stable Particle Summary Table (cont’d)

Mean life ? Decay modes
c Mass ° 7 (sec) Fraction ©
Particle /S (JP )4 (MeV) ¢7 (cm) Mode [Lamits are 90% CL| p (MeV/c) €
e J= % 0 51099906 ¢ stable stable
+£0 00000015 MeV  (>2x1022 years  CL=68%)
uo - (or u* —chg conj)
i J=1 105 65839°¢ 219703x107% e (100 )% 53
+0 00006 MeV +0 00004 tle vy 4 14 £ 04 %) 53
S=18* ) e wwete” 44 34 + 04 )x107° 53
€7=65865x10 Forbidden by conservation laws !
e VY, LF (<5 % 53
ey LF (<5 yx107 11 53
e ete” LF (<10 yx10713 53
e vy LF (<7 yx107 11 53
T or 7* —chg cony)
] +27 —13 R
T J=3 1784 123 ¢ (304+009)x10 particle” >Oneutrals v~ (857 + 04 )%
ww (178 + 04 Y% 889
c7=0009 e (175 + 04 )% 892
hadron™ =Oneutralsvy ( 503 = 06 )%
hadron™ » (115 +06 Y%
v (108 = 06 )% 887
K v ( 066 019)% 824
hadron™ =17%v (388 + 08 )%
T - (or 71 —»chg cony) Py (223 11 Y% 726
e~ chgd parts 7 7’ (non-res) v ( 030t8?g 1% 881
+u chgdpants (<4 )% ; hadron™ =2had v ( 163 + 13 )%
Forbidden by conservation laws = ox% ( 75+ 09 )% 866
wy LF (<6 )xlo*: 889 7~ 70n0x% ( 30 =27 Y% 840
ey, LF (<6 )><10_5 892 K~ =lneutral v ( IOStggg Y%
T LF (<29)x10 876 K- K% (<026 % 242
e utu LF (<33)x107° 886 K~ K00

BB _s % (<026 )% 690
ue'e LF (<33)x10 889 — 00

IR —5 T 7 w =0y (1319 026)%

e e'e LF (<4 )xI0 892 - +

-0 —4 T w (s ( 64 = 06 Y
p LF (<8 )xI0 884 N |

~To -3 L O e ( 44 =16 Y 838
e m LF (<21)xI10 887 - -

— 0 -3 T T T ( 68 £ 06 Y% 864
u K LF (<10)x10 819 7r_p0V ( 54+ 17 Y% 718
e KO LF (<13)x1073 823 P

- —s 7 7 7w (non-res)y (<14 )% 865
b LE (=4 )10 721 7 a7 KO >0y (<027 %

0 LF (<4 )x1073 726 | =0
e_p+ _ 5 K~ 2charged =0neutrals v ( <06 )%

e w'w LF (<4 xI0 881 - — 0 +016
T s K 7t~ =0z (0227315 ™
e'Tr W L (<6 )x10 881 o o7
wnte LF (<4 )x1073 870 K™K v ( 02275, % 689
whrowT L (<6 )x1073 870 377 27" >Oneutrals v ( 0 115+0027 )%
e ntKT  LF (<4 )xI0 817 3r 2ty ( 56 + 16 )x1074 798
etn K~ L (<12)><10_: 817 3r 2xt ( 51 =22 )x107? 750
por KT LF o (<12)x1077 804 7hadron* =07% (<19 )x1074
prwT KT L (<12)><10_5 804 [ K*(892) 7w ( 143% 031)% 669
e K*892° LF (<5 )xI0 669 K*(892)” =Oneutralsy ( 14 + 09 )%
u K292 LF (<6 )x107 664 K3(1430) v (<09 Y% 319
et u LF (<4 )x10 886 K~ =O0neutrals v ( 171tg5§ %
pte e” LF (<4 10773 889 — ( 16 = 05 Y% 712
T W (<10 )% 801
o (<21 )% 782
7 n =0neutrals v (<21 )%
7 nm =0neutrals v (<05 %
7~ 7 n =>Oneutrals v (<03 )% |




Stable Particle Summary Table (cont’d)

Mean life b Decay modes

PC Mass b T (sec) Fraction b

Particle IG(J )9 (MeV) ¢t (cm) Mode [Limts are 90% CL| p (MeV/c) €
LIGHT MESONS ¢ [7r+ =ud, =i —-dd)/ V2, r =ud, y= Cl(u§+d3)+cz(ss—)]
+ t - (or 1~ —chg cony)
x 17(07) 13956755 26029x10°8  utp 100% 30
+0 00033 00023 ety ( 1228+0022 )x107% S=18* 70
Hutoy 94 124 +025 )x1074 30
c7=7803 ety 94 56 +07 )x107 3] 70
m_,—m = 3390917 4.0 +0033 —8

w2 pt e v ( 1025_0034 <10 4
+000033 etvete” (<5 )x10~9 70

Forbidden by conservation laws !
«, L (<15 yx1073 30
wty, LF (<8 <1073 30
wetety LF (<8 )x1079 30
2 10 1349734 g 4x1017 % (987980032 )% gy x 67
+0 0025 06 S=30% yete~ ( 1198 )% s 67
_ ete ete” ( 324 10~ 67
m_.—m_g=45942 cT=25x10"6 vy (<16 )><10:$ 67
+00025 ete ( 18 Zg5¢  xI0 67
S=2 0% vy (<24 )x1073 67

Forbidden by conservation laws f
™YY c (<4 yx10~7 67
pre’ LF &(<7 )x10~8 26
n 0t~ ") 5488 I=(108+019) keV [ vy (389 + 04 )% 274
+06 $=21* / 370r0 (3190+ 034 )% 180
S=14* 0710014 )% 258
Neutral decays r::/:— 70 E 2(3)7 + 05 ))% 175
(709£05)% | +p1-y ( 491+ 013 )% 236
ete y ( 050 012 )% 274
wuy ( 31 =04 )xlO_: 253
{e*e” (<3 )10~ 274
C‘;;’fefodg;‘;hys pta ( 65+ 21 )x1075 253
@9 1= rtrTete" ( 013 013 )% 236
rtr Ty (<021 )% 236
rrr a0y (<6 yx10~4 175
wutuy (<3 )x1076 211

Forbidden by conservation laws !
YyY c (<5 )x1074 274
T P,CP (<15 )x1073 236
fete”  C (<5 )x1073 258
utym  C (<5 %1079 211
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Stable Particle Summary Table (cont’d)

Mean life b Decay modes

Mass ? 7 (sec) Fraction ©

Particle I (JP 14 (MeV) ¢t (cm) Mode [Linuts are 90% CL| p (MeV/c) ¢
STRANGE MESONS “ (K" =us, K= d5, K = ds, K~ = Us |
Kt — (or K~ —chg cony)

K* 1(07) 493 646 12371x1078  u*p (6351 016 )% 236
+0 009 +00028S=21* 7*x° (21174 015 )% 205
FAr A ( 5589+0028)% S=11* 125
c7=3709 P ( 173 004 )% S=12* 133
wOuty ( 318+ 006 )% S=12* 215
myo—my .+ = 4024 " ( 482+ 005)% S=11* 228
+£0 031 ety ( 154+007 )x1073 247
0n% v ( 19973% yxi079 206
rtr ety ( 390+ 014 )x107? 203
atauty ( 14 +09 )x107? 151
vy d <8 )< 1076 227
o yyy d( <10 )><10_4 227
etvw (<6 )x1073 247
wHow (<6 )x10~6 236
utvete { 105+ 031 )x107° 236
e*vete (21220 077 247
oy 4 540+ 030 )x1073 236
wt vy (spt)! (<30 1073 236
u vy (sSDTINT) (<27 )><IO’5 236
atvysp +spTINT)? (<26 )x1074 236
e ry (DY) ( 152+ 023 )x1073 247
et ry (D7) (<16 )x1074 247
7ty ( 275% 015 )xt0™ 4 205
7 7%(pE)/ 4 18 + 04 <1073 205
ity 410 + 04 )x107¢ 125
7t 070y d 74135 1070 133
7r0;.t+1/7 d( <6 - )><10_5 215
7Oe vy . 272+ 019 )x1074 228
%t vy sp)f (<5 )x1077] 228

Forbidden by conservation laws !
rtate v SO (<12 yx1078 203
tr v SO (<30 )x1076 151
xtete” FC ( 27 £ 05 x10~! 227
tutu™  FC (<24 )x1076 172
o FC (<14 yx1077 227
uvetet LF (<20 y<10~8 236
pty, LF (<4 )x10~3 236
atute” LF (<5 )x1079 214
x¥uter LF.,orl 8(<7 yx1079 214
T etet L (<10 )x1078 227
wt, L (<33 )x 1073 236
e ¥y L (<30 )x1073 228




Stable Particle Summary Table (cont’d)

Mean life Decay modes
p Mass b 7 (sec) Fraction b
Particle IJH?  (MeV) ¢r (cm) Mode [Limits are 90% CL| p(MeV/c) €
K% o)  aen
EO +0030 50 % K. 50% K
Lo~ —10 +_-
KO 300 0892210 tr (6861, ¢ )% B 206
s +00020 700 (3139 Y% §=12* 149
vy ( 24 £ 12 1076 249
c7=2675 a7 (<5 )x1075 133
707070 (<4 )x1073 139
frtr Ty 4 185+ 010 )x1073] 206
Forbidden by conservation laws !
utu” FC (<32 )x1077 225
ete” FC (<10 )x1075 249
KO %(o*) 518x1078 707070 (217 07 Y% S=14* 139
L +004 a0 (1237+ 018 )%  S=13* 133
iuty &( 2701+ 034 )% S=12* 216
cT=1554 TTe*y £(386 = 04 Y% S=12* 229
PR cP ! ( 0204+0004 Y% S=12* 206
0,0 f _1 6%
B _ 10 i 70n cP (0 0909 +0 0029)% S=16* 209
K, "MK +83333X10 h sec vy (0.0570+ 0 0023)% S=17* 249
- Oyy . (<24 yx10~4 231
= 3521 x107 12 MeV rteTy 8( 62 =20 )x1073 207
+0014 (7w atom) v ( 105+ 011 )x10~ 7 216
[ wevy 413 £08 )% 229
Ty 4 441+ 032 Hx1077] 206
Forbidden by conservation laws !
pre* LF 8( <7 yx1079 238
whu” Feo (95t x107? 225
AT FC ( 28 =28 Hx1077 225
woutu” FC (<12 )x10~6 177
ete” FC (<5 )x10~° 249
ete v FC ( 17 £09 )xl073 249
wlete™ FC (<23 )x1076 231
atr ete” FC (<25 )x10~6 206
pTu"ete” FC (<5 )x10~6 225
ete ete” FC (<26 )<10~6 249
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Stable Particle Summary Table (cont’d)

Mean life © Decay modes
Mass b 7 (sec) Fraction b
Particle 19 MeV) cr (cm) Mode [Limits are 90% CL| p(MeV/c) €
CHARMED MESONS ¢ [p* =cd, D°=cu,D° =7, D" =cd, D’ =&, D =70
Dt — (or D™ —chg cony)
+ 1n— +034 —13
D= o) ”‘fgg (1069533 )x107 o+ 2nything (192 723 S=1 2+
- €r=00320 K~ anything (162 + 35 )%
mp.—mpo=474 K™ anything ( 66 i%g 1%
+028 K®any + K any (48 = 15 )%
7 anything k (<13 )%
ety (<25 )% 935
uty (<7 )x1074 932
nta (<05 )% 925
AN ¢ 0335013 % 908
LA (78505 845
K xtra® (37503 816
K ntatatn” (<S5 )% 772
Kor* (28 + 04 )% 862
Korta® ( 83118 845
Kor*atn™ (70133 % S=17* 814
KoK+ ( 084%0%8 o 792
K*K~n" ( 0961018 % 744
Ktrta™ (<04 )% | 845
1 K*(892)°* (17 £08)% 714
K*K™x* (non-res) (0391000 o 744
o (0575500 % 647
K*892)°k + ( 0447300 %) 613
K%* (66710 % 680
Koxt a0 (non-res ) ( 12 i(l)g) % 845
K™r*x" (noneres) (67 Ti4 )% 845
KortataxO (44732 % m2
K- wta x0x0 (22339 775
K wta%*ty ( 44 f?g 1% 846
Kor*r ety ( 22539 844
K xtetv (<6 % 863
atr ety (<6 Yo 924
atatet e 2 ( seen ) 799
ertata (<02 )% 565

(non-res ) (<3 )% 600




Stable Particle Summary Table (cont’d)

Mean life ? Decay modes
Mass b T (sec) Fraction b
Particle I(JP 4 (MeV) er (cm) Mode [Limits are 90% CL| p(MeV/c) €
Do - (or D° —chg conj)
DY 107 18645 (428+011)x107'3 ¢ anything ( 77 =11 )%
50 +06 c7=00128 K~ anything (43 = 5 )%
|mDo~mDo| <13x107 10 Mev ¢ K" anything ( 64 t%g )%
: 2 ; K®any+ K®any (33 10 )%
ITDPATDZOI /average <017 7 anything k(<13 %
_ A
T(D°—D~K*77)/T(D°~K "7 ") <0004 T ( 0‘3t0304 )% 922
= o+ - - +071
F(DO»DO—»M_ any)/I‘(DO—u;ﬁ any) <0006 T T ( 10l 5496 )% 879
AE (11 =04 % 907
. K" ¢ 3777030 861
0 _
D - (or+D —chg conj) K~ mtx0 (125 t;.; Y% 844
* N
t[K*(892) ’; (48 = 07)% 71l K ntnte™ ( 79110 S=11*% 812
K*(892)°r (21 206)% 711 4 o0
o 1 K atalr (15 =5 ) 815
[E 0 ( 82 ;(l);o )% 679 KOx0 ( 28 73 )% 860
K%° ( 047153 M% 677 Kontn™ ( 56250 842
I£0_7r:7r_0 (non-res) ( 13 = 05)% 844 K K~ ( 045+ 008 Y% 791
K'z#7x  (non-res) ( 19 = 05)% 842 ISOKO (<04 o35 )% 788
K*(892)%° (12713 % 423 KKK~ ( 116555 )% 544
K ntp’ ( 67715 % 613 K%~ x" (non-res )
K*(892)%r "« (<21 Y% 685 _rec (<12 )% 739
K~ a,(1320)* (<13 o 198 K*(892)°K"+cc (<06 )%] 607
—0 +018 K*892)"K*+cc  ( 08 = 04 )% 609
K ¢ ( 083184? " 520 K xtata x { seen ) 771
K°K*K™ (non-res) ( 0747G73 %] 544 KK~ %0 ( seen ) 681
Forbidden by conservation laws KK~ n* ( seen ) 677
phu” FC (<11 )x1073 926 KZelv (=3 % 867
ete” FC (<13 )xlO_: 932 ;f _V(d o (=5 )% 927
te¥ LF &(<i2 1074929 m {doudly
poe (< > Cabibbo suppressed) (</35 Y% 861
Ktz "z %7 (doubly
Cabibbo suppressed) (</8 Y% 812
D’ — (or D" —chg comy)
D* o0)m 19693 @36793%)x10713 grt n + % 712
s —032 ¢m (8 x5 ) 2
was F* 11 ot an” 423 )% 641
S=13* c7=00131 ot (<2 )% 827
K*(892)°k * "C8 x5 % 683
KK w#T(non-res) "( 2 =+ 14 )% 805
KK~ ztn =t
(non-res ) "(<3 % 674
wty "(<3 )% 982
ot ( possibly seen ) 902
n1r+7r+1r_ ( possibly seen ) 856
7 (958)x Trt ( possibly seen ) 677
op” ( possibly seen ) 408
*4 *—
D‘i D _l+ (or D~ —chg cony)
'S 21127 <22 Dy dominant 137
) * + +23
was F S—1 2%

mpre—mp « =1416
bs : *19
S=12*
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Stable Particle Summary Table (cont’d)

Mean life b Decay modes
Mass © T (sec) Fraction ©
Particle 1099 (MeV) cr (em) Mode [Limits are 90% CL| p(MeV/c) €
BOTTOM MESONS ¢ (B* =ub, B®=db, B =db, B~ = b |
B+-—I (or B~ —»chg conj)
B* 1o)? su7s Dox+ ( 0477517 2307
=14 D*010) 7 7t ( 0257913 2247
mpo—Mpx =19 JASKT ( 80 + 28 )x1074 1683
x11 POt (<2 )x1074 2581
D*(2010) w Va2 (43 + 29 )% 2235
04 <7go/Tp+ <21 D atrt ( 0257095 Yo 2299
D*(2010)%x* ( 027+ 040% 2254
a0 (<23 yx1073 2636
pla (1260)* (<32 )x1073 2426
p%a,(1320)* (<23 )x1073 2410
JNSK nta™ ( 011 007)% 1611
Y(2S)K* ( 022+ 017% 1284
Kor™ (<7 yx10~4 2614
K*(892)°x* (<26 )x10~4 2562
K*p° (<26 yx1074 2559
K*¢ (<21 )x1074 2516
K*(892)ty (<18 yx1073 2564
Forbidden by conservation laws 4
Ktutu™  FC (<32 yx1074 2612
Kfete™ FC (<21 <1074 2616
B (or B —chg cony)
. -
ljg 7(0)° 52:?; Dot (<39 % 2301
B D*(2010) 7+ ( 033%912 2255
- -+ +7
Imgo—mpol =(37210)x10710 MeVv* b (ZO’O)f _ R 5 2182
T 2 JNASK T (<13 )% 10 1653
ota” ( <3 )x10~4 2636
o =0 - K*x~ (<32 yx10™4 2615
(B B —>p” any) _ 174005 K*(892)Tr~ (<7 )< 1074 2563
I(B%>u* any) K% (<8 yx1074 2559
K% (<13 yx1073 2516
K*(892)% (<47 <1074 2460
K*(892)°p° (<12 <1073 2505
K*(892)%y e (<21 <1073 2565
0 50, D*(2010) 7 ( IS = 11)% 2248
B'— (or B” ~che comy) D*Q2010) w x ™ ( 33 + 18 )% 2235
Forbidden by conservation laws ! D*Q2010) ety +
pru FC ( <5 )x1073 2638 D*2010) w'v (14 £ 4 )%
ote- o ( <8 )x10~3 2640 J I(1S)K*(892)° ( 037+ 013% 1572
KOt u™ FC ( <4 )x10~9 2612 JNQS)KO (<5 )10~ 1683
K% e~ FC ( <6 )x107% 2617 o £( <6 <107~ 2582
pte® LF E( <5 )x1073 2639 pp _ (<5 )x10° 2525
7=a(1260)% 8( <12 )< 10 2488
Ta,(1320)% 8( <16 yx1073 2473
P (<2 )x1074 2468
Dt ( 59735 o3 2307




Stable Particle Summary Table (cont’d)

Mean life Decay modes
Mass ? 7 (sec) Fraction ?
Particle 1 (JP )24 (MeV) cr (cm) Mode [Limits are 90% CL| p (MeV/e) €
B
—0 !
B*,B° B (13171 %Hx10713 ¢y hadrons £(123 = 08 )%
q u* v hadrons E(110 + 09 )%
(not separated) c7=0039 D%/D° anything (39 =6 Y
K* anything (8 =11 )%
+ K%/ K% anything (63 =8 %
I(B>¢~v no:ncharm-hadrons) <004 p anything (>21 %
(B¢~ v hadrons) A anything (>11 )%
J/Y(1S) anything ( 1122 018)%
D*(2010)* anything £( 22 T8 )%
Dsi anything (14 =3 Y
¢ anything (23 +£08)
charmed baryon
anything (<11 )%
D* anything (17 =6 )Y
Y(2S) anything ( 046 020)%
Forbidden by conservation laws !
ete any +
p uTany  FC ( <024 %
B* Not established, see the Stable Particle Full Listings
NUCLEONS ¢ [p = uud, n = udd |
D %(%+) 938 27231°¢ stable Partial mean hifetimes of Partial mean Iifetimes of
+000028 (>16x10%° yror protons (umits 10 yr)  bound neutrons (units 10°" yr)
> 1031 - 3x1032 ynpr T N
lg, +q,1 < 10721 g5 e” anything > 06 e anything > 06
p 7 e u¥ anything > 12 wt anything  >12
ety > 360 vy > 9
u+'y > 97 etn™ > 31
eta? =250 s >23
}1,+7I'0 > 76 etK~ > 13
ek > 77 utK™ > 04
uK° > 41 0 >40
vr?t > 51 vK° >32
vK™ > 28 etp~ > 14
etw > 37 N+P_ > 7
o > 23 vk*(892)° > 6
etpl > 17 vy > 00005
y.+p0 > 16 et a® any > 06
etete™ >510 ¥y > 30
p+u+/4_ > 190 Vp0 > 4
vK*(892)" > 10 vw > 18
e 70 any > 06 ete v >45
ety > 200 wtu™v > 16
uty > 46 e " > 16
vp' > 11 wrt >25
et k%892 > 10 e pt >12
w ot > 9
n 3G 93956563¢ 896+ 10 pe v 100% 119
+000028 S=18* Forbidden by conservation laws /
pov Q <9 x107%4 129
m,—m_ = 1293318 _ 13
n 14 +0 000009 c7=269x10

lg,l < 10721 ¢

21
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Stable Particle Summary Table (cont’d)

Mean hife b Decay modes
Mass * 7 (sec) Fraction ¥
Particle 1(/Ha (MeV) et (em) Mode [Limuts are 90% CL| p (MeV/c) €
STRANGENESS —1 BARYONS ¢ [A = uds, St = uus, 3% = uds, = = dds ]
A 0" 111563 263110710 pa” (641 )% 101
+005 +0020 n (357 05 104
S=1 4% S=16* ny ( 102+ 033 )x1073 162
pe v ( 834+ 014 )x10~4 163
cT =789 puy ( 157+ 035 )x10™4 131
tom Ty 94 85 £ 14 )x1074) 101
st 1T 118937 0799x107 10 pa° (SLST o )% 189
+006 +£0004 nw ( 48307 )% 185
S=19* Py ( 124+ 008 )x107 3 225
c7=240 Aety (20 £ 05 )x1073 71
tlnrty 9 45 + 05 x1074] 185
Me."Ms, = 807 e+ + Forbidden by conservation laws f
+008 N =nf) g ) 6
S—16* TS =né v) ne’ v SQ (<5 )><1075 224
nuty sQ (<3 )% 10 202
pete” FC (<7 yx107° 225
0 1+t 4 -20 Axy 100% 74
) 13" 1133(5)(5) (7440 7)x10 N u's )xlO“f 5
S=13* (r=22x1077 Ay (=3 )x10-= 4
mg0—my =76 92
+010
S=13*
— I+ -10
R Loaio e ( 99848F 5006 o 193
- o - +0032 -3
S=1 5% S=13* ne v ( 101770037 Ix10 230
1t 43 nuy ( 45+ 04 Hx1074 210
Mg =gy =489 = Ae v ( 573z 027 )x1073 79
- ©£008 tnr Ty 4 46 + 06 Ix1074) 193
S=12*
STRANGENESS —2 BARYONS ¢ [20 = uss. =7 = dss |
=0 13N 13149 290x10710 Ax® 100% 135
= - +06 +010 Ay ( 05 = 05 )x10°2 184
=0y (<7 )x 1072 117
cr=8 69 ey (<11 yx1073 120
StuTy (<11 1073 64
M —Mog=64 Forbidden by conservation laws 4
- T 106 ety sQ (<9 yx1074 112
sute 5Q (<9 yx10~4 49
pr AS (<4 yx1073 299
pe v AS (~13 <1073 323
pu v AS (<13 yx1073 309
T Ldnye 33 1639x10710  Ax 100% 139
22 +013 +0015 Sy ( 23 + 10 )x107% 118
Ae v ( 55 = 03 )x107* 190
cT=491 Ap v ( 35 % 35 )x107% 163
=0~y ( 87 = 17)x1073 122
0w (<8 )x1074 70
=0y (<23 )x1073 6
Forbidden by conservation laws /
nw” AS (<19 )x1073 303
ne v AS (<32 )x1073 327
nu"p AS (<15 )x 1072 314
pmw m™ AS (<4 )><10*4 223
pr e v AS (<4 yx 1074 304
pr uTy  AS (<4 yx 1074 250




Stable Particle Summary Table (cont’d)

Mean hfe Decay modes
Mass * 7 (sec) Fraction ©
Particle I (JP) 2  (MeV) cr (cm) Mode [Limts are 90% CL| p(MeV/o) €
STRANGENESS —3 BARYON ¢ [@7 = ss5]
Q- 0EH 167243 0822x10710 Ak~ (678 £ 07 )% 21
- +032 +0012 =0r - (236 = 07 Y% 294
246 = ( 86 £ 04 )% 290
=24
o Eatas ( 43 3% <0 190
20153007~ ( 64 730 x1079] 17
=0 "y ( 56 = 28 )x1073 319
27y (<22 <1073 314
Forbidden by conservation laws f
An” AS (<19 <1074 449
CHARMED BARYONS ¢ [\C+ = udc , E‘++ = uuc, EC+ = udc, E(O = ddc, EL+ = usc |
At o3 22849 (179102310713 pK® (15+06 )% 872
c 2 -017 i
+15 pK m ( 26 + 09 Y 822
S=16* t|pK*? ¢ 056 T93% 684
¢7=0 0054 ATTKT ( 053 7038 yo) 709
pKortr” ( 74 =35 )% 753
pK_1r+7r0 ( seen ) 758
Hpk* n* ( seen ) 579
AK™ ( seen )] 417
A anything (27 +9 %
1‘[A7r+ ( seen, <04)% 863
Antrta” (17207 Y% 806
=* anything (10 5 Y%
S0+ ( seen )] 824
StrtaT (10 =8 803
t|pe™ anything ( 18 09 Y
\e ™ anything ( 11 =08 )|
e’ anything ( 45 17 Y%
Ec See the Baryon Summary Table
=+ 2460 +17) 10— 13 ARk wtet { seen ) 781
e 19 (43-12)x10 K xtat ( seen? ) 729
was 47 cr=0013
Qco [was T°)
0 Not established, see the Stable Particle Full Listings
Ab
Searches for top hadrons, free quarks, magnetic monopoles, See the Stable Particle Search Limits Summary Table
axions, Higgs bosons, heavy bosons, supersymmetric particles, and Full Listings

and quark and lepton compositeness
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sooenouv 1o Stable Particle Summary Table

Magnetic moment (ug = (’h/an(,)
pe <15x10710
y“ <12x1079 p decay parameters
p = 0751800026 6 =0755 x0009
v 1001159652193 7= -0007+0013 7=1002+008
€ +0000000 000 010 £ =100+004 £ =065 £036
EP 8/p > 0996771 EP. = 10027200085 %
' 1001165923 LR e 23 b -3
[ 23 o a/4 = (0£4)x10 a/4 = (-02£43)x10
+0000 000 008 . B/4 = (dx6)x1073 g/4 = (26)x1073
T Michel parameter
p=073+£007
x % — £%py form factors ¥
- _ +0019 _ +0026
F, =00118£00020S=16* F, = 00297501 R =00637002¢
Mode Left-nght asymmetry Sextant asymmetry Quadrant asymmetry
[ (01240 17)% (019+0 16)% (=0 170 1%
Tty (09 04 )% B=005£006 S=15*
K  Mode Slope parameter g ¥ K 43 form factors ¥
- = =1 2%
K*—rtztr™ —02150004 S=14* ’I‘; /fo?zizoolg%m ol 3 }I‘; /f0?320§8400'6 S=12
K™ —»r"a"n" —021720007 S=25* K s/l 7008 K2 s+
K*asn*x%% 05940019 s-13% Irr/fal =0227453 fp/f41 <023
0 +_—-.0 _
Kj—=r'm m 067020014 S=16* Ay = 0033£0008 S=1 6% Ay = 003420005 $=2 3*
See Full Listings for quadratic coefficients K:; Ap = 00040007 S=16* KS3 Ap = 0025+0006 S=2 3*
If7/f 41 =0022+012 fp/fil=012%012
AS = —AQmnm Kg3 decay CP-violation parameters *
Rer = 000640018 S=13*| !7+-|=1(226620018)x1073 terel = (3251 0)x1073 a8
Imy = 000320026 S=12¢| lugl =(224520019)x1073 lel = (2259+0018)x1073 44
¢$r_ =(446=12)S=11* Pop = (54£5)° Ree=(l621t0088)><10‘3
In, ol2 <012 Ingol2 <01 5= (0330+0012)%
Magnetic Decay parameters %
moment Measured Derived
(kp =eh/2mp,) Mode « d(degree) v A(degree) Coupling constant ratios
! 2792 847 386
p +0 000 000 063
n —-1913042 75 pe v 84/8, = —1259x0004
+0 000 000 45 ¢ = 180112017y
A -0613 pr +0642+0013 -65+35 076 8z4
+0004 nm +065+005
pe v 84/8, = —0696+0025 S=13*
vt e pr®  -09807901%  36+34 016 187+6
+005 nxt  +0068+0013 167220 -097 -73713
S=31* S=1 1*
DY ~083 +012
0 =161 (usy)
z +008
PO BTy nx”  —0068+0008 1015 098 249712
+0025 ne v lg,/g, | = 036005 S=19*
S=17* \e v €, /g4 =001+010 S=15* g, /g, =24217
]
EO _1250 Ar -0411+£0022 21+12 085 ZISi:é
+0014 S=21*
[ -0 69 Ar -0456+0014 4+4 089 188+8
= +004 S=18*
Ae vy g4/8, = —025£005
Q“ AK™ -0026+0026
=x" 4009 +014
=77 4005 +021
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Search Limits Summary Table

Search hmits usually are cnitically dependent on assumptions Further details and other limits are given in the Full Listings For complete
information, the onginal hterature should be consulted All hmits given below are for CL=0 90, except those marked with an asterisk (*),
which are for CL=0 95

Leptons
L% — charged lepton M > 41 GeV my) = 0
E® — neutral para- or ortho-lepton M > 225GeV* if E% W vertex1s V — 4
> 24 5 GeV* if E%W vertex1s } + A
No direct, uncontested evidence for massive neutrinos or lepton mixing has been obtained Sample hmits are
v oscillation
v, — v, (0 = mixing angle) sin220 < 34x1073 if AMZ 15 large
aM? <009 ev2 if sin?29 = 1
v, v, sin226 < 0 14 Wf AM2 s large
AM? <0014 eV? if sin?26 = |

For excited leptons, see Compositeness Limits below
Hadrons with ¢ or &’ Quarks

T — hadron with ¢ quark M > 44 GeV* pp—>T+X (M >259GeV frome* e coll)
B’ — hadron wath 5’ quark (4‘h gen ) M > 32 GeV pp—+B +X (M >238GeV fromete coll)
Number of Light Neutrino Types (including »,,, Vyr and v)
N <59 from Z width 1n Standard Model,
assuming m (1) > 44 GeV
N <75 from ete — yuv

Additional W Bosons

Wg — night-handed W M > 406 GeV assuming light nght-handed neutrino
W’ — W with standard couplings decaymgtoev M > 210 GeV

Additional Z Bosons

Zy p of SU(2); xSU(2)g xU(1) M > 343 GeV 1f magmitudes of L & R coupling constants are equal
Zx of SO(10) - SU(5)xUtl) M > 249 GeV coupling constant derived from G U T
Z\b of Eg — SO(lO)xU(l)‘p M > 151 GeV coupling constant derived from GU T
Z" of E¢ — SU(3)xSU(2)x U(l)xU(l)n M > 112 GeV coupling constant derived from GU T,
charges are Q0 - MQX - MQ‘L
Z, with standard couplings decaying 1o ete” M > 180 GeV
Higgs Bosons (or Technipions)
HO M > 39GeV

The order « correction reduced the rate for T — HO% by a factor of 2 (yielding the above hmit) The impact both of order asz and
of relativistic corrections are unknown If they amounted to another factor of 2, the above limit would be essentially eliminated
Also the possibility of an allowed window for M(H®) = 100-200 MeV has not been definitively ruled out, see the Note in the Full
Listings for Higgs Bosons

H* M > 19 GeV*

Axions

The standard Pecce1-Quinn axion 1s ruled out Variants with reduced couphngs or much smaller masses are constrained by
various data

A reported observation of neutrinoless doubie beta decay with Majoron emission 1s contradicted by later experiments The best
himit for the half-life 1s > 1 4x 102! years

Free Quarks
All searches since 1977 have had negative results

Monopoles
Isolated candidate events have not been confirmed Most experiments obtain negative results

cont’d on next page
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Search Limits Summary Table (cont’d)

Supersymmetric Particles

Assumptions include 1) photino 1s lightest supersymmetric particle, 2) R -parity 1s conserved, 3) mass of exchanged particles 1s
less than about 250 GeV (most imits are not sensitive to this requirement), 4) unless otherwise stated, V()= M(fg)and u d,
s, ¢, and b scalar quarks are degenerate 1n mass

; -— photino M

> 10 GeV if M(é) =40 GeV
M > 5 GeV if M(@)=55GeV
N M > 5 GeV if M(f) = 100 GeV (from cosmology)

i,o — neutralinos (mixtures of v, 20, and HJO) M > 31 GeV* if (@) < 70 GeV
X," — charginos (mixtures of ¥ * and ﬁji) M > 225 GeV*
¥ — scalar neutrino (M) + M, orv )] = m(r) f MW )= (W)

[M(Fu)+ V©,)] > mw) if w(ﬁ) = MH)
¢ — scalar electron M > 58 GeV f M(y)= 0

M > 39 GeV if M(y) = 10 GeV

M > 23 Gev* I M(y) < 19 GeV
# — scalar muon W > 21 Gev* if M(y) < 15 GeV
7 — scalar tau W > 206 GeV* ifM(y)= 0

M > 19 GeV* if M(v) =10 GeV
q — scalar quark Y > 58 GeV if M(g) < 160 GeV

M > 75 GeV if V(&) = M(G)
g — gluino M > 53 GeV if M(G) > M(g)

M > 75 GeV if M(g) = M(@)

There 1s some controversy about a low-mass window (M (g) < 4 GeV) Several experiments cast doubt on the existence of this
window

Compositeness

Scale Limits A for Contact Interactions (the lowest dimensional interactions with four fermions)
If the Lagrangian has the form

2 _
* f;n VYLV

(with g2/47r set equal to 1), then we define A = \LtL For the full definitions and for other forms, see the Note in the Full Listings
for Quark and Lepton Compositeness and the original hiterature

AL ‘oL
Ay [ (eeee) > 14 TeV* >33 TeV*
Ay leepp) > 44 TeV* > 21 TeV*
Ay (eerT) > 22 TeV* > 32 TeV*
ALL(uV“eue) > 31 TeV >31TeV
As7(qq9q9) > 042 Tev* > 042 TeV*

Excited Leptons
The limits from ¢**¢°~ do not depend on A (where A = n1(¢€°)/A 1s the £€° transition couphing) The experiments reporting limits
from e*e ™ — upu* and 77* assumed transition couplings which violate chirality As discussed 1n the note 1n the Full Listings for
Quark and Lepton Compostteness, these may be interpreted as limits for chirality-conserving interactions if the values for A are
multiplied by V2

e* T — excited electron M > 75 GeV* ifA =1
M > 23 GeV* from e**e* ~
u** — excited muon M > 43 GeV* A =06V2
M > 23 GeV* from p*tu*~
7** _ excited tau M > 40 8 GeV* A = 07V2

M > 227 GeV* from 7* t7*~
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Stable Particle Summary Table (cont’d)

* 8§ = Scale factor = V xz/(N- 1), where N = number of experiments S should be =1 If S > [, we have enlarged the
error of the mean, 61, 1e 31V — S6v  This convention 1s stuill inadequate, since 1If S >> | the experiments are prob-
ably iconsistent and therefore the real uncertainty 1s probably even greater than S6v  See the Introduction and 1deo-
grams 1n the Full Listings

+ Square brackets indicate subreactions of some previous unbracketed decay mode(s) Reactions in one set of brackets
may overlap with reactions in another set of brackets A radiative mode such as * — pv+y 15 a subreaction of its parent
mode T — pv

a The strangeness of the s quark and the bottomness of the » quark are both —1 (so that K ¥ has strangeness +1 and B*
has bottomness +1) The charm of the ¢ quark 1s +1
Masses, mean lives, and decay mode fractions are evaluated assuming equality for particles and antiparticles

¢ For a 2-body decay mode this 1s the momentum of the decay products in the decay rest frame For a 3-or-more-body
mode this 1s the maximum momentum any of the products can have in this frame

d See the Full Listings for energy limits used 1n this measurement

¢ The masses of the ¢ u, p. and n are most precisely known inu (unified atomic mass umts) They are
m, = 548579903(13)X 10" u, m = 0113428913(17)u s, = 1007276470(12) u, and m, = 1 008664904(14) u,
where the numbers 1n parcntheses are the 1-standard-deviation uncertainties 1n the last digits  The conversion to MeV,
1 u = 93149432(28) MeV ntroduces a considerably larger uncertainty in the masses

f Decays which are forbidden by a conservation law are indicated by the following abbreviations LF = lepton famuly

number, L = total lepton number, B = baryon number Q = c¢lectric charge, C = charge conjugation, P = panty,

CP = charge conjugation times parity, AS = (AS =2), SQ = (AS =AQ), FC = flavor-changing neutral current See

the Tests of Conservation Laws section for further details

Value 1s for the sum of the charge states indicated

Structure-dependent part with posiive (SD') and negative (SD7) photon helicity  Interference terms between

structure-dependent parts and 1nner bremsstrahlung (SDTINT and SD™INT)

Direct-emission branching fraction

Ths 1s a weighted average of D* (44%) and D° (56%) branching fractions

D? — D9 limits inferred from hmiton D® —+ D% = K¥7~ B %~ B,° value inferred from B® —» B > 47 anything

Quantum numbers shown are favored but not yet established

Values are based on rough estimate of ratio of DSt to total charm production Only ratios of each fraction to the ¢r

mode are well known

Quantum numbers not measured Values shown are quark-model predictions

Only data from T(4S) decays are used for branching fractions BEBEK 87 (Phys Rev D36, 1289) estimate the T(45) —

B* B~ branching fractions to be 43+4 and 57+4% There 1s an addiuonal uncertainty due to the assumption of P-

wave phase space  ALBRECHT 87D (Phys Lett B199, 451) assume branching fractions 45 and 55%

r First imit 1s geochemical and independent of decay mode Second limit assumes that the dominant decay modes are
among those investigated For antiprotons the best mean life limit, inferred from observation of cosmic ray p’s, 1s 7
> 10’ yrs, the cosmic ray storage time r

s Limit from neutrality-of-matter experiments It assumes that g,, =4, +4,

t PforZ JP forQ and =° and J for A: not yet measured Values shown are quark-model predictions

u A theoretical value using QED, see the Full Listings

V

For limits on the electric dipole moment (forbidden by P and 7 invarnance), see the Tests of Conservation Laws sec-
tion

w  For more details and defimtions of parameters, see the Full Listings
x P 1s muon longitudinal polarization from = decay In standard }'-4 theory, P =land p=46=3/4
v The definition of the slope parameter g of the K — 37 Dalitz plot 1s as follows (gee also note in the Full Listings)

T 3N > 0

BT

Iarl2=1+ g(sSAso)/mj+ +
= The CP-violation parameters are defined as follows (see also note 1n the Full Listings)
[o/P+- _ AK)—r"n)

S0 _ A (K0 — x%0)
A(KSO—’WWF)

= ¢—2¢
A(K 0070

e = lIn,_ =ete 0 = ol

_ TKP—¢")-T(K P>t
TKP—e)+ DK sty

I‘(KSO—>7r+7r77rO)CP viol

F(KLO—>7r+7r71rO)

2 I‘(KSO—>7r07r07rO)CP viol

+ Imggol ? = 000

|77+-0|2=
F(KLO—>7r o)

aa Denved from 17y ) and Iy, _| measurements using theoretical input on phases See note in the Full Listings

bb The baryon decay parameters «, 3, v, A, and ¢ for nonleptonic modes are related as follows (see also the Note on
Baryon Decay Parameters in the neutron Full Listings)

2lstiplcosa =2lsllplsma ./
q =212 P C0Sa B=—"—r>"= = I —a“ sin = Vi-a? cos
Is12+1p12 BENAE ¢ ¢

The parameters g . g1, and g, for semileptonic modes are defined by Ef['y)\(gy +84Ys) T 18y a/mp )”xqu]Bz'
I 1
and ¢ 4y, 15 defined by g, /g, = lg, /gy le Ay
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Meson Summary Table

April 1988

In addition to the entries 1n the Meson Summary Table, the Meson Full Listings contain all
substantial claims for meson resonances See Contents of the Meson Full Listings at end of this Summary Table

Quantities in italics are new or have changed by more than one (old) standard deviation since our 1986 edition

Mass

Full

Decay modes

I6JFCy a M width T Fraction(%) p?
Particle ____ostab (MeV) (MeV) Mode [Upper limts (%) are 90% CL| (MeV/c)
NONFLAVORED MESONS
+ —n—+
:o 1070 :gz ;g (; (5)7 See Stable Particle Summary Table
+032 eV
n 07 (™% 548 8 105 Neutral 709 See Stable Particle
+06 +0 15 keV Charged 291 Summary Table
p(770) 171~ 7) 770 153 T = 100 359
+38 +2  MeV xy 0045+0005 S=22* 372
e 00067 +0 00149 370
I from neutral mode ete” 00044 +0 0002‘1 385
ny seen 189
T,, =(69+03)keV Ty <08 (CL=84%) 146
2AxtrT) <015 247
A <02 (CL=84%) 250
(783) 0177 7820 85 atr 893+06 S=11* 327
+01 =01 70y 80+09 379
S=1 5* A 17+03 S=13* 365
neutrals (excludmgwo-y) 1 Oi(’)é
outu” 00100002 349
ete” 00071 00003 S=1 2% 391
7y seen 198
atry <4 365
T, = (060+002) keV S=1 2% 7r07r0‘y <1 367
wiu” <002 376
7(958) 0r0~ ") 957 50 021 T 41+16 231
+024  +002 0%y 01+14 169
S=13* 'l 205+13 S=12* 237
wy 30403 159
, , vy 216016 S=14*% 479
7°(958) decay modes (cont’d) 370 015+003 S=11* 430
6 <1 189 wu Ty 00110003 467
atn ete” <06 458 xtr <5 (CL=84%) 427
7070 <01 459 70p° <4 17
7Oyy <008 469 e <2 (CL=84%) 458
4r <005 379 wle e <13 (CL=84%) 469
33 <001 479 nete” <11 321
ot <6 x1073 445 2Artr) <1 (CL=95%) 372
natu” <15%x1073 272 2t w0 <1 (CL=84%) 298




Meson Summary Table (cont’d)

K%K mt+ce

<03

Decay modes
Mass Full b
16(JFC) a M width T Fraction(%) p
Particle ____estab (MeV) (MeV) Mode [Upper himts (%) are 90% CL] (MeV/c)
So(975) 0*(0**) 976° 34¢ T 78+3 468
was S(975) +3 +6 KK 22+3
S=] 2%
a(980) 1=t %) 983°¢ 57¢ nw_ seen 319
was 6(980) +3 *11 KK seen
S=12*
#(1020) 0°(1~7) 1019 41 441 K K~ 495+10  S=13* 127
+001 +005 K, Kg 344+09 S=13* 110
S=12* o 129207 181
AR 1911 S=13* 462
ny 128+006 S=I1* 362
Ty 0131+0013 501
ete” 0031 +0001 510
whu” 0025 +0003 499
nete” 001375508 362
rar 0008+0005 S=15% 490
P Y <07 490
wy <5 (CL=84%) 210
oY <2 (CL=84%) 219
Artr m? <1 (CL=95%) 341
AntnT) <01 410
T, = (137+005) keV 70xly <01 492
7(958)y <0041 60
h1(1170) 0-(1*t7) 1170 335 pr seen 310
was H(1190) +40 +26
b,(1235) 171+ 1233 150 wT domunant 350
was B(1235) +10 +108 [D/S amplitude ratio = 026 £0 04]
atrtax <50 (CL=84%) 535
nmw <25 482
T <15 600
np < 10
(KK)*x° < 8 249
KK )Pn* < 6 239
KKk <2 (CL=84%) 369
Kok dn* <2 239
o <15 (CL=84%) (47
a,(1260)  1-(1**) 12603 300—600 pm dominant 377
was 4(1270) +30 x* b% seen 622
(TS _wave <07 391
S5(1270) 0 (2" ") 1274§ 185§ T 86j;’ 622
) 2
was f(1270) +5 +20 1r+7r_27r0 64i37:; S=1 1% 562
KK 42100 398
2t 28" 28+04 S=12* 559
m 045010 S=24* 323
vy 0001500001 637
470 03+01 S=13* 564
nw <1 473
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Meson Summary Table (cont’d)

Decay modes

Mass Full h
IG (JPC) a M width I’ Fraction(%) 14

Particle ____estab (MeV) (MeV) Mode [Upper himits (%) are 90% CL] (MeV/c)
7(1280) 0r (0" %) 1279 2 nrw seen 476
+5 +] t[ag(980)r seen | 230
£1(1285) 0r(1*h 1283 5 nrw 496 482
was D(1285) =58 43 t[ag(980)m 36+ 7] 236
4 (prob prm) 40=7 564
KK~ 11+3 S=11* 302
4r° <007 569
vy 0006 (CL=95%) 642
x(1300) 17(0" %) 13005 200—600 o seen 406
+100 T(TT)g —wave seen 612

Not a well-established resonance
a,(1320) 1724 1318 110 pT 01+27  S=12* 419
was 1,(1320) + 58 x5 o 145+12 534
wrm 106+32 S=13 361
KK 49+08 434
ry 027+006 652
B vy 00008 + 0 0001 659
M and T are from KK mode 7(958)m <2 (CL=97%) 286
S (1400) 07(0T7) ~1400  150—400 T 93x2 686
was ¢(1300) KK 7+2 496
nm seen 435
f,(|420)i ottt 1422 55 KKr (incl K*K +KK*) seen 429
was E(1420) + 10§ +3 T possibly seen 568
t[a (980} possibly seen| 353
1430)* 0t~ ") 1440° 60 KK= Gncl K*(K+KK*)  seen 444
was ¢(1440) +20 + 308 _—— seen 579
tla 980y seen | 367
£3(1525) ot(th) 1525 76 KK dominant 581
was f(1525) +58 w08 - possibly seen 750
m seen 529
vy 000014 +0 00005 763
£1(1530) ottt 1527 106 K*K + K*K seen 313

+ +14

So(1590) 070" ) 1587 175 7(958)n dominant 241
+11 +19 m large 573
Seen by one group only S=13* 4r° large 735
w4(1670) 0-(3"7) 1668 166 3r seen 805
was w(1670) x5 =15 tlom seen] 647
57 seen 740
t[wrw (prob &,(1235)7) seen | 614
x5(1670) 1-2~N 1665 250 f5(1270)T 53+5 322
was 4(1680) +208  +20% o 346 645
T(TT) S _ wave 9+5 803
K*K + K*K 4+14 448
nr <10 735
S <10 732




Meson Summary Table (cont’d)

Decay modes

Mass Full b
IG(JPC) a M width T Fraction(%) p
Particle ____estab (MeV) (MeV) Mode {Upper hmits (%) are 90% CL] (MeV/c)
#(1680) 0 (1 7) 1685§ 130§ K*K + K*K seen 466
+75 +508 wrr seen 625
—158 KK seen 683
ete” seen 842
Not a well-established resonance L possibly seen 814
p3(1690) 1737 7) 1691 215 4r (incl mrpppa,mwr) 71119 787
Wwas g(1690) +5 +208 27 236+13 834
KKm (incl K*K+KkK*) 38412 628
B Kk 16+£03 S=12* 686
JP M and T from the 2r and KK modes nrta” seen 728
p(1700) 1Y) 1700 23 47 (incl pnt 7w a 1 (1260)m) seen 792
+ 20 +50 T seen 838
K*K + K*K seen 479
nrm seen 733
KK seen 692
ete” seen 850
75(1720) 0t 1721 138 KK 38—73 705
was 6(1690) + 2 +11 43
— 4 m 18_753 663
rr 39197 849
S(2010) 0*tQ2*tH) 2011 202 b seen
was g;(2010) +70 +65
Seen by one group only
1 4(2050) 0f(att) 2047 204 T 1742 1014
was h(2030) 11! +13 KK 07f8% 897
S=1 3* m 021+008 864
47r0 <l2 979
S (2300) 0t 2297 149 o seen 529
was ¢;(2300) +28 +4]
S 4(2340) 02" ") 2339 319 o seen 573
was gl”(2340) +55 +75
cc MESONS
7.(18) 0t~ %) 2979 6 103 Decay modes into hadronic resonances
2
or 1,(2980) 17 tgi 7(958)rm 41+17 1320
; KR "r" +cc 20407 1274
K*k* 09+05 1193
+0 12
B Decay modes into stable hadrons Z);f g;: ; (0) é; :ggg
KKw 55+08 1379 ag(980)r <20 1324
nrw 5011 1425 a(1320)r <20 1193
K"k~ n%x~ 20=03 1343 f5(1270)y <11 1143
ArtaT) 12403 1457 ww <03 1268
12728 010+002 1157
2KK <31 1263 Radiative decay modes
T b <12 1024 vy 00670 % 1490

3
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Meson Summary Table (cont’'d)

Decay modes

Mass Full b
© (./PC) a M width T’ Fraction(%) p
Particle ____estab (MeV) (MeV) Mode [Upper limts (%) are 90% CL| (MeV/c)
J(1S) 0 (1"7) 3096 9 0068 ete” 69+09 1548
o1 J (3097) <01 +0010 wtu” 6909 1545
hadrons + radiative 862+20
Fpe = (47220 35) keV Decay modes into hadronic resonances
(assuming I',, =T )
Hi tow 1282010 1449
pa(1320) 086+0 13 1126
Decav modes 1nto stable hadrons w2rtaT) 085+034 1392
v -0 wrte™ 070008 1435
2w 7 34203 1496 K*(892)°K3(1430)%+cc 067+026 1009
o m g 19206 1433 Wh*(892)k +cc 053+020 1097
ToTom . 1302013 1533 K" k*(892) +cc 038007 S=20% 1373
a 7K TR 12+03 1368 07, 0
r TR KOk*(8920+cc 037+008 S=21* 371
Amim )m 09+03 1345 wf 5(1270) 033+007 S=15 1143
T ATA 072023 1407 b (1235) 57" h)29+007 1299
KKw 061010 1440 w}‘ikoﬂx h 294007 1310
pp T 060005 S=13* 1107 HK*892)K +c 0204004 969
2w 04=01 1517 SKK 018008 176
atrT) 04+02 1466 o 0172002 1394
niw 04204 1106 A3 016+005 1030
= 038005 988 whh 016=010 1265
PIC A Y. 031¢013f 1320 P 0135003  S—13* 768
ppw 0230097 S=19* 1033 AI232) (12327 011=003 938
pp 022+001 1232 S(1385)*3(1385)F  10206=0026 692
ppm 021002 948 7(958)pF 009+004 S=17* 59
pHT  orpaw 020001 1174 Pt 0079+0016 1365
ZE 018+004 S=18* 8I8 on i 007120003 132
nn 018009 1331 Ok Ox™ hoo70+0012 114
B 01350014 §=1 2% 1074 wf (1430) 0068 +0 025 1064
b , 0112001 176 2(1530) 2+ 006+002 597
AT 021220024 948 wr® 0048 +0 007 1446
ph A 009002 876 pk ~3(1385)° 005+003 645
AKTA ) 0072003 13 6f5(1525) 0045 £0 005 871
PR X 003001 820 ¢n(958) 00380004 S=16% 1192
K™k 0024 +0 003 1468 <(1385)* %7 g 062 +0010 256
A 00220007 998 2(1530)0E° 003+001 608
—r, 00150002 1342 $f(975) 0029 +0 004 1184
K Pk 0010 +0002 1466 o 00190003 1397
AL tcce < 0015 1032 wn(958) 0017+0003 1279
KkJKJ < 00005) 1466 o7(958) 00096+00018 S=12* 1283
of (1285) 00080005 S=22* 1032
™~ a5(1320) b 043 1263
KK(1430) <04 1159
Radianve decay modes 1&:(1430)01?:(1430)0 <029 604
tym, (15) 127+036 115 </>2(w*7ral . <015 1318
yrtr 2 083031 1518 K*(892)°K*(892) <005 1263
ynmw 061+010 1486 1 2(1270) < 0037 1037
vn(1430) > vKK7  047+006° 1214 ppp < 0031 779
vpp 045+008 1343 =(1385% <002 91l
Y(958) 042004 1400 wf5(1525) < 0016 1003
SICaAr 033+006 S=13*1517 A(123D)%p < 00! 1100
¥/ 4(2050)>yrr 027008 872 ¢’ < 00007 1377
Yo 016=003 1336 Radiative decay modes (cont’d)
~f5(1270) 0144002 1286
- 0 086 +0 008 1500 v/ (1720 seen :2;2
YoP 0038 +0010 1232 v/ (1285) <06 2
Yoo 00310008 1166 yppw' T < 008 1107
vf3(1525) 0023+0005 S=12* 1173 27? < 88?3 :(5)‘;2
v 0004 +0 001 1546 ;’7‘ - 0 008] 1548




Meson Summary Table (cont’d)

Mass Full

Decay modes

1OJFCy a M width T Fraction(%) p’
Particle ____estab (MeV) (MeV) Mode [Upper himuts (%) are 90% CL| (MeV/c)
Xco(1P) 07(**) 34151 135 ArTxTy(ned wwp) 37207 1679
or X, o(3415) +10 +53 7 7w KYK™ (incl 7KK*) 30+07 1580
was x(3415) 3rTw) 15+05 1633
tr” 08+02 1702
I (1S) 07+02 303
K™Kk~ 07+02 1635
ot 05402 1320
vy <015 1708
p <009 1427
X 1(1P) 0Tt 35106 <13 ¥ /(15) 27316 389
or x,,(3510) +05 3rtaT) 22+08 1683
was x(3510) S=13* Ax w7y Onel Twp) | 16+05 1727
7ta K*K” (el 7kK*) 09+04 1632
tn pp 014009 1381
o seen 1483
 r  +KTA” <017
Yy <015 1755
X A1P) 0te*t) 3556 3 26 I /(1S) 135+1 1 430
or x,»(3555) 04 +12 Artw7)(nel wwp) 2205 1751
was x(3555) -09 7 7 KTk (incl TKK*) 19+05 1656
rtaT) 1208 1707
T T pp 0332013 1410
A 0194010 1773
KTk~ 015011 1708
vy 011+006 1778
o 0 009 + 0 004 1510
JN(SH e 2 <15 186
W2S) 0 (1" ") 3686 0 0243 eTeT At 18403
or Y(3685) +01 +0043 hadrons + radiative 982+03
oo = (215+021) keV Decay modes 1nto hadrons
(assuming To, = T,) (S 50+4 477
J(S)m 27404 S=16% 196
3 r O 035+016 1746
RICE 031+007 1799
o ATAT 016+004 1726
Radiative decav modes J /1S’ 010=002 527
pr 008+002 1491
Hyxcol1P) 93=08 261 ili(gw)“/rwwcc 0067+0025 1673
¥X((1P) 87+08 171 2Artw) 0045+0010 1817
-yxcz(lP) 78+08 127 0_+ - 00420015 1751
: 284006 639 pmT -
7 (15) 0 P 0019 +0 005 1586
T <0 5(CL=9%%) 1841 datrT) 0015+0010 1774
Y1'(958) <011 1719 o’ 0014 +0005 1543
m <002 1802 KTk~ 00100 007 1776
Yy _ <0018 1843 atn 0009 +0 005 1830
n(1430)>vKK7 <0 0125] 1562 ot 0 008 + 0 005 1838
1 <004 1467
=z - 004 1291
o <0008 1760
KYK =" <0003 1754
K™ K*(892)% <0002] 1698
W(3770) (1= 3769 9 25 ete 00010 =0 0002 1885
+25 +3 DD dominant 242
S=18*

Iy = (026+005) keV S=1 3*

33



Meson Summary Table (cont’d)

Decay modes

Mass Full b
1°ufC e M width T Fraction(%) P
Particle __estab (MeV) (MeV) Mode [Upper hmits (%) are 90% CL] (MeV/c)
¥(4040)* ) 4040 52 ete 00014 =0 0004 2020
+ 10 +10 DD seen 766
DD*(2010) + ¢ ¢ seen 564
Tee = (07520 15) keV D*(2010)D*(2010) seen 200
Y(4160)° (=0 4159 78 e’ 00010 =0 0004 2079
+20 +20
T, =(077£023) keV
w4415)" a7 4415 43 ete 00011 +0 0006 2207
+6 + 208
T, = (047+010) keV
bb MESONS
n1S) (1-2) 94603 0052 T 30+04 4381
or 1(9460) +02 0003 utu” 2602 4729
S=25* ete” 25402 4730
o <021 4698
I‘(,(, = (1341005 keV J/Y(1S) anything )
f {(1270)y 0003 4644
xpo(1P) (™ 9859 8 (1S )y _6 191
or x((9860Y +13
xp1(1P) (1"%) 98919 (1S )yy 35+8 422
or Xx; (9890 =07
Xp2(1P) 2*") 99132 T(1S )y 22+4 443
01 xpo(9915Y 06
7(28) (1-D 10023 3 0044 TSy 7~ 185+08 475
or T(10023) +03 20009 (1) 70 88+11 480
Xp i (1P)y 67+09 131
Xpo(1P)y 66+09 110
XQO(IP)'V 43+10 162
TT 1716 4683
utu 14203 5011
Toe = (0 60+004) keV T(IS')WO .08 53]
T(1S)n <02 122
Xp0o(2P) (0 102353 TS yy 69+41 210
or xp(10235Y +11 T(1S)y 14=10 746
Xp1(2P) (*T 102552 T(2S )y RAER 229
or xp,(10255Y +04 TS)yy 61+17 764
S=12%
Xp2(2P) ¢ttty 102690 T2S)y 19+7 243
or x,(10270Y +07 T(1S)y 63+18 777
§=22%
1(35) (1-7) 103553 0026 Xp2(2P)Y 13+3 86
or T(10355) +05 +0 006 Xp1(2P)Y 12+3 100
T(2S) anything 10117
AT 22+05 177
Xpo2P )y 48+14 119
T, = (0442003) keV TSyt r 3603 814
wtu” 1604  S=12* 5177
74S) (1"7) 105800 24
or T(10580) +35 +2

T, = (024=005) keV




Meson Summary Table (cont’d)

Decay modes

Mass Full b
1UH M width T Fraction(%) p
Particle ___estab (MeV) (MeV) Mode [Upper limuts (%) are 90% CL| (MeV/c/
1(10860) (L"7) 10865 110
+8 +13
T,, = (031£007) keV
1(11020) (1-7)y 11019 79
+8 +16
I, = (013+003)keV
STRANGE MESONS (K" = us. kO = d5. K'=ds k= s |
+ -
§° 1/2(07) 33_3/ _6]; See Stable Particle Summary Table
K*(892) 1/2(1~ 892 1 513 kx = 100 288
+03 +08 K% 023+002 310
S=14* S=1 1* K*~ 010001 309
Knrm < 005 216
47 and T from charged mode, /0 = 8962+03 S=17*
K (1270) 1/2(1%) 1270 908 Kp 42+6 62
was Q(1280) <108 =20 K§(1430)m 28+4 81
K*(892) 16+5 298
Kk 112
K1 ((1400) 3x2
K ,(1400) 17201 1401 184 K*(892)r 94+ 6 400
was Q(1400) +10 +9 Kp 3+3 297
K7 ((1400) 242
Kw 11 283
K*(1415) 1/20°) 14158 2408 K*(892)r dominant 410
+15 +20% kr 66+13 613
K((1430) 1/2(0%) 1429 287 Kn dominant 621
was a(1350) +7 +23
K3(1430) 1/2(2%) 1426 99 Kx 49712 619
was K*(1430) +2 +3 K*(892)mw 252+17 418
S=11* K*(892)rm 130223 367
kp 88+08 S=12% 324
Kw 29+08 312
Kty 024+005 S=12* 628
Kn 0147090 s=18* 486
V1 and T from charged mode, VO = J426+2 S=1 6* Kwnm < (072 (CL=95%) 69
K*(1715) 1/2(17) 1717 200-400 K= 39+3 781
=27 Kp 3] S-14% 574
K*(892)r 3073 S-14* 617
1(2(1770)3IE 1207y ~17708 136 K3(1430)m dominant 284
was L{(1770) +18 K*(892)w seen 6351
Kf 5(1270) seen 41
K¢ seen 438
1(;(1780)i 1/2(37) 1776 160 Kp 44+4 S=13* 616
was k*(1780) +4 +15 K*(892)r 27+3 S=13* 655
S=13* S=14* K= 19+ 1 813
k7 xS S=13* 719
K3(2075) 1/2(4%) 2074 210 K= 101 966
was K*(2060) +14 + 509 K*(892)wm 945 809
K*@Nram 7+5 775
phm 6+3 751
whm ix3 744
Sk 3+ 616
HK*(892) 14407 402

35
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Meson Summary Table (cont’d)

Decay modes

P Mass Full b
1) M width T’ Fraction(%) p
Particle ___estab (MeV) (MeV) Mode [Upper limats (%) are 90% C1 | (MeV/c)
CHARMED, NONSTRANGE MESONS [P =d. D= D'=w D =]
Dt 1/2(07) 1869 3 N
Do 1864 6 See Stable Particle Summary Table
D*2010)* 17201 ) 20101 20 DVr* 49+8 40
+06 D'l 34+7 39
D™y 17+11 136
mD*+ Mo = (14545x007) MeV
D*(2010)° 1/2(17) 2007 1 =5 pox 3247 44
14 D%y 48 +7 137
D_,(2420)0 1/2( ) 2422 60 D*Q010) seen 354
+4 +1]13
CHARMED, STRANGE MESONS [Df =a.D7 =a]
T .
Dy . 00 1972 See Stable Particle Summary Table
was F
*
Dy 213 See Stable Particle Summary Table
was F*
BOTTOM MESON [BY = ubh B =dbh B°=db. B = uh |
B* 1/2(07 5271
B0 05 5375 See Stable Particle Summary Table

See Meson Full Listings
Quoted error includes scale factor S = V xz/( A —1) See footnoie 1o Stable Particle Summary Table
Square brackets indicate a subreaction of the previous (unbracketed) decay mode(s)

This 1s only an educated guess the error given 1s larger than the error on the average of the pubhished values (See the Meson
Full Listings for the latter)

Charge conjugation ¢ applies only 10 neutral states

For a 2-body decay mode this 1s the momentum of the decay products in the decay rest frame  For a 3-or-more-bodv mode
this 1s the maximum momentum any of the products can have 1n this frame  The momenta have been calculated by using
the averaged central mass values without taking into account the widths of the resonances

From pole position (M — +11/2)

The ¢ "¢~ branching fraction 1s from ¢ "¢~ — 77" experiments only The wp mterference 1s then due to wp mixing only

and 1s expected to be small The u” g branching fraction 1s compiled from 3 experiments cach possibly with substantial wp

interference  The error reflects this uncertainty see notes n the Meson Full Lisuings  If ex universahty holds F(/)O —-
+ - 0 + .,

wu)y=Tp — ¢Te¢)x 099785

The mass and width are from the nm mode only If the KA channel 1s strongly coupled, the width may be larger
Includes ppr "~y and excludes ppn ppw ppn’

See f(1420) mini-review

Value 1s for the sum of the charge states indicated

Spectroscopic labeling for these states 1s theorctical, pending experimental information



Meson Summary Table (cont’d)

Table of Contents of Meson Full Listings

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

* Indicates particle appears in Stable Particle Summary Table and 1n the Stable Particle Full Listings.
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Nonstrange (S =0, C,B =0)

Strange (! S! = 1.C.B =0)

entry JOuPCye entry 16(FCye entry 16PCya entry 1Py
T 1707 | ew (16700 07(377) ete” (110022000 (177) * Kk 1/2(07)
7 07(™7) em, (1670) 17277 NN (1100—3600) e K* (892) 1/2(17)
ep (770) 17(177) | e¢ (1680) 0 (177) X (1900—3600) o K, (1270) 1/2(1%)
ew (783) 07(177) ®p; (1690) 17(377) ®n, (15) 0t~ ") e K| (1400) 1/2(17)
e (958) 07(0°T) | ep (1700) 1T(iT7) |eJiy (1S) 0°(177) o K* (1415) 1/2(17)
o fy (975 07(0"™) X (17000 T ) |ex, (1P) 0%(0% ™) o K (1430) 1/2(0%)
®a; (980) 1°(0"") | ef, (17200 07 (2*") |ex,, (1P) 0ttt o K3 (1430) 1/202%)
e ¢ (10200 0 (17 ) fo (17500 07(0"") |ex,, (IP) 0t K (1460) 172(07)
e /iy (1170) 07 (1%7) T (1770) 170 7 (2S) M K, (1580) 1/2(27)
e by (1235 17(177) fr (1810) 07(277) ey  (29) 0" ) K, (1650) 1/2(1%)
fo (1240 07(077) X (1850) 0 ey  (3770) a=") o K* (1715) 1/2(17)
e a) (1260) 17(177) X (1939 oy (4040) a o Ky (1770y 1/2(27)
o/ (1270) 07Q277) | o f, (20100 07 (2*%) |ey  (4160) a e K3 (1780) 1/2(37)
o n (1280) 0*(0™7) a, (20400 17(@77) | ey (4415) (177 K (18300 172(07)
o /) (1285 0T(1*T) ay (2050) 17(3*") |eT  (15) a0 K3 (1960) 1/2(2%)
o m (13000 17(077) | e f4 (2050) 07 (4*%) | e xy (IP) (GRS o K3 (2075) 1/2(4%)
e a; (13200 1727 7y (2100) 17Q27F) | exy (1P) (ath K, (2250) 1/227)
By (1380) 07(1%7) f (21500 07Q2"%) | e x, (1P) 2 K3 (23200 1/2(3%)
e f( (1400) 0*(0*™) p (150) 17(177) |eT (25) 1) K3 (2380) 1/2(57)
o /| (14200 0¥(1™™) X (22200 0 () | e xp (2P) (™ K4 (2500) 1/2(47)
e (1430) 0*(0™™) py (2250) 1737 7) |ex, 2P) (Y Charmed (1Cl = 1)
fy (1430) 07Q277) | e f, (2300) 0F(2™") |exp, (2P) (*h b 1/2(07)
p (1450) 17(177) fq (2300) 07 4™") |[eT (35) =) e D* (2010) 1/2(17)
fo (1525) 07(0"™) | & f, (2340) 0*(2**) |eT (45) (1= o D, (24200 1/ )
e f; (1525) 0*(2*™) ps (2350) 17(577) |eT (10860) (177 7LDS 0 (07)
e /) (1530) 0T(1%™) ag (2450) 17(6*") |er  (11020) (177 " pf 0 (07)
o [ (1590) 0%(07") fe (2510) 0% (6% %) Bottom (I 81 = 1)
;] 1/2(07)
7 p* 1/2(07)

Non-gg Candidates




Baryon Summary Table
April 1988

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

1986 edition (Physics Letters 170B) for listings of evidence for Z baryons (KN resonances)

Rk

N@939) P|, A(1232) P33 ™% A(1116) Py *™*  S(1193) Py, ***  Z(1318) P, ****
N(1440) P ***  A(1550) Py, * A(1405) Sgp ¥ (1385) Py MR E(1530) Py e
N(IS20) D3 ***  A(1600) P33 ** A(1520) D3 ****  I(1480) > * Z(1620) *
N(IS35)S[) ™ 7(1620) S5, ***  A(1600) Py, ***  Z(1560) > ** Z(1690) b
N(1540) P * A(1700) D3y ****  A(1670) Sg, ****  I(1580) D)3 ** Z(1820) |5 ***
N(1650) Sy ****  7(1900) S3; ***  A(1690) Dgy ****  I(1620) 5|, ** Z(1950) b
N(I675) D5 ****  A(1905) Fyg ***  \(1800) Sy, ***  I(1660) P, ***  E(2030) , ***
N(1680) F15  ***  X(1910) P3;  ****  A(I810) Py, ***  S(1670) D3 ****  Z(2120) *
N(I700) D3 ***  A(1920) P33 *** A(1820) Fpg *™**  S(1690) °  ** £(2250) **
NATIOP ™ A(1930) D35 ***  A(1830) Dgs ***  S(1750) S|, **  =Q2370) , **
N(IT20)Py3  ****  \(1940) Dy, * A(1890) Poy  ****  T(1770) P, * Z(2500) *
N(1960) 0 * A(1950) Fqp  **** y(2000) 7  * S(1775) D g ****
N(1990)Fy; **  (2000) Fys ** L(2020) Fyy * $(1840) Py * A1672) Poy  ***
NQO0D)Fys **  3(2150) Sy, * AQI00) Gy **** 1880y Py, **  A2250) o
N(2080)Dy3 ** A(2200) G, * AQUIO) Fog  *™*  S(1915) F g *x 22380 *
N(Q090)S,, * A(2300) Hyg ** A(2325) Dyy * S(1940) D3 *** 4 5085 -
NQ2100) Py, * 3(2350) D45 * A(2350) Hyg **  Z(2000) S|, * = (2455) -
NQ2I90)G 7 *™**  \2390) F5; * A(2585) ** T(2030) Fip **** =€ 00y .
N(2200)D s ** A(2400) G54 ** 2(2070) Fi5 * o‘(2740)  *
N(2220) H g ™**  A(2420) Hyy, **** (2080) Py ** ¢
N(2250)G g ***  A(2750) 14, ** =(2100) G |4 Ap(5500)  *
N(2600) 1| ; ***  A(2950) Kg;5 ** T(2250) b
NQT00) Ky 3 ** A(~3000) £(2455) ** Dibaryons
N(~3000) £(2620) **
£(3000) *
=(3170) *
i Good, clear, and unmistakable
Hokx Good, but in need of clarification or not absoltutely certain
o Not established, needs confirmation
* Evidence weak, likely to disappear
b Mass © Full d Decay modes
Pheam (GeV/) width T’ Fraction p?
Particle ‘ Lyyy F=4rki@mb) (MeV)  (MeV) Mode ¢ (%)  (MeV/c)

N BARYONS (§=0, I=1/2)

[N+ = uud, N0 = udd |

I 1727 938 27231
n 939 56563 See Stable Particle Table
N(1440) 12t P, P =06l 1400 1o 120 to Nm 50-70 197
g=310 1480 350 Nrw 30-50 342
(200) AT 10-20 143
Np 10-15 +
N(rm)g  5-20 342
PY 008-010 414
ny 001-006 413
NQS20) 327 Dy, P =074 1510 10 100 to Nt 50-60 456
6=235 1530 140 Ag ~0 i 149
(125) N 40-50 410
AT 20-30 228
Np 15-25 +
N(zm)g <35 410
Py 043-057 470
ny 034-051 470




Baryon Summary Table (cont’d)

b Mass ¢ Full d Decay modes
Ppeam (GeV/o) M width T Fracton p¢
Particle ¢ J¥ Lyjay 6= 4mAl (mb) (MeV) (MeV) Mode ¢ (%) (MeV/c)
N(1535) 1727 8§y, P =076 1520 to 100 to N=x 35-50 467
=225 1560 250 N7y 45-55 182
(150) Nwmw ~10 422
A <5 242
Np ~ 5 +
N@m)g ~ 5 422
DY 01-02 481
ny 015-035 480
N(1650) /27 Sy, P =096 1620 to0 100 to Nw 55-65 547
g=164 1680 200 Ay ~15 346
(150) AK ~ 8 161
N=rw 20-35 511
Ar <10 344
Np 5-30 t
M)y <15 511
DYy 004-0 16 558
ny 0-017 557
N(1675) 5/27  Dys P =101 1660 to 120 to N 35-40 563
oc=154 1690 180 N7 ~ 1 374
(155) AK ~01 209
Nrwr 60-65 529
AT 55-60 364
Np <10 +
N{rm)yg <5 529
Py ~001 575
ny 007-012 574
N(1680) 5/2F s P =101 1670 to 110 to A 55-65 567
og=152 1690 140 WY < 1 379
(125) AK not seen 218
Nrww 35-45 532
AT 10-15 369
Np 10-20 t
N(rm)g 15-20 532
Py 021-030 578
ny 002-005 577
N(1700) 3/27 Dy P =105 1670 to 70 to0 N 5-15 580
oc=145 1730 120 N7y ~ 4 400
(100) AK ~02 250
Nrnm 80-90 547
Ar 15-70 385
Np <20 +
N(7r7r)S <70 547
Py ~001 591
N(1710) 2% P P =107 1680 to 90 10 N7 10-20 587
g=142 1740 130 Ny ~25 410
(110) Ak ~15 264
=k 2-10 138
Nrw <50 554
Aw 10-20 393
Np 5-35 48
/\’(7r7r)S 5-35 554
N(1720) 327 Py P =109 1690 to 125 to N 10-20 594
o=139 1800 250 Ny ~35 420
(200) AR ~ 5 278
=K 2-5 162
Nrm <75 561
Ax <15 401
Np <75 104

N(rm)g <20 561




Baryon Summary Table (cont’d)

b Mass ¢ Full d Decay modes
P GeV/c
P })eam ( ze 19 M width T Fraction / p?
T y 0= 4A° (mb) (MeV) (MeV) Mode ¢ (%)  (MeV/c)
NQI90) 7727 G P=207 212010 200 to N ~14 888
6 =621 2230 500 A ~ 3 790
(350) Ak ~03 712
N(2220)  9/2F  H P =214 2150 to 300 to AT ~18 905
=597 2300 500 Nn ~05 811
(400} \K ~02 732
N(2250)  9/27 Gy P =221 2130 10 200 to NT ~10 923
g=574 2270 500 N7 ~ 2 831
(300) AK ~03 754
N (2600) /27 1y, P=312 2580 to >300 N ~ 5 1126
o =386 2700 (400)
A BARYONS (§=0, I=3/2) [A++ = wuu. AT = wud. A = wdd. AT = ddd |
A(1232) 327 Py P =030 1230 to 110 to Nw 994 227
=948 1234 120 Ny 056-0 66 259
(115)
A(1620) /27 Sq P =09 1600 to 120 10 A 25-35 526
G=177 1650 160 Nrw 65-75 488
(140) Aw 60-70 318
Np 10-20 ¥
Ny ~003 538
A(1700) 3/27 Dy P =105 1630 to 190 10 N 10-20 580
g=145 1740 300 N7 80-90 547
(250) AT 50-90 385
Np <35 ¥
Ny  014-033 591
A(1900) 1727 Sy, P=144 1850 to 130 to A 5-15 710
o=971 2000 300 K not seen 410
(150)
A(1905) 5/2% Fas P =145 1890 to 250 to A 5-15 713
g=962 1920 400 =K <3 415
(300) N <75 687
AT ~25 542
Np <50 421
Ny  001-005 721
A19100 12 Py P =146 1850 to 200 to N 15-25 716
=954 1950 330 sk not seen 421
(220) Nrr <75 691
A small 545
Np small 426
N(1440)r large 393
A(1920) 32 Py P =148 1860 1o 190 to Nw 15-20 722
g=938 2160 300 =K ~ 5 431
(250)
A(1930) 5/27 Dy P =150 1890 to 150 to NT 5-15 729
a=921 1960 350 K not seen 441
(250) Nnw not seen 704
A(1950) 727 kg P =154 1910t 20010 Nt 35-45 741
=891 1960 340 =K not seen 460
(240) Nrmr <40 716
A7 ~30 574
Np <10 469
Ny  008-017 749
A(2420) 12t Hy P -264 2380 to 300 to NT 5-15 1023
=468 2450 500

(300)




Baryon Summary Table (cont’d)

b Mass € Full d Decay modes
P, GeV
p beam (GeV/e) width T’ Fraction ! p¥
Particle ¢ J LI-ZJ g= 41!"/\2 (mb) (MeV) (MeYV) Mode (%) (MeV/c)
A BARYONS (S=—1, I=0) [10 = uds]
A 1/2% 111563 See Stable Particle Table
A(1405) 1727 Sy Below KN 1405 40+ 10" ST 100 152
threshold +5h
A(1520) 3/27 Dys P =02395 15195 156 NK 45+ 1 244
G=823 10" +10" T 42x1 267
\rm 101 252
Irw 0901 152
Ay 08+02 351
A(1600) /2% Py P =058 1560 to 50 to NK 15-30 343
c=416 1700 250 s 10-60 336
(150)
A(1670) 1/27 Sy P=074 1660 to 25 to NK 15-25 414
oc=285 1680 50 = 20-60 393
(3% \n 15-35 64
A(1690) 3/27  Dgs P=078 1685 to 50 to NK 20-30 433
g=261 1695 70 T 20-40 409
(60) Anr ~25 415
S ~20 350
A(1800) 1727 Sy P =101 1720 to 200 to NK 25-40 528
c=175 1850 400 Ir seen 493
(300) Z(1385)m seen 345
NK*(892) seen +
A(1810) 1727 Py P =103 1750 to 50 to NK 20-50 537
c=170 1850 250 s 10-40 501
(150) (1385 seen 356
NK*(892) 30-60 +
A(1820) 5/2F Fos P=1 06 1815 10 70 to NK 55-65 545
og=165 1825 90 T 8-14 508
(80) =(1385)r 5-10 362
A(1830) 5/27 Dy P =108 1810 10 60 to NK 3-10 553
o=160 1830 110 =T 35-75 515
(95) (1385w >15 371
A(1890) 3/2% Po3 P =121 1850 to 60 to NK 20-35 599
c=136 1910 200 T 3-10 559
(100) Z(1385)r seen 420
NK*(892) seen 233
A(2100) 7727 Gy P =168 2090 to 100 to NK 25-35 751
o =868 2110 250 Sr ~ 5 704
(200) \n < 3 617
zZK < 3 483
M < 8 443
NK*(892) 10-20 514
A(2110) 5/2% Iys P =170 2090 to 150 1o Nk 5-25 757
c=2853 2140 250 =T 10-40 711
(200) Aw seen 455
Z(1385)r seen 589
NK*(892) 10-60 524
A(2350) 9/2% Hyg P =229 2340 to 100 to NK ~12 915
og=1585 2370 250 sr ~10 867

(150)




Baryon Summary Table (cont’d)

b Mass € Full d Decay modes
Pheam (GeV/0) M width T Fracion! p?
Parncle? JP L 127 O= 422 (mb) (MeV) (MeV) Mode (%)  (MeV/c)
Z BARYONS (§=—1, I=1) [E+ =uus 0 = uds =7 = dds |
st 172+ 1189 37 See Stable Particle Table
=0 1192 55
T~ 1197 43
=(1385)*  3/2% Py Below 13828204 361 A 882 208
KN S=20¢ ST 1242 127
2(1385)° threshold 1383710 365
S=14/
(1385) 1387206 39+2
§=22 S=17
3(1660) 12t Py P=072 1630 1o 40 1o NK 10-30 405
=299 1690 200 AT seen 439
(100) I seen 385
2(1670) 3/27 Dy P =074 1665 to 40 10 NK 7-13 414
G=285 1685 80 e 5-15 447
(60) Sr 30-60 393
2(1750) 1727 S, P =091 1730 10 60 to NK 10-40 486
oc=207 1800 160 T seen 507
(90) sr < 8 455
=n 15-55 81
(1775) 5/27  Dis P =096 1770 10 105 to NK 37-43 508
=190 1780 135 AT 14-20 525
(120) P 2-5 474
=(1385)r 8-12 324
A(1520) 17-23 198
Z(1915) 5/2% Iy P =126 1900 1o 80 to NK 5-15 618
o=128 1935 160 AT seen 622
(120) oy d seen 577
(1385 <5 440
2(1940) 327 Dy P=132 1900 to 150 to AK <20 637
g=121 1950 300 AT seen 639
(220) % seen 594
2(1385)r seen 460
A(1520)x seen 354
A(1232)K seen 410
NK*(892) secn 320
(2030) 72Y kg P=152 2025 to 150 10 MK 17-23 702
6=993 2040 200 AT 17-23 700
(180) s 5-10 657
ZK <2 412
=(1385)r 5-15 529
A(1520) 10-20 430
A(1232)K 10-20 498
NK*(892) <5 438
(2250) 9 P =204 2210 10 60 to NK <10 851
G=676 2280 150 AT seen 842

(100) i seen 803




Baryon Summary Table (cont’d)

Mass © Full d Decay modes
P M width T Fraction p?
Particle ¢ J LZI'ZJ (MeV) (MeV) Mode (%) (MeV/c)
= BARYONS (S=—2, I=1/2) [EO = uss, Z7 = dss ]
E.'o l/2+ 13149 See Stable Particle Table
= 1321 32
215300 32t Py 1531803 91205 Zr 100 148
S=13
Z(1530) 15350+06 99+19
Z(1690) ? 1690 <50 \K seen 240
+10h K seen 51
= - + 15h =
=(1820) 3/2 Dy 1823 247 10 \K large 400
+5h =k small 320
= small 413
Z(1530)r large 234
=(1950) 0 1950 60+20" \K seen 522
*15 h =T seen 518
+ lSh =
=(2030) 2 2025 20773 \K ~20 589
+ 57 =K ~80 533
= small 573
Z(1530) small 421
Znw small 536
\KT small 501
IKm small 430
Q@ BARYONS (§=—3, I=0) [@7 = s3]
Q 32t 1672 43 See Stable Particle Table
Q2250 ° 225249  55+18 ETaTKT  seen 531
Z(1530)°K ™ seen 437
CHARMED BARYONS [\j = udc, E:’+ = uuc, Ej = udc, 2(2 = ddc, E:r = usc |
A: l/2+f 22849 See Stable Paruicle Table
(24557t 1721 24522+17 vV 100 89
C
S=14
Z.(2455)* 24529+34 97
s=3
=.(2455)° )
E,': 172+ 2460 See Stable Particle Table
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Baryon Summary Table (cont’d)

Only the established baryons are included in this Baryon Summary Table See the short table at the front of this
main Table for a list of a// the baryons for which there 1s evidence See also the Motes on N and A resonances on A
and T resonances, and on = resonances, introducing those sections of the Barvon Full Listings  In particular there
are igand diagrams of ™N and KN partial-wave amphtudes, and discussions of the main analyses of elastic and
tnelastic channels

This mode 1s energetically forbidden when the nominal mass of the decaying resonance (and of any resonance 1n the
final state) 1s used, but 1s 1n fact allowed due 10 the nonzero width(s) of the resonance(s)

The nominal mass here (in MeV) 1s used for idenufication, see column 5 for the actual mass

The beam momentum and ¢ are calculated using the nominal mass of column | At resonance the contribution of
the resonance to Ihe total cross section 1s (J + l/’)(l“e(/l‘)a and the contnibution to the elastic cross section 1s
(J + 1/2XT ,/l‘) o This 1gnores 1sospin factors, and assumes that background in the resonating partial wave 1s
negligible

Usually a conservatively large range of masses rather than a statistical average of the various determinations of the
mass 1s given In these cases the mass determinations are nearly entirely from various phase-shift analyses of more
or less the same data It is thus not appropriate 10 treat the determinations as independent measurements or 10
average them together The masses, widths and branching fractions in this Table are Breit-Wigner parameters The
Baryon Full Listings also include pole parameters when they are available, and there 1s a table of pole parameters
for N and A resonances 1n the “Note on M and A Resonances’ 1n the Listings

Usually a conservatively large range of widths rather than a staustical average of the various determinations of the
width 1s given (see note ¢ for the reason) The nominal value n parentheses 1s then simply a best guess

The indented modes are subreactions of the N w7 mode The (w)q 15 the 1sospin-0 S -wave state of two pions

Most of the elastic branching fractions come from partial-wave analyses and these determine (\1/)!/2, where \ =
T,/T and \" = T/T are the elastic and inelastic branching fractions, not \* directly Thus any uncertainty (and 1t 1s
often considerable) in \ carries over into v When 1’ so determined 1s really poorly known we here simply note
that the mode 1s seen The values of (11 ")/ arc given 1n the Baryon Full Listings

For a 2-body decay mode this 1s the momentum of the decay products in the rest frame of the decaying particle
For a 3-or-more-body mode, this 1s the maximum momentum any of the products can have in this frame The
nominal mass of column 1 1s used as 1s the nominal mass of any resonance in the final state

The error given here 1s only an educated guess It 1s larger than the error on the weighted average of the published
values

The error given here has been scaled up by an “S factor™ (see the * footnote to the Stable Particle Summary Table
for how S 1s defined) because the various measurements disagree more seriously than one would expect from statis-
ucs

For the A J 1s not measured, for the £ and Z
expected from the quark model

FNAL-400 says that the T T S:J mass difference 1s —108+29 MeV ARGUS says thatit1s +12+08 MeV At
least one of them 1s wrong

neither J nor P 1s measured The values given are those



45

Tests of Conservation Laws*

In response to the current interest in tests of conservation laws,
we have made a table of experimental limits on all weak and elec-
tromagnetic decays, mass differences, moments, and a few reac-
tions, whose observation would violate conservation laws The
table 1s given only in the full Review of Particle Properties, not in
the Data Booklet For the benefit of Booklet readers, we have
included the best limits from the table in the following text The
table 1s 1n two parts  “Discrete Space-Time Symmetries,” 1e, C,
P, T,CP,and CPI, and “Number Conservation Laws,” 1¢, lep-
ton, baryon hadronic flavor, and charge conservation The refer-
ences for these data can be found in the Stable Particle Section of
the Full Listings 1n this Review A discussion of these tests fol-
lows

CPT INVARIANCE

General principles of relativistic field theory require invanance
under the combined transformation CPT  The simplest tests of
CPT 1nvanance are the equality of the masses and lifetimes of a
particle and 1ts antiparticle The best test comes from a limit on
the mass difference between K and K Any such mass difference
contributes to the CP-violating parameter € Assuming CPT
invariance, the phase of € should be very close to 44° (See Note on
CP Violation n K/ 0 Decay in the Full Listings ) In Conlrast if the
entire source of CP violation 1n K° decays were a K% KO mass
difference, the phase would be 44° + 90° From the measured
value of ¢, _ 1t 1s possible to deduce thal | m(KO) — m(KO)l <
107 I m(K) - mK)l < 3x 107 0ev  Limits can also be
placed on specific CPT -violating decay amplitudes Given the
small value of (1 — I ny/n, _ 1) the value of ¢po—, _ provides a
measure of CPT violation in K,? -+ 27 decay The present listing
indicates a two-standard-deviation CPT -violating effect

CP AND T INVARIANCE

Given CPT invanance, CP violation and T violation are
equivalent So far the only evidence for CP or T" violation comes
from the measurements of 5, _ 1y and the semlleptomc decay
Lharge asymmetry for K, eg.ln, | =14(K2 - TF_)/4(K50
=77 )l =(2266+0018) x 10 3 and [r(KO -7 ety -

NKp - nte “v)]/ [sum] = (0333£0014)% Other searches for
CP or T wviolation should be divided into (a) those that involve
weak 1nteractions or panity violation, and (b) those that involve
processes allowed by the strong or electromagnetic interactions In
class (a) the most sensitive 1s probably the search for an electric
dipole moment of the neutron, which 1s measured to be
(-11+08) x 10~ 5 cm A nonzero value requires both P and
T violation Class (b) searches involve looking for C or T viola-
tion in strong or electromagnetic processes Examples are the
search for C violation 1n 7 decay, believed to be an electromagnetic
process, € g, as measured by I'(n — u*p?ro)/l‘(n — all) <

5 x 107 °, and the search for 7 violation 1n a number of nuclear
and electromagnetic reactions

CONSERVATION OF LEPTON NUMBERS

Present experimental evidence and the standard electroweak
theory are consistent with the absolute conservation of three
separate lepton numbers electron number L,, muon number L ,
and 7-number L Searches for vtolations are of the following
types

a) AL = 2 for one type of lepton. The best hmit comes from
the search for neutrinoless double beta decay (Z,4) - (Z+2,4) +
e~ +e” The best laboratory limit 1s ¢ 12> 5% 1023 yr
(CL=68%) for 7

b) Conversnon of one lepton type to another. For purely leptonic
processes, the best limits are on g —» ¢+ and u — 3¢, measured as
[ —~ ey)(Tu —all) < 5 x 10~ " and P(u - 3¢)/T(u ~ all) <
10x 10713 For semileptonic processes, the best limit comes
from the coherent conversion process in a muonic atom, u~ +
(ZA)—> e~ + (Z.4), measured as(u T — e T1)/T(u" T1 — all)
< 46 x 10 Ofspec1a1 interest 1s the case 1n which the

hadronic flavor also changes, as in K; — eu and K >xte ut,
measured asT(K, — eu)/T(K; ~all) < 7x 107 and (K" —
ate puTyr(k*t = all) < $x 1077 Limuts on the conversion of
7 tnto e or u are found 1n 7 decay and are much less stringent than
those for 4 — e conversion, e g, I'(7 - puy)/T'(r = all) <
6 x 10" and I(r — ey)/T(7 — all) < 6 x 1074

¢) Conversion of one type of lepton into another type of antilep-
ton. The case most studied1s u~ + (Z.4) = ¢t +(Z—2.4), the
strongest limut being T~ Ti = ¢ Ca)/T(x~ T1 — all) <
17x10710

d) Relation to neutrino mass. If neutrinos have masses then 1t 1s
expected even 1n the standard electroweak theory that separate lep-
ton numbers are not conserved, as a consequence of lepton mixing
analogous to the Cabibbo quark mixing However, 1n this case
lepton-number-violating processes such as u — e+ are expected to
have extremely small probability For small neutrino masses, the
lepton-number violation would be observed first in neutrino oscil-
lations, which have been the subject of extensive experimental
searches  For example searches for v, dlsapgearance whnch we
label as u + v, glve measured lnmns A(m*) < 0014 eV? for
sin (20) =1, and sin (20) < 014 for large A(mz) where § 1s the
neulrmo mixing angle Searches for v, — v, set limits Mm<) <
009 eV for 51n2(70) 1, and sin® (24‘ < 0 0034 for large A(sm )
For larger neutrino masses (>> 1 keV), lepton-number violation 1s
searched for by looking for anomalous decays such as 7 — ev .
where v, 1s a massive neutrino If the AL = 2 type of violation
occurs, 11 1s expected that neutrinos will have a nonzero mass of the
Majorana type

CONSERVATION OF HADRONIC FLAVORS

The conversion of a quark of one flavor (d.u.s ¢,b.t). 1nto a
quark of another flavor 1s forbidden 1n strong and electromagnetic
interactions by the conservation of hadron flavors In the Standard
Model the weak 1nteractions violate these conservation laws 1n a
manner described by the Cabibbo or Kobayashi-Maskawa mixing
(see the section on the Kobayashi-Maskawa Mixing Matrix) The
way 1n which these conservation laws are violated is tested as fol-
lows

a) AS = AQ rule. In the semileptonic decay of strange parti-
cles. the strangeness change equals the change 1n charge of the
hadrons Tests come from limits on decay rates such as I'(ZT —
ne Ty)/TEH > all) < 5 x 1079, and from a detailed analysis of
K; — mev, which yields the parameter v, measured to be
(Rev, Imx)=(0006+0018, —0003+0026) Corresponding rules
are AC =AQ and AB = 1Q

b) Change of flavor by two units In the standard model this
occurs only in second order weak interactions The classical exam-
ple1s AS =2 KO - KO muxing, which s dlrect]y measured by
m(Kg) — m(Klo) (3521+ 0014) x 10 "“ MeV There 1s now
evidence for 89— B® mixing corresponding to AB =2 with the
corresponding mass difference between the ergenslates
Imgo—mpol =(073=018)rg =(37+10) x 101" MeV No
ev1dence exists for DO~ DO muxing, which 1s expected to be much
smaller 1n the Standard Model

¢) Flavor-changing neutral currents. In the Standard Model the

neutral-current interactions do not change flavor The low rate

K, - u*y')/l‘(l(,_ —all)=(9 Si%‘;) x 1079 puts limits on

such interactions, the nonzero value for this rate 1s attributed to a
combination of the weak and electromagnetic interactions The
best 1est should come from a ltmit on K+ —» =+ vy, which occurs
1in the Standard Model only as a second-order weak process with a
branching fraction of (1 to 8) x 10~ The current Iimat 1s T(K ™
— 7 ) /Kt —all) < 14 x 1077 Limuts for charm-changing
or bottom -changing neutral currents are much less strmgem rp°
= utuTyrD® wally < 11 x 1073 and (B® » pu"p )/I(BY
all) < 5x 1072

* Revised April 1988 by TG Trippe and L Wolfenstein
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Tests of Conservation Laws (cont’d)

Discrete Space-Time Symmetries

Quanmy(") Value!?) Symmetry tested or violated

7° - yyy/all <4x 1077 C
(eTe )y —o—3v/2y <1 x1073) C
(ete™), — | = 4v/3y <1 x 1073 C
n—»‘yg'y/all <5x 1074 C
n— 7r (' /all < 5x 10 C (single photon process)
n— ot u /all <5x 1070 C (single photon process)
n—>wta 7l parameters left-right asymmetry (12+17)x 1073 C

sextant asymmetry (19 = 16)x 1073 C

quadrant asymmetry (-17+17)x10 3 C
n — w7~y parameters  left-right asymmetry 94 x10" C

B (D-wave) 005 £ 006 C

n— 77 /all <15x1073 P and CP
e electric dipole moment <3x107%ecm T and P
u electric dipole moment (37 +34)x10" 19 ¢ cm T and P
p electric dipole moment (9 + 14) x 1072l e em T and P
n electric dipole moment (-1l £08)x 107 P ecm T andP
A electric dipole moment <15%x 1076 ecm T and P
«'/ 4 from u — cvr 0+ 4 x10" T
B/ 4 from y — eww (2+6)x10 3 1
e pol L uspmand e’ mom fromu — evr 0007 + 0023 T
Im £1n K13 decay (from transverse u pol ) -0017 £ 0025 T
Im £ mn K“3 decay (from transverse u pol ) —-0007 + 0026 T
¢ phase of g,/g; forn (18011 = 017)° T (0 ° or 180°)
n Inple Correlatlon coefficient —-00007 £ 00014 7
K* > 7r+7r 7r rate difference / average 007 £ 012)% P
KT > T 211' rate difference / average 00 + 06)% CP
K* > 1r T ‘y rate difference / average 09 =33)% P
K3zt slope (g7 —g7)/sum (=07 £ 05% CP
Iy 0I =Nk 7/ MK 72 2% <012 cP
I 0012 —F(K0—>31r)/I‘(K£—>37rO) <01 CP
Charge asymm /i K -7 7 00011 + 00008 P
K - (7 ;1 ty— 7 u “v)/sum (032 + 004)% C P (violated)
KL - (r"etv — e p)/sum (0333 + 0014)% CP (violated)
Imgol = (K2 - 7%7%/1(k & - =291 (2245 + 0019) x 1073 (P (violated)
In,_I = H(KO AL VETV Gy Ak | (2266 = 0018) x 10~ 3 CP (violated)
lel (2259 + 0018) x 10~ CP (violated)d)
le/el = (1= Ing/ns_1)/3 (32+10)x 10” (P (violated)4)
¢, _ phaseofn, 446 = 12) CP (violated)
oo phase of ngy (54 = 5)° CP (violated)

Re e K 0 decay

[er—(4) + a4+ (V]/[a—(V) — a.(D)]
(g,+ — 8,-)/average

€+ - & _)/average

(MZ - |upﬁ|)/average

et — ¢~ mass difference / average

x* — 7 mass difference / average
— K~ mass difference / average

1 K® — K°| mass difference / average

Pop — P+

p — p mass difference / average

n — n mass difference / average

A — A mass difference / average

=~ — E¥ mass difference / average
Q™ — Q" mass difference / average
u — 1~ mean life difference / average

7t — 77 mean life difference / average
K%' - K~ mean life difference / average
A-A mean hfe difference / average

= - mean Iife difference / average
K — uTp rate difference / average
K* — 770 rate difference / average

(1621 = 0088) x 1073
—006 + 008

(<05 +21)x 10~
(26 + 16)x 10~
(=1 = 7)x 1073

<4x1078

2+ 5x1074

(=06 = 18 x 1074

<6><IOV

(10 = 5)°

(6 + 4)x 1073

(9 +5)x 1075

© 11)yx 1074

a 27y x 1074
s)yx 1074

—_
|

~

X

O

T T

g0t It Hu,_h

—~—
W

)y x 1074
(1109 x 107 3
(4 = 9) x 1072
(002 + 018)
(~05 = 04)%
(08 + 12)%

C P (violated)
cpP

CPT

CP1

CPT

CPT
CPT
CP1
cpT®
CPT
CPI
CP1
CPT
CPT
CcPT
CPT
CPT
CPT
CPT
CPT
CPT
cpT




Tests

of Conservation Laws (cont’d)

Number Conservation Laws

Quanuty(a) Value®) Conservation law tested
T e‘uEVu/al] <5x 1072 Lepton family number(8 )
— ¢ vy/all <s5x 1071 Lepton family number
—»(”e*e_/all <10x 10_13 ” ” ”
— ¢ yy/all <7x107 1 " ” "
w38 e ¥g gl <7x 10”1 » ” P
u Th— ¢~ Ti/all <46 x 10_12 ” ” ”
coupling for (u"e™ = 4" e hyouna < 75 Gy ’ " "
7 = y/all <6x1074 ” ” ”
— ¢”y/all <6x107? ” ” "
—u T all <29 %1075 ” ” ”
— e utu /all <33x107° ” ” ’
—p ete” /all <33x1077? ” ” ”
- e ete /all <4x1073 " " "
- /,fﬂ'o/a]] < 8 % ]0_4 ” ” ”
—»(’77r0/all <21 x 10_3 ” ” ”
— u k%/all <10x 1073 ” ” "
— ¢ K% all <13x 1073 " " "
- up%all <4x1073 ” p p
- ¢ p%/all <4 x 1075 ” p p
- e w7 /all <4 %1073 " " p
-y 7w x /all <4x1073 ” " ”
- e w K™ /all <4x1077 ” p "
- Tk /all <12x1074 ” " ”
- ¢ K*(892)%/all <5%x 1073 " ” "
— u  K*(892)%/all <6x1073 " p ”
- ety p /all <4x 1073 ” ” p
—uTe"e /all <4x1075 ” ” .
'y, /al <80 x 10730 % " ,
—uefetyyall <8x1076 " " ”
70 = e =y /all <7x1078 ’ , .
K*-—»vﬁcﬂf/al] < 7T x 10_9 ” ” ”
-7 et /all <5%1079° ” P ”
—u wetet /all <2x1078 ” p p
—»u*u(,_/all <4 x 10730 " P ”
KD —e*u* /all <7x107° ” p ”
D= e*yu™ /all <12x1074 ” " "
BO—-’(’tH:/a” < 5 x 10_5 ” ” ”
v oscitlations
A(mz) for sm2(20)=1
v, v, <0014 e\;2 " ’ "
v, <009 ev2 ” ” p
v, = Ve <09ev? " % ’
v,y <09ev? ” ” ”
v,—~v, <22ev? " . ,
v+, <023 evZor > 1500 eV? ” " "
YoV, <23 e;’z , ” ” "
v, v, < 7evior> 1200 eV ” ” ,
v, >V, <9ev? ” ” ”
sm2(20) for large A(m 2)
—'Te '/’79 <014 ” ” "
v, v, < 00034 ” " »
v, >V, < 0004 ” ” p
v, <0004 ” ” ’
v, >V, <004 ” ’ ”
v,h Y, <002 [A(m?) = 100 eV?] ” ” »
Vo P Ve <007 ” ” ’
Vo=V, <07 ” ” ”
v, v, <002 [190 eV2< A(m?)< 320 eV2] ” p ”
”(’ - u-r < 0 12 ” ” "

For other lepton mixing effects 1n particle decays, see Full Listings

Cont’d on next page
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Tests of Conservation Laws (cont’d)

Number Conservation Laws (Cont’d)

Quanuty(”) Value(®) Conservation law tested
w328 oot 325k s all <9 x 10710 Total lepton number®)
#* 127l - (,+ 127Sbslab|€/a” <3 x 10—10 ” ” ”

u” Ti—> et Cayall <17x10710 ” ” ”
T et T /all <6x1077 ” " ,

-t rr /all <6x 1077 ” p ”

- (’+7TVK_ /a” <12 x 10*4 ” ” ”

- utT K" /all <12x 1074 " " p
> /,f'Fe/all <15x 10730 P " ”
K*—»r'(’“&e”‘/all <10 x ]0_8 ” ” ”

—x"eTut/all <7%x1079 ” ” ”

- uty, /all <33x10730) ” " Y

—’(’+7|'017‘,/a” <30 x ]0_3(.1) ” ” ”

neutrinoless double beta decay

See Full Listings

Eight examples of proton or bound neutron decay follow
For other nucleon decay channels, see Stable Particle Summary Table

7,/BR(p = ¢
7,/BR(n = ¢¥77)
7,/BR(p = u* 70
7, /BR(n > u"17)
7,/BR(p — ¢ K%
7,/BR(n = e¥K7)
7,/BR(p — u" K?)
7,/BR(n = utK")

mean time for n — n transition

e mean life
n—pov/pe v
Re x from KO — wev
Im x from K® — wev
kKt > ratrte vy/all
- rtu v /all
=t > netv/all
— nuty/all
CEt = et/ ET > ney)
20 s z7etpyall
- uty/all
—>pe‘7/all
- puv/all
— pw /all
=7 — ne p/all
— nu v/all
—prw e v/all
— pr u v/all
- nw Jall
—-pr w /all
Q7 — An /all

mKL - IVIKS

> 250 x 1030 years
> 31 x 1030 years
> 80 x 10°0 years
> 23 x 1030 years
> 80 x 10%0 years
=13 x10%0 years
> 40 x 10% years
> 04 x 10% years
> 4 years

> 2 x 1022 years
<9x 1072
00060018

~0003+0026
<12x 1078
<30x107%
< 5 x 10_6
<30x 1073
<004
<9x1074
<9x 1074
<13x1073
<13x1073
<4x1073
<32x1073
<15x1072
<4x1074
<ax1074
«19x 1073
< 4 x 10_4
<19x10”4
(3521£0014) x 107 '2 MeV

Baryon number

Cont’d on next page



Tests of Conservation Laws (cont’d)

Number Conservation Laws (Cont’'d)

Quanmy(”) Valuet?) Conservation law tested
(D° - D° =y~ anything) /(D° — p* anything) < 0006 AC =2 forbiddent?
D° > DY > Ktr )/ (D° > K7) < 0004 ” ”
|leo - '”D,0| (from previous hmit) <13x 10710 Mev ” ”
(B — B® —+ u” anything)/(B® — u* anything) (0 17+005) AB =2 forbidden{?)
|mB|0 - mBjol (from previous limit) (371 0)x 1070 MeVv ” ”
KD - e /all ] Stfg) x 1079 no flav chng neut curr (")
—cte  /all <5x%x 1079 v e
- uuy/all (28+28)x 1077 R
—~ec'e y/all (1709 x 1075 e
= 7%t /all <12x 1078 I A
- nlete™ /all <23x 1076 v e
-7 rTeTe /all <25x 1076 o e
—utuete /all <5x 1076 e
—ete ete /all <26x 1076 P
KO —ptp /all <32x 1077 R
—ete /all <10x 1077 nowr o rn
K* > ate*e /all (27205 x 1077 R
tutp /al <24x 1076 o
— 7 vy /all <14x1077 o e e
DO =yt u” /all <11x1075 A
—ecte /all <13x107% o
B~ utu /all <5x 1073 R
—ete/all <8x 1073 P
- K%t u /all <4x1074 ow
— K% Te /all <6x 1074 v w
B* — K*u"u7 /all <32x 1074 A
- KTeTe /all <21 x1074 o e e
B —>(e"e” anyth1ng+y+u_ anything) / all <24x 1073 Y R
zt = pete /all <7x1076 o e

a Branching fractions are described by a shorthand notation, e g, “ut —~ety/all” means T(ut —ety)/
T(u™ — all)

b Limits are given at 90% confidence level while errors are given as + | standard deviation

¢ Positronium data are from A P Mills and S Berko, Phys Rev Lett 18, 420 (1967), and K Marko and
A Rich, Phys Rev Lett 33, 980 (1974) Values for 90% confidence limit are from A P Mulls, private
communication

d Derived from measured values of |7yl and |9, _1, and theoretical input on phases See note on CP
violation 1n the K 2 Full Listings

e Derived from measured values of ¢, _ and |mKl£) - mkbol

S/ Neglecting photon channels See, eg, A Pais and S B Treiman, Phys Rev D12, 2744 (1975)

g Test of additive vs multiplicative lepton family number conservation

h  Lepton family number conservation means separate conservation of ¢-number, u-number, and 7-
number

J  These limits are derived from the analysis of neutrino oscillation experiments

k  Violation of total lepton number conservation also implies violation of lepton family number conserva-

tion
¢ Can be violated 1n second-order weak 1nteractions
m Can be violated 1n higher-order electroweak interactions




PHYSICAL CONSTANTS”

Quantity Symbeol, equation Value Uncert (ppm)

speed of hight ¢ 299792458 ms ! (sec nolc“) (exact)
Planck constant h 6626 075 5(40)x 10~ My 060
Planck constant, reduced h = h/i2r 1054 572 66(63)x10 3 J 5 060
= 6582122 (20)x 1022 MeV s 030
clectron charge magnitude ¢ 1602 177 33(49)x 10 !9 € = 4803 206 8(15)x10 " ®esu 030. 030
conversion constant he 197 327 053(59) MeV fm 030
conversion constant (hc)2 0 389 379 66(23) GeVv? mbarn 059
electron mass m, 0510 999 06(15) McV/’vZ =9 109 389 7(54)x IO: 3 kg 030.059
proton mass my, 938 272 31(28) MeV/c~ = 1 672 623 1(10)x 1077 kg 030,059
= 1007276 47(12) u t - 1836152 701(37) m, 0012.0020
deuteron mass ny 1875613 39(57) McV/(‘2 030
unified atomic mass umit (u)  (mass C'2 atom)/12 = (1 g)/v 931 494 32(28) MeV/c= = 1 660 540 2(10)x 1027 kg 030,059
permituivity of free space € l o1l 8 854 187 817 , x10" 2 Fm ! ; (exact)
permeability of free space o l €guo = 1/ arx10" TN AT = 12566370 614 x1077N A2 (cxact)
fine structure constant = ('3/41reoh<‘ 17137 035 989 5(61) } 0045
classical electron radius e = (‘2/41“0”1‘,(2 2817940 92(38)x10 Bm 013
electron Compton wavelength A, =h/m,c = r(,a_l 3861 593 23(35)x 10~ B3 m 0089
Bohr radius (17 cjeys = ) a_ = dmegh?/m et = rpa 0529 177 24924)x10 'Om 0045
Rydberg cnergy heR = m et/ 24meg)?h? = m c%a?/2 13605 698 1(40) eV § 030
Thomson cross section ay =8xrl/3 0665 246 16(18) barn 027
Bohr magneton ug =ch/2m, 5788 382 63(52)x 107! Mev T ! 0089
nuclear magneton Hy = ch/2m, 3152 451 66(28)x 10 ¥ Mev T ! 0089
electron cyclotron freq /field w&a/B =e/m, 1758 819 62(53)x10 rad s~ T™! 030
proton cyclotron freq /field wh /B =c/m, 9578 830 9(29)x 107 rad s ! T 030
gravitational constant Gy 6672 59(85)x 10~ m3 kg_I s 128
' = 6707 11{86)x 107 ke (GeV/cd) 2 128
standard grav accel . sea level g 9806 65 m s 2 (exact)
Fermi coupling constant Gf-/(hc)3 1166 37()x 1075 GeV ™2 17
Avogadro number Ny 6022 136 7(36)x 1073 mol ™! 059
Boltzmann constant A 1380 658(1)x10 3 JK™! 85
= 8617 38573)x10 SevK™! 84
Wien displacement law constant b = XmaxT 2 897 756(24)x 073 mK 84
molar volume, 1deal gas at STP N',I/\(273 15 K}/(1 atmosphere) 22414 10(19)x 10~ 3m3 mol™! 84
Stefan-Boltzmann constant o= w2 4760n 32 5670 51(19)x 10" 8w m~2 K ¢ 34
weak mixing angle sin2fl 02300005
W' = boson mass my 809=14 GeV/e?
79 boson mass m, 919+18GeV/cl
7 = 3141 592 653 589 793 238 ¢ = 2718 281 828 459 045 235 v = 0577 215664 901 532 8§61
1in =00254m lbarn = 10738 m?2 leV = 1602177 33@9)x107'91 1 gauss (G) = 107 tesla (T)
1A =10"""m 1dyne = 1072 newton (N) 1 eV/e? = 1782662 70(59)x10 € kg 0°C = 27315K
ifm = 107Bm lerg = 1077 joule (J) 2997924 58x10% esu = 1 coulomb (C) I atmosphere = 101325 x10° N/m?

° Revised 1987 by BN Taylor Based mainly on the 1986 Adjustment of the Fundamental Physical Constants™ by E Richard Cohen and Barry
N Taylor, Rev. Mod Phys 59, 1121 (1987) Scc also ER Cohen and B N Taylor, “The Fundamental Physical Constants,” Physics Today 40.
No 8, Part 2, BG-11 (August 1987) The figures in parentheses after the values give the 1-standard-deviation uncertainties in the last digits, the
uncertainties 1n parts per milhion (ppm) are given in the last column The uncertainties of the values from a least-squares adjustment arc in gen-
cral correlated. and the laws of error propagation must be used in calculating additional quantities, the full varniance matrix 1s given in the Rev
Mod Phys paper The set of constants resulting from the 1986 adyjustment has been recommended for international use by CODATA (Commit-
tee on Data for Science and Technology). and 1s the most up-to-date. generally accepted set currently available

°" In 1983, the Conf Generale des Poids et Mesures adopted a new definition of the meter 1t 1s the distance traveled by light in vacuum in
17299 792 458 s Thus the speed of light 1s defined 1o be 299 792 458 m/s For a discussion, sece B W Petley, Nature 303, 373 (1983)

t Formerly known as "amu "
fag?= m(,?' At Q2 of order m,z‘ the value 1s approximately 1/128

§ Since the completion of the 1986 adjustment, new expeniments have yielded an improved value of the Rydberg constant for infinite mass, R
The new work implies R = 10973 731 572(4) m | rather than the 1986 recommended value ofo = 10973 731 534(13) m~!
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ASTROPHYSICAL CONSTANTS*

Quantity Symbol. equation Value Quantity Symbol Value
Planck mass Y blanck 1221 047(79) - 1019 Gevyc cosmological constant v Tl < 3«10 ¥ m 7
= (the G- 2176 7114 <10 Fkg age of the unnverse’ g, 15¢5)- 10" vcars
Hubble parameter® ", 1004, km's ' Mpe ! solar mass Ve 19892 10% ke
= hyx 1 0<10 W year ! solar lummosity L. 3826(8)- 1070540 !
normalized Hubble parameter” Iy 04 hy- 1 solar radius R 695997 108 m

density parameter of the universe’ Q) F i, 003 = Q) =~

critical density of the unin erset

=28-10"" Ag W4 Mpe”

o= 38O 1 88x10 0 hd kg m

1 tropical vear ~ 315369 . 107 s
I hight vear = 93460 52% ~ 105 m
1 parsec (pe) = 3261 633 hight years
Iastro umt = 1495979 x10'' ' m

3

T — — = - — _ - _. . . _
Compiled with the help of KA Olinve J Primack and S Rudaz  Somwe values are taken from CW  Allen  Isrophy sical Quantities

(Athlone Press. London 1973)

t Subscript 0 indicates present-day values

All observational evidence to date indicates that our universe 1s
very nearly homogeneous and 1sotropie  The most general space-
tume interval with these properties 1s the Friecdmann-Robertson-
Walker metric (with ¢ = 1)

dst — di* - R:(l)[- dr- 5

1 ==

. 12((/”2 . sm:()rl«,h:)].

where a = ~ 1. | or 0 corresponds to closed open or spatially
flat geometnes, R (1) 1s a scale factor for distances in comoving
coordinates  Einstein’s equations lead to the Friedmann equation

H* [R]z i A
I ¢ 3 R

as well as to

‘e

R _ A
R~ 3FGy
: — (- 3

where 71(1) 1s the Hubble parameter g s the total mass-encrgy
density. p 1s the 1sotropic pressure and A s the cosmological con-
stant  (For limits on \. see the Table of Astrophysical Constants
we will assume here A = 0) The Fricdmann equation serves to
define the density parameter &, (subscript 0 indicates present-day
values)

hl hl N
ARG = Hi(Qy =1 9 = nyip,

and the critical density 1s defined as

3H
. () ﬂb hl
) = — = 1 88x10 " hg kgm
Pe = sra, G
with

Hy — 100hgkms ' Mpe !

Observational bounds give 04 = /iy < 1 The three possible
values of &+ 1. —1.and 0, correspond to &y -1 =1 and -1 1¢
to closed, open and flat (crnitical) universes  The value of!l() 18
inferred from velocity measurements on scales greater than 100
kpe. which are all consistent with 0 1 = Q5 = 04 Conservative
bounds are 0 05 = y == 4 The portion of ¢ 1n luminous matter 1s
much smaller, 0005 = @ = 0 02 The excess of €, over €
leads to the inference that most of the matter in the universe 18
nonluminous ““dark™ matter

BIG BANG COSMOLOGY*

Energy conservation imphes that p = - 3(RR) (p~ p) so that
tor a matter-dommated (p - O)yunnerse p » R 3 while for a
radiation-dominated (p = 1/3p) uninverse p « R Thus the less
singular curvature term +:R>1n the Fniedmann equation can be
neglected at carly times when R s small - Encrgy conservation also
imphies that the uninerse expands adiabatically R3s = constant,
where the entropy density « = {p - p). 1 and 7 1s temperature

The energy density of radiation can be expressed as

7k

+ 4
ATy
30 )

7,

with h = 1. where V(7)) counts the effecuvely massless degrees of
treedom of bosons and fermuions

My = Dy - Dy
] 2
For example. form - A1 -m, Ny =g - 7:8(g, - 3g )=
[I

!
R 7_’8[4 t 3(2)| =43:4 For m_- AT - " V(T =574
In the early uninverse when p ~ p, then R ~ 17R sothat R
t!"=and i — 1,2, the ume-temperature relation then follows

SNTRY 12| IMeV 7
o 24 Ve [ il s

Today. the energy density in photons 1s p_ = (r Y17 ")‘ where
the present temperature of the microwase background s 7 =
273-005K and the number density of photons n_ 18

40007 42 7Ky em ™ For nonrelativistic matter (such as baryons)
today the energy density 18 py = mpng with ng o« R =% 5o that
for most of the history of the universe #g /s 1s constant Today.
the entropy density 1s related to the photon density by v ~ 7n
Big Bang nucleosynthests calculations limit p = ng /i 10 3 10
= 10 The parameter 7 1s also related to the portion of €
in baryons

HY

7 R .
@y = 36<107nhy (702 7K

so that 0 01 ~ &!Bh(% -. 004 and hence the universe cannot be
closed by baryons

* Written December 1985 by K A Olnve and S Rudar



INTERNATIONAL SYSTEM (SI) NOMENCLATURE

Complete Set of Units

Physical Name Symbol Physical Name Symbol
Quantuty of Unit for Unit Quantity of Unit for Umit
Base units Derised units (cont'dj
length meter m electric charge coulomb C
mass kilogram kg electric volt v
time second S potential
electric current ampere A electnc ohm Q
thermodynamic kelvin K resistance
lemperatfjrc clectinc siemens S
amount of mole ! mol conductance
substance i clectne farad F
luminous candela ! cod capacitance
; i
iniensity magnetic flux weber Wb
- ) inductance henry H
Supplementary units
It et i : magnetic tesla T
plane angle radlan  rad flux density
sohd angle steradian ¢ luminous flux lumen Im
T 1lluminance lux 1x
Derived watts ‘acuvity (of a becquerel Bq
frequency hertz Hz radioactive
energy joule J source)
force newton N ‘absorbed dose gray Gy
pressure pascal Pa (of 1omizing
power watt w radiation)

See Quantiies, Unus, and Symbols, report of the Symbols Commuttee of the Royal Society. and
ed (Royal Society, London, 1975)
‘See Radioactivity and Radiation Protection Section

COMMONLY-USED METRIC PREFIXES

53

10 71 dec1 (d)
10 deca (da)

1072 cenuy (<)
102 hecto (h)

10 3 milly (m)
103 kilo (k)

10~ ¢ micro (1)
106 mega (M)

10~ 9 nano (n)
10% giga ((3)

10 iz pico (p)
1017 tera (T)

10713 femto (f)
1013 peta (P)

10 '8ato (a)
1018 exa (E)
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ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS*

b

Matenal Z A Nuclear? Nuclear” Nuclear¢ Nuclear®  dE/dx min¢ Radiation length ¢ Density / Refractive
total nelastic C(l)"lSl(})]n ml]eraclll‘on 3E rad [g/t‘m3 index # .
Cross cross cngt engt ] fi 4 (O is (n-1)x 10
secion  scction A [ MeV ] [&/cm |“ 1slcf(r;1rlgas 0 ng’/o,r]gds for gas
oy [barn] o, [barn] |grem?]  [g/em?) g/cm?

H, [ 101 00387 0033 433 508 412 6128 865 0070800 090) 1 112(140)
D, 1 201 0073 0061 457 547 207 1226 757 0162(0177) 1128
He 2 400 0133 0102 499 651 194 94 32 755 01250 178) 1 024(33)
Lt 3 694 0211 0157 546 734 | 58 8276 155 0534
Be 4 901 0268 0199 58 752 16l 6519 353 1848 o _
C 6 1201 0331 0231 602 863 178 4270 188 2265¢
N, 7 1401 0379 0265 614 878 182 3799 470 0 808(1 25) 1 205(300)
0, 8 1600 0420 0292 632 910 182 3424 300 1 14(1 43) 1 22(266)
Ne 10 2018 0507 0347 66 1 96 6 173 28 94 240 1 207(0 90) 1092(67)
Al 13 2698 0634 0421 706 106 4 162 2401 89 270
Si 14 2809 0660 0440 706 106 0 1 66 2182 936 233
Ar 18 3995 0868 0 566 76 4 1172 151 1955 140 14001 78) 1 233(283)
T 22 4788 0995 0637 799 1249 151 1617 3s6 4354 L
Fe 26 5585 1120 0703 828 1319 1 48 1384 176 787
Cu 29 6355 1232 0782 856 1349 1 44 12 86 143 896
Ge 32 7259 1365 0858 883 140 5 I 40 1225 230 5323
Sn S0 11869 1967 121 1002 163 126 882 121 731
Xe 54 13129 2120 129 102 8 169 124 848 277 3057(5 89) (705)
w 74 18385 2767 165 1103 185 116 676 03s 193
Pt 78 19508 286l 1 708 1133 189 7 115 6 54 0305 2145
Pb 82 20719 2960 177 1162 194 113 637 056 1135
u 92 23803 3378 | 98 1170 199 1 09 600 =032 =18 95 -
Air, 20°C. | atm (STP in paren) 620 900 182 36 66 (30420) 0001205¢1 29) 1 000273(293)
H,0 60 1 849 203 3608 361 100 133
Shielding concrete h 674 99 9 170 267 107 25 -
$10, (quartz) 670 992 172 2705 123 264 1458
H, (bubble chamber 26°K) 433 508 412 6128 =1000 =0 063’ 1 100
D, (bubble chamber 31°K) 457 547 207 1226 =900 =0 140/ 1110
H-Ne mixture (50 mole percent)/ 650 945 1 84 2970 730 0407 1092
Ilford emulsion G5 820 134 1 44 110 289 3815 -
Nal 94 8 152 132 949 259 367 1775
BaF, 921 146 135 99] 205 4 89 136
BGO (B1,Ge30,) 97 4 156 127 798 K 71 215
Polystyrene, scintillator (CH)I‘ ) 584 820 195 438 ) 424 1032 _ 1 >§I_
Lucite, Plexiglas (CsHgO,) 592 836 195 4055 =34 116-120 =149
Polyethylenc (CH,) 569 788 209 448 =479 092 095
Mylar (CsH405) 602 857 1 86 3995 287 139
Borosilicate glass (Pyrex)* 662 976 1n 283 127 223 1474
CO, 624 90§ 182 362 (18310) (1977) (410)
Ethane C,H¢ 5573 7571 225 4566 (34035) 0509(1 356)™ (1038)"
Mcthane CH, 547 740 241 465 (64850) 04230717 (444)
Isobutane C4H 563 774 222 452 (16930) (267) (12700
NaF 6678 9757 169 29 87 1168 2558 1 336
LiF 6200 88 24 1 66 3925 1491 2632 1392
Freon 12 (CCl,F,) gas. 26°C. 1 atm 7 706 106 162 237 4810 (493) 1 001080
Silica Acrogel? 655 957 183 2985 =150 01-03 1O+0 250
NEMA G10 plate” 626 902 187 330 194 L7




ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS (Cont’'d)

Matenal Dielectric Young’s Coeff of Specific Electrical Thermal
constant modulus thermal heat resistivity conductivity
015 (e-1)x10® |106 psi| expansion [cal/g"C|  |uem(@°C)] |cal/cm-*C-scc]
for gas [107 %em/em-C]
H, (253 9) -
D, . _
He (64) -
L - 56 086 8 55(0%) 017
Be 37 124 0436 5 885(0%) 038
C 07 06-43 0165 1375(0°) 0057
N, (548 5) - -
0, (495) —
Ne - . _
Al - 10 239 0215 265(20°) 053
Si 16 28 73 0162 020
AT (517) —
T 16 8 85 0126 SO(0°) —
Fe 285 (R 011 9 71(20°) 018
Cu 16 16 5 0092 1 67(20%) 094
Ge — 575 0073 014
Sn — 6 20 0052 11 50207 016
Xe - —
w 50 44 0032 5 5(20°) 048
Pt 21 89 0032 9 83(0°) 017
Pb 26 293 0038 20 65(20°%) 0083
U 361 0 078 29(207%) 0064
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*  Table revised ~\pn| 1988 by R W KLnnu oy n, Ay and A; are energy deCﬂdLnl Values quoud dppl» 10 hlgh encrgy range given

n footnote ¢ or b where energy dependence 1s weak

Tiota
as A

b

Tinelastic= Ttotal ~ Telastic qudslddle

~

for neutrons at 60-375 GeV from Roberts ct al .
other particles. see Carroll et al . Phys Lett 80B. 319 (1979). note that a;(p) =
Mean free path between colhisions (A7) or inclastic interactions (A;). calculated from A = 4/(N Xa). where A 15 the Avogadro number

6al 80-240 GeV for ncutrons (= » for protons) from Murthy et al . Nucl Phys B92 269 (1975) Thus scales approximately

Nucl Phys. B159 56 (1979)
o;(n) oy scales approximately as A

For protons and

d For mimmum-ionizing protons and pions  AF 1s energy loss per g/cm~ from Barkas and Berger, Tubles of Energy Losses and Ranges of

Heavy Charged Parnicles, NASA-SP- 301 3(1964)

For electrons and positrons see M J Berger and S M Seltzer, Stopping Powers and

Ranges of Electrons and Positrons (’" Ed ). US National Bureau of Standards report NBSIR 82-2550-A (1982)
e From Y S Tsai. Rev Mod Phys 46, 815 (1974). L_, data for all clcments up to uranium may be found here  Corrections for molecu-

lar binding apphed for H,. and D,

Parentheses refer to gascous form at STP (0°C, | atm )

f Values for solids. or the liquid phdsL at boihng point, except as noted Values in parentheses for gascous phasc at STP (0°C, 1 atm)

Refractive index given for sodium D hne

g For pure graphite industnal graphite density may vary 21-23 /cm

h Standard shielding blocks. typical composition 0, 52% S1 32 5%. Ca 6%, Na | 5%. Fe 2%, Al 4%, plus reinforcing iron bars The

attenuation length. € = 115 = 5 g/cm
(1968)

Density may vary about = 3%, depending on operating conditions
Values for typical working conditions with H, target 50 mole percent, 29°K. 7 atm

1
J
k  Typical scinullator. e g . PILOT B and NE 102A have an atomic ratio H/C =
¢

Main components  80% $10, + 12% B, 5% Na,O

.15 also vahd for earth (typical p = 2 15). from CERN-LRL-RHEL Shielding exp . UCRL-17841

110

m Sohd ethane density at —60°C, gascous rcf}'actl\c index at 0°C, 546 mm pressure

n  Used in Cerenkov counters Values at 26°C and | atm
ANL-6916 (1964)
o n(S10,) = 2n(H50) used 1n Cerenkov counters. p =

p Gl0-plate. typical 60% $10, and 40% cpoxy

density in g/cm-

From M Cantin et al ,

Indices of refraction from E R Hayes, R A Schluter, and A Tamosaits.

Nucl Instr Meth 118,177 (1974)
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ELECTRONIC STRUCTURE OF THE ELEMENTS
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Electronic Configuration

Electronic Configuration

At Chem (K| L M N O
no Name Symbol ,

sfsplsp dlsp dl|sp
I Hydrogen H 1
2 Helium He 2
3 Lithium Lt 21
4 Berylhum Be 212
5 Boron B 2 (21
6 Carbon C 2022
7 Nitrogen N 2123
8 Oxygen (6] 2124
9 Fluorine F 225
10 Neon Ne 2126
11 Sodium Na 212 6]1
12 Magnestum Mg |2 |12 62
13 Aluminum Al 22621
14 Silicon Si 212622
15 Phosphorus P 202623
16 Sulfur S 2126424
17 Chlorine Cl 2126125
18 Argon Ar 2126126
19 Potassium K 212626 1
20 Calcium Ca 2126126 2
21 Scandium Sc¢ 212626 1 |2
22 Tuanium T 226126 2 |2
23 Vanadium Vv 292626 3 |2
24 Chromium Cr 22626 5*|1
25 Manganese Mn [2]26]26 5 |2
26 Iron Fe 2126126 6 |2
27 Cobalt Co [2]126{26 7 |2
28 Nickel Ni 2126126 8 |2
29 Copper Cu [2]26]2 6 10*]1
30 Zinc Zn 2262610 |2
31 Galhum Ga 2262610 |21
32 Germanium  Ge |2 |12 626 10 |2 2
33 Arsenic As 21262610 |23
34 Sclenium Se 21262610 |24
35 Bromine Br 21262610 |25
36 Krypton Kr 22612610 26
37 Rubidium Rb 21262610 26 1
38 Strontium Sr 2(26[26 10 26 2
39 Yturium Y 212612610 (26 1 |2
40 Zirconium Zr 2262610 126 2|2
41 Niobium Nb [2126[26 10 |26 4*|]
42 Molybdenum Mo 2 2 6[26 10 |26 5 (I
43 Techneium  Tc 2262610 (26 6 |1
44 Ruthenium Ru [226]2610 (26 7 (I
45 Rhodium Rh 2262610 |26 8 |l
46 Palladium Pd 2126126 10 (2 6 10*])0
47 Silver Ag 2126126 10 [26 10 |1
48 Cadmium Cd 212612610 2610 |2
49 Indium In 21262610 (2610 |21
50 Tin Sn 2262610 26 10 |22
51 Anuimony Sb 22626102610 )23
52 Tellurium Te 2(26[2610 |26 10 |24
53 lodine I 212626 10 |26 10 |25
54 Xenon Xe 12{26]26 10 2610 26

At Chem (K| L M N O P |Q
no  Name 5ymbo'sspspdspdfspdt'spds
55 Cesium Cs 2126261012610 26 ]

56 Barium Ba 212626 10|26 10 26 2

57 Lanthanum La 212626 1026 10 26 | 2

58 Cenum Ce 2126126 1026 10 2*|2 6 2

59 Praseodymium Pr 2126126 102610 3 26 2

60 Neodymium Nd 226126102610 4|26 2

61 Promethium Pm (2126261012610 5 |26 2

62 Samarium Sm 226261012610 6 (26 2

63 Europium Eu 2261261012610 7 |26 2

64 Gadolinium Gd 226261012610 726 1 2

65 Terbium Tb 2126|126 10126 10 9*[2 6 2

66 Dysprosium Dy 2262610261010 )26 2

67 Holmium Ho 2126126 101261011 |26 2

68 Erbium Er 212602610126 1012 (26 2

69 Thuhum Tm 226126 10261013 |26 2

70 Ytterbium Yo 22612610126 1014 |26 2

71 Lutetium Lu 2R6126 10261014 26 1 2

72 Hafmum Hf 2262610261014 |26 2 2

73 Tantalum Ta 2R62610[261014 26 3 2

74 Tungsten W 212626 101261014 |26 4 2

75 Rhenum Re 2262610261014 26 5 2

76 Osmium Os RR6R6IO[261014 26 6 2

77 Indium Ir 2626101261014 126 7 2

78 Plaunum Pt 2162610261014 4§26 9 1

79 Gold Au 2126261026 1014 j26 10 |

80 Mercury Hg 122626 10(26 1014 {26 10 2

81 Thalhum Ti 212626 10126 1014 (2610 21

82 Lead Pb 2026261026 1014 |26 10 22

83 Bismuth Bi 2262610261014 2610 23

84 Polonium Po 212626 101261014 {2610 24

85 Astatine At 2126261026 1014 2610 25

86 Radon Rn 2126126 10(26 1014 2610 26

87 Francium Fr 212626 10261014 2610 26 |
88 Radium Ra 226126 1026 1014 12610 26 2
89 Actimum AC 212626 10[26 1014 |26 10 2612
90 Thorium Th (212 6[26 10|12 6 10 14 [2 6 10 2622
91 Protactinium Pa 212626 10261014 2610 2*26 1|2
92 Uranmum [ 2262610261014 2610 312612
93 Neptunium Np 2262610261014 2610 4 }261]2
94 Plutonium Pu 21262610126 1014 2610 6 (26 2
95 Americium Am (22626 10126 1014 [26 10 7 (26 2
96 Curium Cm |2262610[26 1014 2610 7 |26 1{2
97 Berkehum Bk [2[26]26 10126 1014 |26 10 9*[26 2
98 Cahfornium Ct 2262610261014 |26 1010 |26 2
99 Einsteinium Es 2262610261014 |26 1011 |26 2
100 Fermium Fm [2[26[26 101261014 261012 (26 2
101 Mendelevium Md 2 [2 6[2 6 1012 6 10 14 (26 10 13 |26 2
102 Nobelium No [212626 101261014 [26 1014 |26 2
103 lawrencium Lr 2626101261014 [26 1014 |26 1|2
104 --- 226]126 10261014 261014 126 2]2

*Note irregulanty
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HIGH-ENERGY COLLIDER PARAMETERS
e*e” Colliders (I)
The numbers here were received from representatives of each collider by late 1987 Numbers for DORIS and for CESR (unless otherwise

noted) are achieved SPEAR and PEP numbers are estimates for 1988 (Quanuties are, where appropriate,. rm's // = honzontal direc-
tion, V' = vertical )

SPEAR DORIS CESR PEP
o (SLAC) (DESY) _ (Cornell) (SLAC)
Physics start date 1972 1973 1979 1980
Max beam energy (GeV) 4 56 - 6 (8 design) 15
Injection energy (GeV) 25 56 6 (8 design) 15
Luminosity (1030 em™25™") [10at3Gev | 30at 5 GeV 90 at 53 GeV 5080
Circumference (km) 0234 0288 0768 .ME—Z__
No of interaction regions 2 _ 2 2 1
No of pamlcgcs per bunch 15 27 14 35
(units t0™Y)
No of bunc;lcs per ring l- ) 1 - 2 3
per species o 1
Avcrage beam current 30 10 60 2
per species (mA)__
Beam-beam tune shift s 300 =< 260 (space 150— 250 500
per crossing (units 107 %) charge hmit) 1
Filhing time (min) l;“ B 1-2 ZQ 15
Luminosity lifetime (hr) =3 03-15 -—-3 —_;_ =3
Crossing angle (1 rad) 0 - 0 0 o 0
Energy spread (units 10_3) I . 12at5 GeV 06ats3GeV 1
Transzcgrsc emittance H=a0 |H 500 | at$ I{ 50 H =~ 120
(1077 7 rad-m) 17 5-50| GeV 3
RF frequency (MHz) 358 500 500 352
Acccleration peniod (sec) < 100 - - < ﬁo_
Bunch length (¢cm) 0. = 4 g ~ 2at5GeV 1 7(1 5 soon) g, =2
g% amphtude function at | H 12 H 064 H1l
Interaction point (m) v 008 1”005 1 00LS 17004
Free space at mleracuonm ) :2_5 12 +22(=x06 37
_pomt(m) o REC quads)
e R I R I
No of utihity insertions 18 1 2 S
Length of standard cell (m) 114 132 B 16 14 35
e et | 000 | 0| e Tl
I\_Az_i_g_neuc length of dipole (m) 235 32 R 6-66 54
No of dipoles in ning 36 7 2: 86 192
No of quadrupoles in rning 4(?_ 68 106 248
Peak magnetic field (T) 11 I's 0083h:‘;: T‘I?]ld : 3‘0’2\, 036




59

HIGH-ENERGY COLLIDER PARAMETERS (Cont’d)
e*e” Colliders (ll)
The numbers here were received from representatives of each collider by late 1987 (SLC made no updates to the entries in the 1986 edi-

tion) Numbers are subject to change, and many are only estimates (Quantities are, where appropnate, rms H = horizontal direction,
V' = vertical. s¢ = superconducting )

TRISTAN SLC BEPC VEPP-4M LEP VLEPP, INP
(KEK) (SLAC) (CHINA) | (Novosibirsk) (CERN) (Serpukhov)
Physics start date 1987 1988 1988 1989 Mid 1989 1996 (1998) ?
Max beam energy (GeV) 30 50 28 6 60 500 (1000)
Injection energy (GeV) 8 50 14 2 20 |
Luminosity (1030 cm =27 ") 10 60615 yr) 17 50 17 100 (1000)
Circumference or length (km) 302 145 +147 02404 037 26 66 2X5(2X10)
No of interaction regions 4 1 2 1 4 S
No of particics per bunch 22 725 1y | 33 15 416 100 (20)
(umts 10°°)
No of bunches per ring ) 1 \ P 4 1
per species
Average beam current 7 00014 65 40 3 00016
per species (mA)
Beam-beam tune shift s 300 _ 400 500 300 _
per crossing (units 107%)
Filling ime (min) 20 - 40 15 025 mA/min -
Luminosity lifetime (hr) 4-5 - 5 2 S -
Crossing angle (¢ rad) 0 0 0 0 0
Energy spread (units 1073 16 074 1 10 10
Sy gy R T o I T R T e
RF frequency (MHz) 508 5808 - 199 53 180 3522 07x10% (1 5%x10%
Acceleration penod (sec) 120 - 120 150 80 -
Bunch length (cm) 12 ol 52 S 18 015
* 7
o ams tcwn s | 000 oo | A [ | S| ooroms
Free space at interaction 445 +22 +25 +2 35 _
point (m)
Beam radius (10_6 m) ’: 5;232 172115 yr) [; 230 i{ 10(5)8 IVI 3?2 t{ 307
No of utihty insertions 8 - 2 1 2 -
Length of standard cell (m) 161 52 66 72 79 1
Phase advance per cell (deg) 60 108 ~ 60 65 60 -
Magnetic length of dipole (m) 586 25 16 2 11 66/pair -
No of dipoles in ring 272 460+440 40 78 3280+24 my -
+ 4 weak + 64 weak
No of quadrupoles 1n ning 400 - 68 150 520+288 -
+8sc
Peak magnetic field (T) 0 406 0597 09028 06 0135 -




HIGH-ENERGY COLLIDER PARAMETERS (Cont’'d)

pp. pp. and ep Colliders

The numbers here were received from representatives of each collider by late 1987 Numbers are subject to change, and many are only

estimates  (Quantties are, where appropnate, rms /= honzontal direction, 1 = vertical direction, s ¢ = superconducting )
SppS TEVATRON HERA UNK LHC SSC
{CERN) (Fermilab) _ (DESY) (Serpukhov) (CERN) (USsA)
Physics start date 1981 1987 Spring 1990 1995 2 1995 " 1996
Particles colhded p oD cp p pp ep yi4
0315(0451n e 0026 e 005 ;
Max beam ¢ (TeV 09-10 3 8 20
ax energy (TeV) pulsed mode) p 082 p8
Injection energy (TeV 0026 015 ¢ 0014 04 0450 e 0ol 1
jection energy (TeV) p 0040 p 0450
Luminosity 03 1000, 3" =05 m
_ 05-10 15 400 1400 200
(1030 cem =25 1) 3(1988) _ 56.8 =10 m
(‘lrgumferenc_c (km) 6911 628 6336 20772 26 659 - 83631
No of interaction regions 2 Ztugh ~ 3 4 7 3 4
_ 2 low _ (|ml|al_ly)
No of particles per bunch p 15 p 6 e 348 3 25 e 8 080
(unuts 1010 p 2-10 72 P10 - p 30
No of bunches per ring 3-6 36 220 8 000 3564 540 15.456
per species
Average bcam current 4 6 r 14 e 58 550 164 e 80 7
per species (mA) p 08-4 p 0SS p 163 p 300
Beam-beam tune shift 40 17 e 250 6 25 ¢ 400 8 1n crossing plane for
per crossing (units 10 4 p 20 p 33 i3* =05 m, 9 otherwise
Filling time (min) 05 4-7 e 10 ~5 4 10 —40
_ - p :0 -
Luminosity hifetime (hr) 24 6 20 >3 1 18 50 ~24
Crossmg_ angle (u rad) 0 0 0 100 96 0 75
Energy spread (units 10 %) 035 015 < 0094' 005 0l 0l 005
I
Tmnsi%rsc emittance 15 26 e 345(H) 69 () 3 ols ¢ 20034 (l") 0047
(10 7 rad-m) A XUZAN AR p06(H)06(1) _
. ¢ 4997 ¢ 352
RF frequency (MHz) 200 53 » 2082 200 400 p 400 3542
Acceleration period (sec) 10 44 - 100 !200 IO(_)O
Bunch length (cm) 20 50 "p"]*‘s-‘ 10 75 68
3*, amphitude function at 1(H) 072 e 2(H)Y070(1) 1 ] e 064 (H). 0201 05at2lIR's
interaction point (m) 051 - p 10, 1O p 45 (H), 284(}) ) 10at 2 IR
Free space at interaction aF L & N +20.3* =05m
point (m) 2 65 £33 =20 : 20 £120.8% = 10m.
-6 120 (H) e 263 (H). 69 (1) 50 12 230 (4 48,8*=05m
Beam radus (10 "6 m) 86 (1) 43 p 293 (H), 95 (1) - S701) 2073 =10m
No of utility insertions - 4 4 4 2 4
Length of standard cell (m) 64 595 "02:75 918 100 2285
Phase advance per cell (deg) 90 678 ;} 28 825 90 90
Magnetic length 626 612 92 58 954 16 54
of dipole (m) } i 89 . R
e 400 217 1760 7664 ()| 2
No of dipoles 1n ring 744 774 b 416 2176 160 (1) | nngs
No of guadrupoles in nng 232 216 ; 23‘:‘ 454 560 1576 (2 rings)
- i H lypc-wnh s¢ ’ ¢ (-shaped sC
Magnet type bent-up cost p sc. collared, s¢ 2in! sC
coil ends warm 1ron _c_u\d ron cold 1ron } ~
14(21n 44 e 0274
fi T 5 10 661
Peak magnetic ficld (T) pu_!s_ed mode) p 465
9
P source accum rate (hr ) 55>)<(Il(())'0(l988) 4x10'0 __ | _ | _ B ] R
_ sx10!'! 1" _ - - -
Max no p 1naccum ring 151012 (1988) 4x10 _ - ) L 1
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COSMIC RAY FLUXES*

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

I‘_ flux per unit solid angle per unit horizontal arca

about vertical direction

= j(0=0.¢) [# = zemth angle. ¢ = anmuthal angle] .
JI total flux crossing umit horizontal area from above
= [ J p)cosfdQ  [d = smAdfdg|.

A=snid

J, total flux from above (impinging on a sphere of unnt

cross-sectional area)
= J (0 ) dQ
f<n/2
Total Hard Soft
Intensity Component Component
1, | lxlOi 08x10° 03%103 m Escc"lslcrad_l
Jy o 18x100 13x10? 05x102 mT2sec”
Jy 24x10% 17x102 07x10° m Zsec !

Very approximately, about 75% of all particles at sca level are
penetrating, and are muons (the dominant portion of the hard com-
ponent at sea level) The sea-level vertical flux ratio for protons to
muons (both charges together) 1s about 3'1% at t GeV/c. decreas-
ng to about 2% at 10 GeV/c

The muon flux at sea level has a mean energy of 2 GeV and a
differenuial spectrum falling as £~ <, steepenming smoothly to ET30
above a few TeV  The angular distribution 1s cos2h, changing 10
sccfl at energies above a TeV. where 8 1s the zenith angle at produc-
tion The + — charge ratio1s 1 25-1 30 The mean energy of
muons onginating in the atmosphere 1s roughly 300 GeV at slant
depths = a few hundred meters  Beyond slant depths of ~10 km
water-cquivalent. the muons are due primanly to in-the-carth neu-
trino interactions (roughly 1/8 interaction ton ! year Vfor & .
300 MeV. ~ constant throughout the earth) 2 Muons from this
source arrive with a mean energy of 20 GeV. and have a flux of
2x107%m Zsec ! sterad 7! in the vertical direction and about
twice that 1n the honzontal.} down at least as far as the deepest
mines

Updated April 1986

I B Rossi, Rev Mod Phys 20. 537 (1948) See also C Grupen,
“News from Cosmic Rays at High Energies,”™ Siegen University
preprint S1-84-01, and Allkofer and Grieder, Cosmiie Ravs on
Earth. Fachinformationszentrum, Karlsruhe (1984), flux rato
for protons at sea level from G Brook and A W Wolfendale,
Proc of the Phys Soc of London Vol 83 (1964). p 843

2 J G Learned. F Reines, and A Soni, Phys Rev Lett 43 907
(1979)

3 MF Crouch et al. Phys Rev D18, 2239 (1978)

PARTICLE DETECTORS*

In this section we give various parameters for common detec-
tors The quoted numbers are usually based on some 1y pical
apparatus. and obviously should be regarded as rough approxima-
tions. valid only for preliminary design when apphied to other
cases A more detailed introduction to detectors can be found n
Experimental Techmigues in High Energy Phvsics, T Ferbel (ed )
(Addison-Wesley. Menlo Park. CA, 1987)

(1) Scintillators The photon yield in the frequency range of
practical photomultiplier tubes s = 1y per 100 eV of charged paru-
cle 1omization energy loss 1n plastic scaintillator! and as below n
other matenals

Properties of three saintliators! ©
BaF, BGO Nal(T
Density (g/cm3) 49 71 37
Radiation length (¢cm) 21 11 26
dE /dx (avg for MIP) (MeV/em) 66 90 48
Pcak emission (nm) 220 480 410
310
Decay constant (ns) 06 300 250
620
Index of refraction 156 215 185
Light yield (photons/McV) 2% 103 28x IO3 4x10%
65x10°
Hygroscopic

shightly no very

(2) Cerenkov 7 The half-angle # of the Cerenkov cone aperture
in terms of the velocity 3 and the index of refraction n s

172
f. = arc cos [L] > [2[| - _l]]
‘ an i3n

- 1/0 - Idll)l,f'z
1/(26 + 62)”2, where d=n |

The threshold velocity 1s ;i, = 1/n. Yy

Therefore. 3,v, = Values of 4 for

various commonly used gases are given as a function of pressure
and wavclength 1n Ref 8, for values at atmospheric pressure. se¢
the Table of Atomic and Nuclear Properties

The number of photons V' per cm of path length 1s given by

| a2 [
,\«'--‘—lf [l ]dell: —p)‘f —_— -
¢ .‘_32”3 et dZ .132
2y

500 smzﬂL Jem (visible spectrum)

dndy

it

(3) Photon collection In addition to the photon vield. one should
take into account the hght collecuion efficiency (< 10% for typical
J-cm-thick scinuillator), the attenuation length (=1 10 4 m for typi-
cal scintiliators®). and the quantum efficiency of the photomulu-
plier cathode (< 25%)

(4) Typical detector characteristics

Resolution  Dead
Detector Type Accuracy (rms) Time Time
Bubble chamber ~=10to ~=150um = Ims =1/20s%
Streamer chamber +300um = 2us ~100 ms
Proportional chamber R 3()();4/11” ¢ = 50 ns =200 ns
Drift chamber 50 10 300um = 2m? <100ns
Scintillator ~150 ps = 10ns

Emulsion lum —
Silicon strip 2 5um ¢ ¢

1+ 1+

4 Muluple pulsing ttme

b 300um 1s for | mm pitch

¢ Delay hine cathode readout can give = 150um
parallel to anode wire

4 For two chambers

¢ Limited at present by noise and readout
tuime of attached electronics
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PARTICLE DETECTORS (Cont’d)

(5a) Electromagnetic shower detectors We give below typical
energy resolutions (FWHM) for an incident clectron 1in the | GeV
range, £ 15 1n GeV  For a fixed number of radiation lengths.
FWHM 1n }_he last three detectors would be expected to be propor-
tional to V¢ for ¢ (= plate thickness) = 0 2 radiation lengths !

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

5
Nal (20 rad lengths) 2%
E 1/4
0
Lead glass (14 rad lengths) 2 10 Tl-'-%
VE
Lead-hquid argon (15 75 rad lengths) 10 161—’

(42 cells 11 mm lead. 2 mm hquid argon.  V#

2 3 mm lead-G10. 2 mm hquid argon)

Lead-scinullator sandwich (125 rad lengths) 3 171)
(66 cells 1 mm lead. S mm scintillator) VE

Proportional wire shower chamber (17 rad lengths) 14 ﬂ
(36 cells 0474 rad length type-metal + Al, VE
95 mm 80% Ar - 20% CH, gas)

(5b) Hadronic shower detectors !> The performance of hadron
calonimeters 1s crucially influenced by the relative response to the
em and non-e m shower components (¢/# ratio) ldeally. this
ratio should be | (compensation). thus ehiminating the effects of the
large non-Gaussian fluctuations in the 79 content of hadron
showers A noncompensated calorimeter has the following prob-
lems

a) A non-Gaussian signal distribution for monoenergetic
hadrons,
b) A nonlinear response to hadrons,
¢) An energy resolution a/F that does not scale as £~ 12, but
ratheras ¢| £~ 2. ¢y where ¢4 1s determined by the ¢/h
value (co~0fore/h = 1)

These effects may severely deteriorate the performance, particu-
larly at high energies (£ = 100 GeV) a 20% deviation from
hinearity over one order of magnitude 1n energy. considerable non-
Gaussian tails, and a constant term ¢4 = 5-7% in the energy resolu-
tion were observed for calorimeters with ¢/# ~ | 3and 08

Fully sensitive detectors cannot be made compensaung, unless
made out of hvdrogen In all more pracucal cases ¢/h = 14, since
the undetectable binding energy lost when protons and neutrons are
released from their nuclear environment accounts for 30-40% of
the energy carnied by the non-¢ m shower component

Compensation can be achieved in sampling calorimeters with
hydrogenous active layers sandwiched between passive layers. mak-
ing use of the fact that the calorimeter response 1o the various
shower components (7's, mimmum-iomzing particles, nonrela-
tivistic protons and neutrons) may be very different in that case
The relative contribution of neutrons (through elastic np scattering)
to the non-e m calonmeter signal. which 1s ~30% for a compensat-
ng calorimeter, can be tuned through the sampling fraction Effi-
cient neutron detection as provided by hydrogenous active layers
also considerably reduces the contribution of fluctuations in nuclear
binding-cnergy losses to the energy resolution

Compensation has been experimentally demonstrated in
calonimeters using 2 5 mm plastic scintillator active layers and

8 (3 mm)17 or Pb (10 mm)18 passive layers, with a total energy
resolution a/F of 034 £~ or 044 =172, respectively (£ 1n
GeV) The former has also been shown hinear to within 2% over
three orders of magmtude 1n energy with Gaussian signal distribu-
tions
(6) dE /dx resolution in argon Particle 1dentification (retativistic,
Q = 1 incident particles) by dF /dx 1s dependent on the width of
the distribution

Muluple-sample Ar gas counters (no lead) 19

FWHM [d_f ]
A d“'_ most probable .

dE
dx

— 096N 70 46(1/) )_0 32 e

most probable

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

(7) Free glectron drift velocities in hquid 10mzation
chambers-20-23

)
o

Ar +CH, (0.5} i

(10°cm s~

2,2,4,4,T™MP

DRIFT VELOCITY

FIELD STRENGTH (kV c¢m™')

(8) An approximation for the calculation of particle momenta in a
uniform magnetic field 24 The path of motion of a charged parucle
of momentum p. 1n GeV/e, 1s a helix of constant radius of curva-
ture and constant pitch angle A, with the axis of the hehx along H
and

pcosh = () 29979711 /A .

where the field strength /7 1s in tesla. the charge Z 1s 1n units of the
electronic charge, and the curvature &, equal to 1/radius of curva-
ture, 15 measured 1n a plane normal to the field. in m ™~

The distribution of measurements of curvature about 1ts true
value 1s approximately Gaussian  The curvature error for a large
number of uniformly spaced points measured on the trajectory of a
charged particle in a uniform magnetic field can be approximated
by the following expression

)

2 2
2 _esr \2 4 2
(6K )" =(0k o)~ ~ (BA ).
where 0k = curvature error
ok res ~  curvature error due to finite measurement
resolution
oA s —  curvature error due to multiple scattering

For a charged particle measured many times along its path
(=10 measurements) 1n a uniform medium,

ok . —

res 2 Nt5©
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PARTICLE DETECTORS (Cont'd)

where N = number of points (umiformly spaced) measured
along track
L = the projected length of the track onto the

bending plane
€ — measurement error for each point perpendicular
to the trajectory

The contnibution due to multiple Coulomb scattering 1s approxi-
mately

ok =~ 0016)XGeV/c)Z ’
ms Lpi3 Ly

where p — momentum {(GeV/o)
VAR charge of incident particle in units of ¢
Lp = radiauon length of the scattering medium
3= the kinematic variable v /¢
L= the tota! track length

More accurate approximations for multiple scattering may be tound
in the section on Passage of Particles Through Matter (following)
The contribution to the curvature error 1s given approximately by
Ok g = 8.\”';?;30/1.“, where s ;E;c 1s defined there

(9) Proportional chamber wire mstability The fimit on the vol-
tage }* for a wire tension 77, due to mechanical effects when the
electrostatic repulsion of adjacent wires exceeds the restoring force
of wire tension, 1s given by (MSKA)~

< S\ fameT
< 7o Vi

where 5. €. and ( are the wire spacing. length, and capacitance per
unit length  An approximation to (' for chamber half-gap ¢ and
wire diameter d (good for s < t) gn'cs‘6

I < 59T'f’3|:i .2 [—”— ] :]
( wf wd

where 1 1s 1in kV. and T s in grams-weight equivalent

(10) Proportional and dnift chamber potentials The potential dis-
irbutions and fields 1n a proportional or drift chamber can usually
be calculated with good accuracy from the exact formula for the
potential around an array of parallel ine charges ¢ (coul/m) along
zandlocatedaty =0 v =0 5.+ 2y,

l'(.\‘.r)=——-q n {4 l:sm2 [Il] + sinh? [I‘\—]] }
ame s s

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

(11) Sihcon strip detectors and photodiodes These are silicon
diodes operated with a reverse bias voltage I (typically 30-300
volts) sufficient to deplete the sensitive volume of most mobile
charge carners (¢electrons and holes)  The active (deplction layer)
thickness ¢ (¢cm) 1s given 1in a simple model by

t = 2l _ \ 2puel
ne
where 7 = number of impunty ccnlcrs/cm}
¢ — eclectron charge
¢ — dielectric constant =~ | pF/cm ~ 119 €
p — resistivity ~ 1 20 kQ-cm
u = majority charge carnier mobihity

1300-1500 c;n“/voll-scc (electrons)
450-600 cm</volt-sec (holes)

e

The capacitance of the diode 1s €/7 per unit area, but in the case of
mucrostrips this 1s usually dominated by the interstrip capacitance
of ~1 pF per cm of strip length A minimum-ionizing particle has
a Landau energy-loss distnbution with average encrgy loss 39
keV/100 um, most probable energy loss 26 keV in 100 um (which
scales within ~ +10% from ~20 to ~300 um) and full width at
half-maximum of roughly 0 ll/ﬁ2 keV, where ¢ 15 the detector

thickness in microns and 3 = /e The width 15 usually
increased further by electronic noise (0 ~1-10 keV) and for thin
layers by a Gaussian contribution due to atomic cffects [a ~
(03-04)V1 ch] The average energy required to produce an
clectron-hole pair1s 3 6 eV, from which one can estimate total
charge of etther sign released  Sihcon detectors can tolerate
integrated charged-partcle fluxes of up to ~10 10" /¢m? and
still operate as efficient detectors

Typical photodiodes are sensitive (quantum cfficiencies greater
than ~ 10%) to wavelengths from ~ 200 nm to 1100 nm

Updated Apnl 1988 by D Anderson (i Hall.and R Wig-
mans
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PASSAGE OF PARTICLES THROUGH MATTER*

(1) Energy loss rates for heavy charged projectles A heavy pro-
Jecule (much more massive than an electron) of charge 7 ne
incident at speed Jc (3 >~ 1/137) through a slowing medium. dis-
sipates energy principally via interactions with the electrons of the
medium  The mean rate of such energy loss per unit path length .

called the stopping power, 1s given by the Bethe-Bloch equation !

[ﬁ ] _ P Zued Pmes [ Zine ]
dx ne A R

med

2m ,‘\,‘2132( :
x | €n [—i - 32

where D = 4n N, r(,zm(,c2 = 03071 MeV cmz/g (sec Physical
Constants Table) Mean range and encrgy loss figures appear at the
end of this section

Here, Z .4 and 4 are the charge and mass numbers of the
medium and p,.4 15 the mass density of the medium. /. 4. €, and
v are phenomenological functions Frequently, the values of 4. €.
and v are neghgibly small. the parameter / characterizes the binding
of the electrons of the medium  As a rule of thumb. we may esti-
mate / for an idealized medium as /7 = 16 (Zrm,d)0 9 ¢V when
For realistic media the value of 7 will vary at the 10%
level from this esimate  Variauions of this order occur due to
atomic effects such as completion of a shell. also due to chemical
binding and even due to the phase of the substance Hydrogen.
perhaps the most sensitive has / of about 15 ¢V n the atomic
mode. rising to about 192 ¢V as H, gas and to 21 8 ¢V as H,
liquid = For many substances, the transition from gas to sohd 1s
accompanied by a 20-30% increase in 17 we may approxunuiely
trecat medha which are chemical mixtures or compounds by comput-

ing
dE _ i dE
dx —  “ dv },

n=1

to|>
|

|

El o

& |

—_—t—

—_—

chd > 1

with (dl;'/d.\')n appropnate to the 2™ chemical constituent (using
”r(r?c)d as the partial density in the formula for dF /dv) 3 For many
chemical compounds. small corrections to this additvity rule may
be found in Ref 2

The function & represents the density effect upon the energy loss
rate, 1t 1s non-neghgible only for highly relativisuc projectiles in
denser media ® For ultra-relativistic projectiles. & approaches 26ny
- constant, where the value of the constant depends upon the den-
sity of the medium as well as 1ts chemical composition

The function C represents shell corrections to the energy loss
rate ! These cffects are non-neghgible only for projectiles with
speeds not much faster than the speeds of the fastest electrons
bound 1n the medium

The function v represents corrections due to higher order elec-
trodynamics ° These effects become important when 1Z,0c/B1 s
comparable 1o 137 For relativistic unit-charge projectiles, |l 1s
of the order of 1%, positively charged progeculcs lose energy more
rapidly than do their charge conjugates 5.

For nonrelativisuic projectiles. our formulac above are inapplica-
ble At the very slowest speeds. total energy loss rates are beheved
to be proportional to 3. nising through a peak at projectile speeds
comparable to atomic speeds (3 on the order of «ec). after having
passed through a smaller peak (due to elastic Coulomb collisions
with the nucler of the slowing mcdlum7) at intermediate speeds
For example, for protons in Si, dF /dv = 61 23 3 GeV/(gm ¢cm 2)
for 3 <0 005. the peak occurs at 3 = 0 0126 where dF /dx = 522
MeV/(gm cm"z) In some cases. energy loss rates depend signifi-
cantly upon the relation of the projectile trajectory to the crystalline
structure of the slowing medium 8

For relatvistic projectiles, (dF /dx), . falls rapidly with increas-
ing 8 unul reaching a mimimum around 3 = 0 96 (almost indepen-
dent of medium), followed by a slow rnise  Because of the density

cffect. the quantity in square brackets approaches ¢ny + constant
for large ¥

The quantty (dE/dx),,6x 1s the mean wotal energy loss via
interactions with clectrons of the medium 1n a layer of thickness
oy For any finite 6v. Poisson fluctuations can cause the actual
energy loss to deviate from the mean  For thin layers. the distribu-
tion 1s broad and skewed. being peaked below (dF /dy)da . and
having a long tail toward large energy losses 9 Only for a very
thick layer [(dF /dy)oy = 2»1(,,'3:') = 2] will the distnibution of
energy losscs become nearly Gaussian  The large fluctuations of
the total energy loss rate from the mean are due 1o a small number
of collisions involving large energy transfers  The fluctuations are
greatly reduced for the so-called restricted energy loss rate.
described 1n Section (4)

(2) lomzation yields Physicists frequently relate 1otal energy loss
to the number of 1on pairs produced near the projectile’s track
This relation becomes complicated for relativistic projectiles due to
the wandenng of energetic knock-on electrons whose ranges exceed
the dimensions of the fiducial volume  For a qualitauve appraisal
of the nonlocality ot energy deposition by such modestly energetic
knock-on electrons 1n various media. see Ref 10 Furthermore, the
mean local energy dissipation per local 10n pair produced. M .
while essentially constant for relativistic projectiles, increases at
slow projectile speeds "' The numerical value of M for gases can
be surprisingly sensitive 1o trace amounts of various contam-
mants '" Of course. 1n addition 1o the preceding effects, practical
1onization yields may be %l;catly influenced by subsequent recomba-
nauons and other factors '~

(3) Energetic knock-on electrons For a relativistic point-charge
projecule. the production of high energy (kinetic energy /7 - )
clectrons 1s given by 13

zmcd /in : |
Pl T | L Ta ) im0t

N

da-N _ 1
dTdx 2 1

med

for/-« I =1 may - where

R,
Zm(, 37y e

m, n,
AR R v

nc¢ mnc
M, 1s the mass of the incident projectile, and all other quantities
except FareasinSec (1) F(~1for7T <=1 1s a factor
dependent upon the spin of the projectile
For spin-0 projectiles,

max)

for spin-1/2 projectiles.
. > T \ T 2
F=1-3 —7’5[7:]
max Tine © Minet

where 7', 15 the kinetic energy of the projectile,

for electrons incident,

,
1

F=g7? 10— -
T, ) 1

and for positrons incident,

E 'S 2|2
F =,’32[l ..r t [__[ ] ]
Ilnl' IInC
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For incident electrons. the indistingwishability of projectile and tar-
get means that the range of 7 1s only up to T\ne/2 For additional
formulas see Ref 14 Our formula 1s naccurate for 7" close to /
for2l < 7 < 101 the yT? dependence above becomes = 77 7
withd <n =<5 15

(4) Rates of restricted energy loss for relativistic charged projec-
tiles The vanability of energy loss for heavy projectiles 1s due pri-
marnly to the vanabihty in the production of energetic knock-on
electrons Bremsstrahlung and pair-production processes make this
vaniabithity even greater for electrons than for heavy particles as pro-
Jectiles (see. e g . the figure Fractional Energy Loss for Electrons
and Positrons in Lead) If an instrument such as a bubble
chamber, 1s capable of 1solating these high-energy-loss interactions.
then 1t 1s appropniate to consider the rate of energy loss excluding
them, 1e . a restricted energy loss rate The mean energy loss rate
via all collisions which have energy transfer 7" such that

T <FE << T is |

max max
med”med

P 2
[41_:1 p Zm [ Zinc ]
dx med i3

1
2 4
< | ¢n [_[':mah ] I fZL

12 zmcd

V4

] <k max

Notice the overall factor of 1/2  See Sec (1) above for defintions
of the quantities 1n this equation

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

tles

(5) Multiple scattering through small angles As a charged parti-
cle traverses a medium it 1s deflected by many small-angle elastic
scatterings The bulk of this deflection 1s due to elastic Coulomb
scattering from the nucler within the medium, hence the usual 1den-
tification as multiple Coulomb scattering (note. however. that
strong interactions do contribute to the total muluple scattering for
hadronic projectiles) For both Coulomb and strong interactions
the Central Limit Theorem provides hittle useful gmdance tn estab-
lishing the precise nature of the distribution of the total deflections
resulting from muluple scattering  The true distnbution 1s roughly
Gaussian only for small deflection angles. while 1t shows much
greater probability for large-angle scatterings (= a few fly. see
below, depending on absorber) than the Gaussian would suggest
These tails on the distribution (a few per cent of peak height in the
region where the Gaussian part becomes negligible) are more pro-
nounced for hadrons than for muons as projectiles  The large-angle
behavior of these distributions 1s best esimated by computing the
exact distribution for the vectonal sum of the largest deflections
based upon the true elastic scattering cross section of the projectile
against the medium.'® or, when applicable. by interpolation from
tabular data !7 An easter alternauve which may suffice for noncnit-
1cal applications would be to use a Gaussian approximation with
the following width !

141 MeV/c
6y - _;?;1:_/( Z VTR [1 ‘s log,ou_//.R)] (radians),

where p, 3, and ch are the momentum (in MeV/c¢). velocity, and
charge number of the incident particle. and /7. /L g 1s the thickness,
in radiation lengths. of the scattering medium Lp for certain
matenals 1s given 1n the Table of Atomic and Nuclear Properties of
Matenals See also Sec (8) below The angle, fl5. 15 a fit 10
Moliere!® theory, accurate 1o about 5% for 10~ ?< L/Lg <10
except for very light elements or low velocity where the error 1s
about 10 to 20% In this Gaussian approximation, 8, has the
meaning

ms _

0rms

=18 space

~ Uplane

t

v

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

5

—Lxp | R | g
hi hl
2wy 205
0
1 ) _ _plane
\"T 0 exp E— dﬁplanc
=T 25

In this approximation, t')szpacc =
()[;Ianc.\‘ -~ (,[;lanc.r)‘ where the v and v axes are orthogonal to the
direction of motion. and 9 = dﬂplan“ d()planc . Deflections
into # and f are independent and idenucally distri-
buted

Other quantities are sometimes used to describe the amount of

multiple Coulomb scattering  the auxiliary quantities ¥

wh’crc 1 1s the deflection angle

plane, v plane.i

plane*

¥ plane: and 5 plane (see the figure) obey
) ! .
rms rms
l"’planv: - \ 3 plane 3 00 .
! g |
ms rms
v = — [ A .= —L#
plane NE) plane V3 0
and rms 1 rms 1
) . — = - ,:[.”
plane 4\3 plane a3 0

P —
Yotane

. }
N /gplune

~

All the quantitative estimates 1n this section apply only 1n the hmit
of small 0;{;‘:(, and 1n the absence of large-angle scatters  The ran-
dom vanables s. ¢, v. and # 1n a given plane are distributed 1n a
correlated fashion (sce the section on Probabihty. Staustics, and
Monte Carlo for the definition of the correlation coefficient) Obvi-
ously, v = Ly Inadditon, » and 8 have correlation coefficient
g = V3/2 = 087 For Monte Carlo generation of a joint
(j'plancﬂp]anc) distribution or for other calculations, 11 may be most
convenient to work with independent Gaussian random variables
(z1.75) with mean zero and vanance one and subsequently set

. - - 20172, 7, - 3

Votane = T1L01 = 02012 Tk 2ap 100/ V3
= 2 L0g/ V124 25L0,/2

()planc — =i

Note that the second term for ¥ plane equals 1.0p|anc/2 and
represents the displacement that would have occurred had the

deflection 0plane all occurred at the single point L /2

(6) Muon energy loss at high energy At muon energies above a
few hundred GeV. radiative processes (bremsstrahlung. direct pair
production, and photonuclear interactions) dominate over 10niza-
uon as sources of energy loss The figure below shows the total
average energy loss of a muon per g/cm2 tn various matenals
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plotted against the muon energy  In the case of iron, the contribu-
tion of each process 1s also shown Average dF /dv values for
many media for muons 1n the energy range | 10000 GeV are tabu-
lated 1n Ref 19 The radiative processes are charactenized by small
cross sections, hard spectra large energy fluctuations and the asso-
ciated generation of electromagnetic and (in the case of photonu-
clear interactions) hadronic showers  As a consequence the treat-
ment of energy loss as a uniform and continuous process at these
energies 1s inadequate for many purposes  Detailed calculations of
the differential cross sections for these processes with respect to the
energy loss fraction v are available 20-"% 1n additon Ref 24 pro-
vides useful parametrizations of the differential cross sections

100 T T
U total
— Fe total
NE 10! (p. Fe)
S 7 (b Fe)
- H total
I
N 2
107 =
% Vv (n Fe)
L
e (1 Fe)
o
~ 1073 =
€3]
T
o-4 L YA L L
100 10! 10° 109 104 105

Muon Energy (GeV)

The average energy loss ot a muon per g/cm2 of hyvdrogen. ron and
uranium as a function of muon encrgy  Contributions of several
processes 1o dF /dy 1n tron are also shown  (p) direct ¢ "¢ pair
production. () bremsstrahlung (1) photonuclear interactions, and
(1) 10n1zaton

The total cross section tor muon bremsstrahlung 1s not large
the probability for a 1 TeV muon to bremsstrahlung in | m of iron
1s 5%  but the probability density vda/dv for producing a photon
of energy vE 15 nearly flat across a wide range of values of v This
means that bremsstrahlung contributes a tail of catastrophic loss 10
the muon energy loss distribution  Petrukhin and Shestakov=0 pro-
vide an expression for the differennial cross section for muon
bremsstrahlung. taking into account the effects of nuclear and
atomic form factors The form factor Z-dependence 1s nonlrmal
the average dF /dx from bremsstrahlung departs from 7274 scal-
ing by 10-15% as one extrapolates from iron to uranium

At energics above ~500 GeV in iron. and ~150 GeVon
uranmium, direct ¢~ ¢ pair production becomes the single most
important source of of muon energy loss  Unlike the
bremsstrahlung casc the pair energy probability peaks at low ener-
gles. makmg high-encrgy pairs relatively unhikely Kel'ner and
Kotov? give an expression for the differennial cross section for
¢ ‘e production by muons which includes screenung  See Ref 21
for an cvaluation of various theoretical treatments and approxima-
tions For muon energies above ~100 GeV. u~u~ pair production
1s also possible  Such u”u  production by muons 1s a potentially
important process that can lead to misassignment of the sign of the
incident muon, but this mechanism contributes less than 0 01% to
the total energy loss 19

Photonuclear interactions account for about 5% of the total
energy loss of high-energy muons in 1ron. and about 2% 1n
urantum The losses are concentrated in rare relauvely hard
events Bezrukov and BugaC\B denve an expression for the dif-
ferential cross section that includes nucleon shadowing cffects

These energy- -loss processes will have a sigmificant impact on the

design of muon detectors operating 1n the multthundred-GeV
reggme  Energy fluctuations can exceed nominal detector resolu-
tons.”? necessitating the reconstruction of lost energy  Electromag-
netic and hadronic showers in detector maternials can obscure muon
tracks 1n detector planes and reduce the tracking efficiency 26
llnrcsghcd shower particles can also degrade position measure-
ments ©

(7) Longitudinal distribution of electromagnetic showers A pho-
ton of energy F = 01 GeV converting in a semi-infinite medium
produces an electromagnetic cascade whose intensity imtially
increases with depth and then falls off  The average number of ¢ ©
with kinetic energy above | 5§ MeV, crossing a plane at a depth of
L radiation lengths from the beginning of the medium. 1n a
material of atomic number 7. calculated using the Monlc Carlo
program EGS.- " can be fit by the empinical formula~ %

a, hl
A Myl % e

where N =5 51 E(GeV) o Z b4 Vi@ Dand b = 0634

- 00021/ ForZ =26.a=20 7Z/340 + (0664 - //340)n
ko For/Z =13 « =177 - (052(n I The maximum intensity

N may occurs at the depth 1. = a ‘h The maximum error of the fit
occurs 1n the vicimity of this dcplh and s less than 015 N o The
integral of the tail. f N dl s fit o better than 2 3%  The total

| SALI_ h

s

longitudinally projected ¢ * path length J‘\ dl. =3S51ENZ s

less than the total ¢~ path length due primanly to muluple

Coulomb scattering

(8) Radiation length For the passage of clectromagnetically
interacting particles through a medium 1t 18 convenient to measure
thickness 1n terms of radiation length 29 For most clectromagnetic
processes (Bremsstrahlung, Coulomb scattering. showening. pair
production. eic ). over large energy intervals. some or all of the
dependence upon the medium 1s contained in the radiation length

The radiation length may be defined as the distance /.5 over
which a high energy electron (= 1 GeV for most matenials) loses all
but a fraction 1/¢ of 1ts energy to Bremsstrahlung, on average For
a homogeneous monoatomic medium 7 = 3

4(11,2.\/: : .
R L R 1 I
I‘R B VAR 7/ 2]

A)

4,4 1008a%2°
03690t 23 - -8 -
1369« 716 405 1

PR
| ~a~/-

where a. T and \',I arc found 1n the Physical Constants Table
and 7 and 4 are the atomic number and weight of the medium I
o 18 cxprcsscd incm, 1. p will have the conventional units of
g/cm For /Z < 5.4 more complex numerical calculation 1s
required Radiauon lengths for many substances are tabulated in
the Table of Atomic and Nuclear Propertics of Matenials  For
media which are chemical mixtures or compounds

| /

L
R 1 I'R

where f, 1s the fraction by mass of atoms of type ¢, radiation
length LR Chemical binding can lower I, from this typically by
a few per cent

For electrons of encrgy below about one GeV. the average frac-
tional energy loss per umt length decreases as the energy decreases
(see Fracuonal Energy Loss for Electrons and Positrons in Lead fig-
ure) With distances measured 1n units of L, dependence of the
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Bremsstrahlung fractional energy loss upon Z of the medium in the
low energy region (= 10 McV) 1s of order a few percent or less

For photons of infinite energy, the total pair-production ¢ross
section 1s

7 .
0= GUHILRN Y

This 1s accurate to within a few per cent down 1o ~1 GeV for most
matenals  For energies below about | GeV. the cross section varies
1in a manner which may be determined from the Photon Attenua-
uon Length figures See also Contributions to Photon Cross Sec-
tion in Carbon and Lead figures

(9) Electron practical range The electron “practical range™  a
common mcasure of straight-line penetration distance 15 shorter
than the total path length because of multiple Coulomb scattering,
which becomes increasingly important as the electron slows down
E g. for a fast electron the rms projected angle due to muluple
Coulomb scattering reaches 1 radian by the time the electron has
slowed to O 4 MeV in hydrogen | S MeV in carbon, 9 MeV in
copper. and 24 MeV in Icad Electrons which have energy less than
02MeVinAr | SMeVin Cu, 35 MeVin Sn.and $ MeV in Pb
are likely 10 deposit 10% of their energy hchind their starting plane
The practical range, R, 1s defined as that absorber thickness
obtained by extrapolating to zero the hinearly decreasing part of the
curve of penetration probabihty vs absorber thickness Data for Al
in the 7" range up to about 10 MeV are available, and fit (1o
~*10%) R, = AT [l B/(1+(T)] mgem 2. a form suggested In
Ref 30 wnﬁ 4=055mgcem’ ZkeV 1. B =09841, and C =
00030 keV™ ! At this penetration depth, 90 - 95% of the incident
electrons have stopped Data for other elements are sketchy. but
suggest that higher-Z (< 50) elements have | < R /R (AD) < 14
below ~10keV,and 06 < Rp/R (Al) < 1 above ~ 100 keV
The “cntical energy™ (above Whlcﬁ the energy loss due 10
bremsstrahlung exceeds that due to 10n1zation, and showering
becomes important) s 400 MeV for hydrogen. 100 MeV for car-
bon, 25 MeV for copper and 10 MeV for lead The mean positron
range may differ from the mean electron range by several percent
See Refs 31 and 32 Electron energy deposition and penetration
probabihity vs range are discussed in Refs 10, 33, and 34

.
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MEAN RANGE AND ENERGY LOSS
Mean Range and Energy Loss in Lead, Copper, Aluminum, and Carbon
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Mean range and energy loss due to 1omization for the indicated particles in Pb, with scaling to Cu. Al, and C indicated. using Bethe-Bloch
equation [Sec Sec (1) of Passage of Particles Through Mancr] with corrections Calculated by M J Berger. using 1oni1zation potentials and
density effect corrections as discussed in M J Berger and S M Seltzer, “Stopping Powers and Ranges of Electrons and Positrons.™ (2" ed),
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(322 ¢V). Al (166 eV). and C (78 0 ¢V) Figure indicates total path length, observed range may be smaller (by ~ 1 % - 2% n heavy cle-
ments) due to multiple scattering. primanly from small energy-loss collisions with nuclet  The functional forms have not been experimen-
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of High Velocity Particles with Matter.” University of Oxford Report HEP/T/55 (I973)] and by Turner [“Pcnclranon of Charged Particles
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MEAN RANGE AND ENERGY LOSS (Cont'd)
Mean Range and Energy Loss in Liquid Hydrogen
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Range and energy loss in iquid hydrogen bubble chamber. based on Bethe-Bloch equation IScc Sec (1) of Passage of Parucles Through
Mallcr] using an average 1onization potential for Hy of 7 = 200 ¢V which 15 an approximate average of the experimental result of Garbin-
cius and Hyman IPhys Rev A2, 1834 (1970)] and the theorctical result of Ford and Browne IPh)s Rev A7 418 (l973)| Bubble
chamber conditions are chosen 1o be those of Garbincius and Hyman  parahydrogen of density = 00 0625 g/cm3 (note range x l/density).
with vapor-pressure 60 8 Ib/in? (absolute) and temperature 26 2°K - The functional dependence of the Bethe-Bloch equation 1s not experi-
mentally venified to better than about = 1% over large momentum ranges Tt should be noted that the number of bubbles per cm of a track
in a bubble chamber 1s nearly proportional to 1/3°. not dE /dx  For the lincar portions of the range curves, R x p3 6 Scaling law for
particles of other mass or charge (ccept clecirons) for a given medium. the range R, of any beam particle with mass Vf, charge -,
and momentum p,, 1s given in terms of the range R, of any other particle with mass M, . charge z, and momentum p, = p, M /My, e

a
having the same velocity) by the expression

My i,
= Ry (M 2y py—pp MMy

Ry (M, zppp) =

hiRd
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PHOTON AND ELECTRON ATTENUATION
Photon Attenuation Length
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The photon mass attenuation length A = 1/(u/p) (also known as mfp. mean free path) for various absorbers as a function of photon energy.
where u 1s the mass attenuation coefficient  For a homogeneous medium of density p. the intensity / remaiming after traversal of thickness
1 15 given by the expression / = [y exp(—rp/N) The accuracy 1s a few percent  Interpolation to other Z should be done in the cross sec-
tion o = A4 /AN, cm?/atom. where 4 1s the atomic weight of the absorber matenal in grams and .V, 15 the Avogadro number Fora chem-
1cal compound or muxture. use (1/X) g ~ 2“':( 1/X),. accurate to a few percent. where w15 the proportion by weight of the 1'P constituent
Sce next page for hugh cnergy range  The processes responsible for atienuanion are given in the bottom figures of the next page  Not all of
these processes necessanly result in detectable attenuation  For example coherent Rayleigh scattening off an atom may occur at such low
momentum transfer that the change 1n energy and momentum of the photon may not be sigmificant  From Hubbell. Gimm, and Qverbg.

J Phys Chem Ref Data 9 1023 (1980) See also J H Hubbell. Int J of Applied Rad and Isotopes 33, 1269 (1982) Data courtesy J H
Hubbell
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PHOTON AND ELECTRON ATTENUATION (Cont'd)

Photon Attenuation Length (High Energy)
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attenuation length 1s constant beyond the range shown for at least two decades in energy

Photon Pair Conversion Probability
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ale)  See caption on previous page for details The

Probability £ that a photon interaction will result i converston to an ¢ *e¢  pair  Except for a few-percent contribution from photonuclear

absorption around 10 or 20 MeV essentially all other interactions resu

attenuation length A (g/cmz) (upper figure), the probability that a given p

scattenng) 1n thickness ¢ (cm) of absorber of density p (g/cm3) 15 P[] - cxp(—/p/)\)]

it in Compton scattering off an atomic electron For a photon
hoton will produce an electron pair (without first Compton
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PHOTON AND ELECTRON ATTENUATION (Cont’d)
Photon Attenuation Length (High Energy)
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Probability P that a photon interaction will result 1n conversion to an ete” pair Except for a few-percent contribution from photonuclear

absorption around 10 or 20 MeV essentially all other interactions result in Compton scattering off an atomic electron  For a photon

attenuation length A (g/cm?) (upper figure), the probability that a given photon will produce an electron pair (without first Compton
scattering) 1n thickness ¢ (cm) of absorber of denstty p (g/cm?) 1s P[1 — exp(—1p/N)]
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PHOTON AND ELECTRON ATTENUATION (Cont’d)

Contributions to Photon Cross Section in Carbon and Lead
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PHOTON ENERGY

PHOTON ENERGY

Photon total cross sections as a function of encrgy 1n carbon and lead, showing the contributions of different processes

atom neither wonized nor excited)

r — Atomic photo-effect (electron ejection, photon absorption)

TCON = Coherent scattering (Rayleigh scattering

oincon — Incoherent scattering (Compton scattering off an ¢lectron)

Ky = Pair production, nuclear field

Ay = Pair producton, clectron field

apy~ — Photonuclear absorption (nuclear absorption. usually followed by emission of

a neutron or other particle)

From Hubbell, Gimm, and Qverbg. J Phyvs Chem Ref Data 9. 1023 (1980) The photon total cross section 1s assumed approximatels flat
for at least two decades beyond the energy range shown Figures courtesy J H Hubbell
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Fractional Energy Loss for Electrons and Positrons in Lead
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Fracuonal energy loss per radiation length in lead
as a funcuon of electron or positron energy  Elec-
tron (positron) scattering 1s considered as 1omza-
uon when the energy loss per colhision 1s below

0 255 MceV, and as Moller (Bhabha) scatiering
when 1t 1s above Adapted from Fig 3 2 from
Messel and Crawford Electron-Photon Shower Dis-
tribution Function Tables for Lead, Copper and ir
Absorbers, Pergamon Press, 1970 Messel and
Crawford use L, (Pb) = 5 82 g/cmz. but we have
modified the figures 1o reflect the value given in the
Table of Atomic and Nuclear Properties of Maten-
als. namely L (Pb) = 6 4 g/cm2 The development
of electron-photon cascades 15 approximately
ndependent of absorber when the results are
expressed 1n terms of inverse radiation lengths (1e.
scale on left of plot)



COMMONLY USED RADIOACTIVE SOURCES*

Principal emissions

Decay E(kcv)/lmc_nsn) (%)
_N_L_Jclldc tsly) mode @ 3 Y
228 I 6012 3 . (S11)
Na 2602 3" EC 546790 12757100
54 . 54/22 %
Mn 03854 E( 833,100
550 5 “ 589725 \
Fe 273 EC 649/33°1
14 4/10
Sico 0744 EC 122/86
136/11
60¢- 5 . 1173/100
Co 5271 b 318/100 13337100
68¢; ) . 511
Ge 0742 EC =g 1899/88 444
(°°Ga)
90 - 546/100
Sr 285 33 34
! 2284/100
S0y, /
106 : - 397100 512721
Ru 1020 3 =3
41/79 22
(106k1) 3541/ 623710
62/42 22/33 1\
109¢g 1267 EC 84744 } e” 2517 %
87/10 88,37
113 S =" 364/28 ,= 24/79 ¥
sn 0315 EC ¥t} e 30
137, - 512/95
Cs 3017 A 1173/5 662/85
81,34
BBa 1054 EC B} e oy
356/62
482/2 570798
07, 322 EC 976/7 } e 1064/75
1048/2 17707
138 (5341 334/85 239745
==*Th 1913 6 23 8785) 1794/18 583/30
2246/48 2615/36
(224Ra. 220Rn 216[’0. ZIJPb. ZIZBL ZIZPO)
544313 14/13 \
241 443/1 18/20 \
Am 4322 a 5486/85 60736
- 14,4 1\
244, 5763/24 f
Cm 1810 1 5805/7{) _-li-l_\_ )
B0t 2638 012 fission neutron, 06 4 (<1 MeV)/decay of CF
Am/Be 4322 6%107° neutron. 4x10 3 ¥ (443 MeV)/decay of Am

" Updated April 1988 by E Browne

EC denotes electron capture V" an atomic  -ray
energies are listed. unless followed by ¢ indicating monoenergetic
conversion clectrons  (511) indicates annihilation radiation. where
intensity depends on the number of stopped positrons  In some
cases. the y-ray values are approximate weighted averages of two or
more close-together hines  Daughter 1sotopes the actual sources of
some lines, are listed 1n parentheses where appropnate

Maximum 3~

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

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

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

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

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

o Umtof activity = becquerel! (curie)

1 Bqg = 1 disintegration/sec |— 13 7xl()'0) (‘1[
o Unit of exposure the quanuty of X'- or 4- radiation at a point
in space integrated over ime 1n terms of charge of either sign
produced by showening clectrons in a small volume of air about
the point

= | coul/kg of air (roentgen. | R — 2 358x10 4 coul/kg

= 1 esu/cm” = 87 8 crg released energy per g of air),
implicit in the defimtion 1s the assumption that the small test
volume 1s embedded 1n a sufficiently large uniformly irradiated
volume that the number of secondary electrons entering the
volume equals the number lcaving
o Unit of absorbed dose — gray (rad) s

1 Gy = Ijoulc/kgs(= 104 erg/g = 10~ rad)

— 624x10'2 MceV/kg deposited energy

o Umt of dose equivalent (for biological damage) — sievert
[= 107 rem (roentgen equivalent for man)|
Dosc equivalent in Sy = gravs « (0 where @ (qualits factor)
expresses long-term risk (primanily cancer and lcukemia) from
low-level chronic exposure 1t depends upon the type of radia-
uon and other factors For v rays and .3 particles, @ = 1. for
prolons.+ Q = 1 at ~10 MeV. nsing gradually to = 2at ~1
GeV, for thermal neutrons T Q ~ 3. for fast neutrons * Q
ranges up to 10, and for « partlclcs+ and heavy 1onst (assuming
internal deposition - - skin and clothing are usually sufficient
protection against external sources) @ + 20
« Natural annual background all sources Most world areas,
whole-body dose equinvalent rate = (0 4-4) mSy (40-400 nul-
hrems)  Can range up to 50 mSy (3 rems) in certain areas
average = 36 mSy including = 2 mSv (= 200 mrem) from
inhaled natura! radiocactis ity mostly radon and radon daughters
(0 1-0 2 mSv in open arcas average 1s for typical house and
varies by more than an order of magmtude can be more than
two orders of magmitude higher 1n poorly ventilated mines)
« Cosmic ray background in counters (Earth’s surface)
~10%/min/m=/ster For more accurate estimates and more
details sce Cosmic Ravs section
e Fluxes (per m=) 1o deposit one Gy 1in one kg of matter assum-
ing uniform 1rradiation

~ (chgrged particles) 6 24 x IOIZ/(dI;' /d\). where dI /dn
(MeV m=/kg) the encrgy loss per unit length may be obtained
(after conversion of units) from the Mean Range and Energy
Loss figures

= 35x1013 minimum-omizing singly charged particles in car-
bon

~ (photons) 6 24x l()'3/[I;'(Mc\")/()\I‘)(mz.-’kg)l. for photons
of energy £, attenuation length A (see Photon Attenuation
Length figures) and fraction /7 < 1 expressing the fraction of
the photon’s energy deposited in a small volume of thickness
<< A but large enough to contain the secondary electrons

= 2x10! photons of 1 MeV energy on carbon

(Quoted fluxes good 1o about a factor of 2 for all matenals )
o U.S maximum permissible occupational whole-body dose

50 mS8v/year (5 rem/year)
« Lethal dose Whole-body dose from penetrating 1omizing radi-
ation resulting in 50% mortahty tn 30 dayvs (assuming no medi-
cal treatment) 2 5-3 0 Gy (250-300 rads) as measured nternally
on body longitudinal center line, surface dose varies due to var-
able body attenuation and may be a strong function of energy

Rishs

us

For a recent review, see E Pochin, Nuclear Radiation
and Benefits (Clarendon Press Oxford. 1983)

* The International Commission on Radiological Protection has
provisionally recommended that these Q factors for protons
neutrons, and heavy charged particles be doubled
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PROBABILITY, STATISTICS, AND MONTE CARLO*

I. PROBABILITY

1A General

If ¥ 1s the outcome of an observation, we define the probability
of v as the relative frequency with which v occurs out of a (possi-
bly hypothetical) large set of similar observations If v may take
any value from a continuous range we write £ (1. dv as the pro-
bability of observing v between v and v ~ dxv  The function
f(x.0)1s the probabiliy densuy function (p d ) for the random
variable x which may depend upon a parameter # 1f \ can take
on only one of a set of discrere values (¢ g the non-negatine
integers). then £ (v.f) 1s1tself a probabihity, but we sull refer to 1t as
apdf The pdf 1salways normahzed 1o unit area (unit sum 1f
discrete) Both v and # may have multiple components and are
then usually written as column vectors  If #1s unknown and we
wish 1o estimate 1ts value from a given set of data v we may use
statistics {Section 11 )

The cumulatne distribution function F(a) expresses the proba-
bihty that v < a
a

]‘ f(\)dv

-
Here and 1n what follows. 1f v\ 15 discrete-valued the integral 1s
replaced by a sum The endpoint ¢ 1s expressly included in the
mtegral or sum Then O < F(x) = | F(1)is nondecreasing and
Probla < v < b) = F(h)- F(a) If v s discrete F(v)as flat
except at allowed values of v. where it has a discontinuous jump
equal 1o f(x)

Any function of random variables 1s 1tself a random variable,
with (in general) a different pd £ The expecration value of any
function u(v)1s

Fla) = (an

<
E[xz(\')]= [ w( (V) dy (12)
-«
The expectation value 1s said to exist only 1f it 1s fimte For v and
v any two random vanables, £ (yv - v) - F(y)=£E£(1) Forc and
A constants, E(cv +A) = (E(\) -+ A The most commonly used
expectation values are the mean and vanance

u = FE(\) (I 3a)

a% = Var(\) L[(\ “)2] - EGD) --uz (13b)

The mean 1« the location of the  center of mass™ of the distnibution
of v and the vanance 1s a measure of 1ts width squared  Note that
Varloyv +AY - (2\'ar(\)

In addinon 10 the mean another useful indicator of the v foca-
tton near which most of the probability 1s hikely to concentrate 1s
the median v .4 This s that value of v such that
F(X meq) = 1/2.1¢ . exactly half of the probabihity lies above and
half lies below x .., Foragiven sample of events, v .4 18 that
observed x such that half the events have larger v and half have
smaller x (as closely as possible. not counting any that have the
same x as the median) If this lies between two observed v values
the sample median 1s set by convention to be halfway between
them Ifthe pdf for v has the form f(v - u) and 15 both mean
and median, then for a large number of events A the vanance of
the median approaches l/[4,\f2(())]. provided £(0) >0

Let v and 1 be two random vanables with joint pd f f(x.v)
The marginal pd f of, for example, v, expressing the pd f for \
with ¥ unobserved. 1s

x
iy = [ ftxanar (14)
x
and similarly for £5(y) 1f y 1s fixed, the condittonal pd f for v
given the fixed v 1s given by

Sixlbvy = fe)/f00) (15)

The v mean s

M, = f ] f(vadvdy = [ X0 dh (16)
x .1 "'f.

and similarly for v The correfation between v and 1 s a measure
of the dependence of one on the other

by — l,[(\ —u 0 —u‘,)]/ﬂ\n‘

where @ o are defined 1n analogy with Eq (1 3 b). 1t can be
shown that =1 = p . = 1 The symbol “Cov™ represents the
covanance of v and v, a 2-vanable analogue 10 the vanance

Eq (I 3b) Two random variables are independent f and only af

fory = 00f,0) (s

If \ and 1 are independent then py, = 0. the converse 1s not
necessarily truc except for Gaussian-distributed v and v If v and
v are independent £ |u(x)v(i}] = E[u()|£[v(1)] and Var(x ~1)
= Var(v)+ Var(r)

In a change of continous randont variables from. eg ¢
(v Aphwithpdf /(v Aphto i =y Vyha
one-to-one function of the s, the pd t ¢(1) 4,018 found by
substitution for (1. A, ) in f followed by muluplication by the
absolute value of the Jacobian of the transformation

g(v) — I[nl(f) \\,,("i):ll.ll (19)

The functions v, express the reverse transformation w, (7) for
-1 n and 17| s the absolute value of the determinant of
the square matrix .I” = dy, /:u'l Such transformations must
always preserve the number of random vanables, 7 to transform
to fewer vanables, first perform (I 9) and then take the marginal

(I 4) 1o ehminate unwanted variables To change vanables for
discrete random vanables simply substitute. no Jacobian 1s neces-
sary because there / 1s a probability rather than a probabihty den-
sity  If 1 depends upon a parameter set #, we can change to a dif-
ferent parameter set ¢ = ¢(f1) by simple substitution, no Jacobwan 1s
uscd

Cov[r.v]ia,a (17N

1B Specific Probatility Density Functions

We describe here a few pd £'s commonly encountered 1n phyv-
sics apphications  Tables for most of these distnibutions, relations
among them and further informatuon may be found 1n Ref’s 1
and 2

I B.1 Unmiform distribution (continuous)
This pd f assumes equal probability density for any v nan
aliowed range [a /]

f(v)=14b a) a==h (110)
-0 otherwise,
E()y = (h +a)/2. Var(x) — (b a)y/1i2 (an

1.B.2 Binomal distribution (discrete)

Any process with exactly two possible outcomes 1s a Bernoulli
process If the process is repeated # times independently. and 1f
the probabihity of obtamning a certain outcome (a “success™) in each
inal 1s p, then the probability of obtaining exactly r successes 1s
given by the binomial distribution

Is _|n ronor _ "'_rnr 112
(r.n.p) | Pa —rl(”_r),pq . (112)

r=0.1.2. .n.

where ¢ = | - p and the order 1n which the successes and failures
come 1s assumed irrelevant



75

PROBABILITY, STATISTICS, AND MONTE CARLO (Cont’d)

E(r)y= np . Var(r) = npg (113)

If r successes are observed in n, Bernoull tnals with probability p
of success. and 1f s successes are observed in #, similar trials. then
{ = r +sisalso binomal with n, = n, +n,

1.B.3 Poisson distribution (discrete)
The Poisson distribution with mean u 15
- n

e Hyu

flnp) = =— (14
n

n =012
The observed result of a Poisson process 1s a non-negative integer
n. the parameter g 15 any non-negative real number The Poisson
describes the population of events in any interval of v (c g . space
or time) whenever (a) the number of events 1in any subinterval of
x 1s independent of that 1n any other subinterval. (b) 1n any small
Av. the probabihity of one event 1s AAx and the probabihity of two
or more vanishes as Av — 0. and (¢) A does not depend on v

Then u = Ax,

Eny=u, (115)

When u 1s large (=7 or 8). one may often usefully approximate the
distribution of 7 by a Gaussian distrnibution of mean u and varn-
ance o~ = u. as though n were a continuous vanable Two or more
Poisson processes (¢ g . signal plus bachground, with parameters p ¢
and ug. respectively) which independently contribute amounts #g
and ng to a given measurement will produce an observed number
n = ng +ng. whichs distributed according to a new Poisson dis-
tribution with parameter 4 = u¢ +up

Var(n) =

1.B 4 Normal or Gaussian distribution (continuous)
The Gaussian distribution 15

- 2, _ | -(\ —p)z/loz _
f(x.p.0%) = —¢ e <y <o (116)
a\2r
E(v) = u. Var(x) = o* (117
For x and v independent and normally distributed = = v - v
obeys f(z.u =, .07 +0))

The integrated probabnf:ly for v 1o fall in the range u - o to
u+01s 0683 Other measures of width commonly encountered
arc probable error (central region contaiming 0 50 of the probabil-
1y) = p+ 0 670, mean absolute deviation, E[Iv - ul| = 0800,
RMS deviation = a. half-width at half-maximum = 1 18¢

The Gaussian gets 1ts importance 1n large pant from the central
linut theorem 1f a continuous random variable A 1s distributed
according to anv pd f with finite mean and vanance, then the
sample mecan ¥, of n observations of x will have a pd f that

approaches a Gaussian as n increases Therefore the end result
n

2, = nX, of alarge number of small fluctuations A, will be dis-
tributed as a Gaussian, even 1f the 1, themselves are not
The cumulauve distribution (I 1) for a Gaussian with u — 0 and
~ = 115 gaiven by the error function, erfla). through the following
ugly relation

F(a.0.1) = 05[1 +erfla/ V)] (118)

The funcuon erf{a) i1s tabulated 1n Ref | [cauuon other defim-
tions of erfla) are sometimes uscd] for other mean and variance
replace @ by [(a u)/o]

For ¥ a set of n (not necessarily independent) Gaussian random
vanables x, arranged 1nto a column vector, their joint pd f 1s the
multivaniate Gaussian

— 12 x

/(\7\# 1y = (’”)n I3
ﬁ)]. il =0,

(I 19a)

cxpl:- LTz

where 17 1s the covariance matrix of the x's, by = Var(x,)and I,
= E|(y, HY) = u/)l p,,0,. and 1171 ls the dclcrmmam of
I” The quantity p/ 15 the corrclauon cocfficient for v, and Ly
|pU I2 < 1 Forn =2 this becomes
1
(X Xyt My 0 05.p) = : ,X (I 19b)
"7mlr71\/ | -
2 5
| - (-\|_#|) -/)(-\|_IJ|)(\'3 Hs)
cxpl2| 5 . - —— "
(r p7) of 192
N
(N —5)” 7
. 72} .
5 i
9

If 1”15 singular, there 1s a linear relation among some varnables. 1n
this case one usually wants to climinate completely dependent varni-
ables and work 1n a smaller number of dimensions  The marginal
distribution of any v, 1s a Gaussian with mean g, and vanance 1
basaxn, svmmclnc and posmvc defimte Therefore for any
vector X, the quadrauc form \ 1§ = ¢=0 traces an n-
dlmenswndl cllipsoid. center X = 0 as X varies for any given ¢ If
= (x - u) /a,n this equation, then ¢ 1s a random vanable

obcylng the x“(n) distnbution Therefore the probability that a
random value of ¥ will occur inside this ellipsoid 1s CL. reading the
ordinate as | — CL on the large x“ figure below from the curve for
n = np at )(2 ¢ This assumes that g, and o, arc correcy For
example, the “one-standard-deviation cliipsoid™ occurs at X =1,
for a two-vanable casc (n = 2) the probability that both x| and x,
will stmudtaneousiy fall inside that ellipse 1s 39% The use of these
cllipsoids as indicators of probable crror 1s described 1n ITE |

It 1s a charactenistic of the multvanate Gaussian that p,, = 015
necessary and sufficient for 1, and \, 1o be independent Flor a
gIVen covariance matrnx l lhere always exist nonsingular 1 Xn
matrices H such that HH T — 1”7, H s usually upper or lower tri-
angular 1n the most efficient algorithms  Then & = /7~ l(.\’ - I)s
a vector of n independent Gaussian random vanables with zero
mean and with covariance matrix equal to the idenuty

i

I.B.S The xz distribution (continuous)

If vy. .\, arc independent normally distributed random
vanables, the sum - = 2\', H, )“/a 1s distnnbuted as a x with
n degrees of freedom [xz(n )]

f(z.n) = hl Shle 2 p=pp =0 (120)
2"I'(h)

E(z)y = Var(z) = (121)

Forasetof -,. Lach of which s x (n . 252,15 a new random van-

able which 1s x [2"/]
The large figure below displays the integral of Eq (I 20) for n,
degrees of freedom,

CLixg) = f r(z
X0 ‘

p)ds (122)

which 1s 1 0 minus the cumulative distnibution function
F(z = x{§.np) Thisas useful in evaluating the consistency of data
with a model, as will be explained 1n Section Il
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x2 Confidence Level vs. x2 for n, Degrees of Freedom
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1.B.6 Student's ¢ distribution (continuous)

If x 15 a normally distributed random vanable with mean u and

vanance ¢, and = 15 an independent x° random variable with #
degrees of freedom, then

1 =[x -w/a)/Nz/n (123)
1s a random vanable distributed according to Student’s ¢+ distribu-
tion with n degrees of freedom

n+1

" (n +1)

5
-

fon) 2 )[I ] 2 < (1 24)
fe.ny=—"—|1+— L —e <l <o,
1‘(%)\@ n

E@)=0. Var(t) = —= (n>2) (1295)

3 456 810
X2 (or x2 x 100 for —— )

20 30 405060 80100

Student’s ¢ resembles a Gaussian with wide tails  If n — o
Student’s 1 converges 10 a Gaussian tself, if 1 — 1 the distnbution
1s a Brew-Waigner, also called a Cauchy Note thatforn = 1or2
the distribution has infinite vanance, therefore such random var-
ables do not obey the central limit theorem

Student's + describes the distribution of the ratio of the sample
mean X = 2.\',/'1 and the sample variance
2 —\2,
§o= E(.\l - V)*/(n 1) for normally distributed random vanables

5

x, with unknown mean u and vanance - Then

t = {(r - w/[ovn ]}/\/G/[m - 1)a%] 15 of the form Eq (1 23),
-~ i i
with # — 1 degrees of freedom. because s2/a% 15 a x2(n — 1) and
X - u 15 an independent Gaussian random varnable with variance
2 2
nao- Then the unknown true vanance o cancels and ¢ can be

used 10 test the probability that the true mean 1s some particular
value u
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I.B7 The gamma distnibution (continuous)

If a process generating events as a function of v (¢ g. space or
ume) satusfies condittons (a)-(¢) of the Poisson distribution, then
the x distance from an arbitrary starting point (which may be some
particular event) to the A" event 1s distributed as a gamima

ko Iyvh o, oAy
. X Ae
C A = L8t ey ey (126)
f(x A) ) 0« v %
I'(A) = (A 1)'1s the gamma function. the Poisson parameter u 1s

A per umit

E(x) = k/N Var(v) — /N2 {127

The special case A = 1 1s called the exponennal distnbution A
sum of K’ exponential random vanables v, 1s distributed as
f(Zx,.A k") Eq (I 26)1s general enough 1o allow A to be nonun-
tegral IfA = 1/2and A = n/2. the gamma 1s 1dentical 10 x“(n)

I STATISTICS

ILA  General

A probabihty density function with known parameters enables
us 10 predict the frequency with which a random vanable will 1ake
on a particular value (1f discrete) or hie in a given range (if continu-
ous) In parametric statistics we have the opposite problem of
estimating the parameters of the pd f from a set of actual observa-
tions

We refer to the true pd f as the population, the data form a
sample from this population A statistic 1s any function of the data,
plus known constants. which does not depend upon any of the
unknown parameters A statistic 1s a random vanable 1f the data
have random errors An estimator 1s any statistic whose value 1s
mntended as a meaningful guess for the value of an unknown
parameter we denote estimators by a ™" cg. A

Often 1t 1s possible to construct more than one reasonable esti-
mator Let fi represent the true value of a parameter to be _
estimated, f1s a vector if there 1s more than one Then1f #1s an
estimator for f. desirable properties for # are  (a) Unbiased. bias
b = E(8) — . where the expectation value 1s taken over a
hvpothetical set of similar experiments in which # 1s constructed
the same way The bias may be due to statistical properties of the
estimator or to systematic errors in the experimeny  If we can esu-
mate the average bias we usually subtract 1t from # to obtain a new
" =0 b However 1t mav depend upon f or other unknowns in
which case we try to choose an estimator which mimimuzes 1ts aver-
age size  (b) Vimmum variance, the mmimum possible variance of
f1s given by the Rao-Cramer-Frechet bound

5
Var, o = [l -~ ih ,/,‘,H] At In

5

. n
10 =E{| = 3 nfiy, n
<

The sum 1s over all data and b 1s the bias, if any, the \, are
assumed independent and the allowed range of v must not depend
upon  The ratio € — Var, /Var(f) 1s the efficiency An efficient
estimator (with e — 1) exists only for certain cases (¢) Muupium
mean-squared error (mse). mse — E[(0 = A)*] = 1 () + [E(0) - 0]"
The mse combines the error duc to any bias quadraucally with the
vanance. which expresses only the spread about £(f) as distinct
from 8 (d) Robust, a robust estimator 1s not sensytive 10 €rrors in
our assumptions ¢ g. to departures from the assumed pd f due to
noise or whatever

These critena (and others) allow us to evaluate any procedure
for obtaining # In many cases these cniteria conflict The ias.
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vanance, and mse may depend on the unknown # In this case the
optimum prescription for # may depend on the range 1n which we
assume A 1o he

Following are techniques in common use for obtaining estima-
tors and their standard errors a(f) = V Var(#) When the condi-
nons of the central hmit theorem are satisfied. the interval f = a(f)
forms a 68 3% confidence interval  This is a random interval in
that 11s endpoints depend upon the randomly sampled data, 1ts
meaning here will be taken to be that in 68 3% of all similar experi-
ments the interval will include the true value #  One should be
aware that 1n most practical cases the central limit theorem 1s only
approximately satisfied and accordingly confidence intervals which
depend on that are only approximate  Confidence intervals are dis-
cussed 1n Section 11 E below

II.LB  Data with a Common Mean

(1) Suppose we have a set of V" independent measurements v,
assumed to be unbiased measurements of the same unknown quan-
tity g with a common but unknown, vanance o~ resulung from
measurement error - Then

L
N EI‘}
£

(1)

~2 |
5 -

S - hY 3 )
20, p- = T,'-_—][l:'(\')—u':l (11 3)
are unbased estimators of u and a2 The vanance of o 1s az,h\‘ If
the common pd f of the v, 15 Gaussian, these statistics are
independent If. also. M 1s large. the vanance of 47 1s 0N If
the 1, arc Gaussian or A 1s large enough that the central hmit
theorem applies, then g 1s an efficient estimator for g Otherwise
1s sometimes subject 10 large fluctuations, e g . 1if the pd f for 1,
has substantial probability 1n long tails In this case the median of
the v, may be a more rohust esumator for g, provided the median
and mean are expected 1o he at the same point in'the pd f for v
For Gaussian v the median has asymptotc (large- V) efficiency
2/m = 064 As an example of cases with large tails, for a
Student's ¢ 1 the large-\ efficiency of ¢ = the sample median
relative to ¢ — the sample mean 1s (x. % 1 62. 1 12. 096, 0 80.
0 64) f({r (1.2.3 4.5. 8. x) degrees of freedom

If 6= 15 known. 2 1 Eq (11 2)1s still the best estimator for u. if
w1s known. substitute 1t for g n I%q (IT 3) and replace N = 1 by A,
for a somewhat better estimator 6~ .\

(2) If the 1, have different. known. vanances o, then

1 N
p=—Sw (I14)
s " E v

5
where w, = l/o and nw = E“r 1s an unbiased estimator for u
with smaller vanance than (11 2) The vanance of g1s 1/n

ILLC Linear Least-Squares Fit

We wish to determine the best fit of unbiased data ¥, measured
at N pomnts 1, (assumed known with neghgible error). to the form
v(v) = Za, fn( \). where the f, arc any known, hincarly indepen-
dent funcuons (¢ g . Legendre polynomials) which are single-valued
over the allowed range of v. and the sum runs from 1 to A We
require A < V. and at least A of the v, must be disinct We wish
to esumate the hinear cocfticients a,,

The method of least squares assumes that each measured 1,18

equal to this sum plus an crror €, If the distibution of ¢, has an
expectation value of zero (unbiased) and has a finite. known van-
ance which s fixed (does not depend on the parameters of the fit).

then the estimates of ¢, obtained by minimizing the sum of
squares which physicists call )(2 =3 | v, Xa,f, (.\,)l 2/(7,2 will

1
be unbiased and have the smallest possible variance of all linecar
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unbiased estimates (Gauss-Markov Theorem) If the point errors €,

are Gaussian, then 2 2 € /a will be distributed over a large

number of similar expenmems asa x random variable with M -4
degrees of freedom  We can then cvalualc the goodness-of-fit from
the large x2 figure The observed X for ny, = A — A can be used
to find the ““confidence level™ CL This expresses the probabulity
that a worse fit would be obtained 1n a large number of similar
experiments under the assumptions that (a) the model

= Xa,f,)1s correct and (b) the errors ¢, arc Gaussian and
unbiased with variance ¢, If this probability 1s larger than an
agreed-upon value (0 001. 0 01, or 0 05 are common choices). the
data are consistent with the assumptions, otherwise we may want to
find improved assumptions As for the converse, most people do
not regard a model as being truly tnconsistent unless the probability
1s as low as four or five standard deviations for a Gaussian
(6% 1073 or 6x1075, see Sec 11 E 1} [fthe €, arc not Gaussian,
the method of least squares sull works, but the goodness-of-fit test
would have to be done using the correct distribution of the random
vanable we will continue to call “x~

If. more gcnerall\ the measured 1,'s are not independent. then
the set ofrr s must be replaced by th AN XN covanance matrix
V. Then, m matrix notation, if // 1s the N XA matrix with cle-
ment H,,, = [, (x,). the vector (all vectors are column vectors) of
solutions @. with k elements 1s given by the solution 1o the normal
equation

Ty =y = Ty -l

HTVha = 1T (I1 5a)
or, formally,

a=@H"V T HTETIE = DR (11 5b)

where 17 1s the N -element vector of measured 1,'s  The normal
equations may be solved by numerical methods much more com-
putationally efficient than Eq (Il 5b) In terms of the A XV matnx
D. the standard covariance matrix for the d 1s estimated by

o= Dpr.pT (11 6a)
If the measured 1, s are independent. I’ 1s diagonal with nit ele-
ment ,”. and '
[V(;‘ ‘] = ) 50} (11 6b)
nm f

expresses the covanance of 4, and 4,,, [see Eq (1 7)], which are
not usually independent even if the 3, ’s are
The estimated variance of an interpolated or extrapolated value
ofyatapomtx. v =3a,f,(x)is
2, A
(7“0)) =

E ("(} )nmfn("‘) fm('\') (7))

nm
The same results may be obtained by nun.crical techmques
from the sum of squares, x*, directly. if we have a rcasonable first
guess d for the solution vector

B2 ) 7wl
a=ay- || A, (11 8a)
aa* Jdg 44 |%0
and
42,2 |1
V. = 2["—2(,—] (11 8b)
a ga* Ja

5
where axz/aa 15 a k-element vector whose ' element 1s ax*/aa,.
2, .
d2x2/602 1s a k Xk matnix with mn'h element (rzx‘/(dam id,, ).
and all denivatives are 1o be evaluated at the points indicated  If
"xz“ 15 a true x°. the second-denvative matrix ts independent of 4,

AND MONTE CARLO (Cont’d)

and the shape of the )(2 as a function of @ 1s a paraboloid, other-
wise one may need to iterate Eq (Il 8a) to arnive at a solution
(Newton-Raphson method)

Note that the errors on the solution 4 are independent of the
value of x° at minimum — they depend only upon the shape about
the mimimum Eq (11 8b) imphes that one-standard-deviation him-
its on the elements of 4 are given by the set of ¢ such that

XY = X+ | (119)
(compare with the corresponding relation for maximum-hkelithood
estimation, Sec Il 1D 2) This equation, which defines a contour in
d-space, 15 often convenient for estimating errors 1n applications of
least-squarcs techniques 1o nonlinear cases. where the second
derivative [Eq (11 8b)| may be a rapidly varying function of @ In
general, contours at s slandard deviations may be found by replac-
ing the | in Eq (11 9) by s> If the problem 1s highly nonhnear. all
such contours arc at best only approximations to confidence
regions with some given probability of covering the true value of d
It may be that Eq (I1 9) will define a set of disjoint regions  In
addition. 1iteration of Eq (Il 8a) may require sophisticated tech-
niques” to reach convergence 1n a practical amount of computa-
tion
Least-squares estimation, unhike maximum likelihood

(Sec 11 D). requires that an error matnix }° be known For count-
1ng experiments 1t 1s therefore necessary to group the data 1n bins
1n order 1o associate a Poisson error with cach bin  In this casc 3,
is the bin height and the error depends on the expectation value 01
the theory 1n each bin. ’V“ as cstimated by the best fit of the
model Thus the rcqulrcmcnts of the Gauss-Markov theorem are
not satisficd  Many expertmenters arrange the bins to contain
enough expected events (say =7 or 8) that the Gaussian approxi-
mation to the Poisson (Sec 1 B 3) 1s accurate, 1n which case lhc
expected error 1s the square root of the theoretical height and ™ x
1s approximately a true x= If the error 1s assumed to be based on
1he aclual observed height A\, b rather than the theoretical height

b the Gauss-Markov condmons are satisfied but a bias favoring
downward fluctuations will occur

For bins with few cvents, a procedure that converges to the

above when .-\'l’h 1s large and yields correct error estmates for all

,\-'l’h 18 10 define x2 = 2[7(.-\'1”’ - .\l”bs) . 2,‘\«',°b5fn(;\"l"bs/;\-’l’h)]

This assumes that N, obs 1s the outcome of a Poisson process. with

Poisson parameter u = N 1 filling the bin  In bins where N, obs

= 0. the second term 1s zcro For any \’ 5. slandard—dcwauon
error estimates are constructed as in Eq (ll 9) and subsequent dis-
cussion

Example — Straight-Line Fit
For the case of a stratght-line fit, v(x) = a + bx, onc obtains, for
independent measurements y, the following esumates of ¢ and h.

d = ($.S S Sy WD, (I110)
b= (5,8, = S.S)/D.
where

SIS Sy e S = S v ox)el . ()

respectively, and

$,8

Re

-8

[ ]

The covanance matrnix of the fitted parameters 1s

["au l,’ah] b [S.\'\‘ S\]
Vab Vob DSy 5

(11 12)
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The estimated vanance of an interpolated or extrapolated value of
' at point x 1s

(n13)

. 2
0 = Virye) est

II.LD The Method of Maximum Likehhood

I1.D.1 General

This 1s often the simplest method- 1n many cases the only prac-
tical method—for esimating the unknown values of a set of param-
eters 8 We suppose that a set of measured quantiuies ¥_came from
a particular pd f { which depends upon . hence f(¥.6) Now we
assume that the probable range of values of f 1s restricted by the
condition that 1t must not have been 100 unlikely that ¥ could have
come from our / The principle of maximum hkehhood (M L)
asserts that the best explanation for a set of data 1s provided by
that value of # which maximizes the joint probabihity density for all
the data ¥ If we have a set of measured {, values which we
assume were independently sampled from /| then the joint proba-
bility density 1s

A0 = JI/(5,.0) (1114)
{

-7 15 called the hikelithood. 1115 a function of A for the fixed sct of
measured X,’s  Although 1t 1s computed from a probability density
for the data ¥, 1t 1s not a probability density for

In evaluaung the ./, 1t 1s important that any normalization fac-
tors in the /s which involve 8 be included However, we will only
be interested 1n the maximum of - and 1n ratios of - at different
s, hence any multuiplicative factors which do not involve the
parameters we want to estimate may be dropped, this includes fac-
tors which depend on the data but not on 8

[t 1s often more convenient to work with

#6) = en 16) (11 15)

since that converts the product in Eq (II 14) into a sum. also the
pd f’s / often involve exponentials  The maximum of € 1s at the
same f as that of #; since. for cach component A, of .

af
a0

= dns 1 as oy
ifl

n n ) n

(11 16)

finds the same extremum for both, § 1s called the score funcuon
Eq (11 16)1s calied the likelthood condition for the optimal solution
f  We must be alert to vanous possibihities for error
(a) Eq (I1 16) may yield a mimimum, therefore one must check the
second derivative. (b) there may be more than one maximum—one
must try to find the global maximum. (¢) the global maximum may
lie at a boundary of the physical region, in which case Eq (11 16)
will not find 1t

If an unbiased, efficient esumator exists, M L will find 1t If
the estimator 1s efficient, the score function 1s linear with a down-
ward slope through zero. in which case the shape of ¢ 1s a parabola
(open at the bottom) and # has a shape proportional to a Gaus-
stan  This will obtain in certain special cases and in the asymptotic
limit of large amounts of data. provided certain conditions (¢ g .
that the solution does not lie on a boundary) arc met However.
“large™ 1s not well defined. and 1n many practical situations the
M L estimator may be neither unbiased nor efficient

The results of two or more expertments may be combined by
adding the score functions, adding the ¢'s. or multiplying the #’s

Under a one-to-one change of parameters from 4 to ¢ = @(0). -
the M L estumate 1s simply ¢ = (f). given the solution for 0 for
That s, the M L solytion for & 1s found by simple subsutution of #
1nto the transformation equation It 1s possible that the new solu-
tion ¢ will be a biased solution for the true value of & even 1f 8 1s
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not biased. and vice-versa In the asymptotic hmit both # and ¢
will converge to unbiased solutions. but at different rates

Unlike least-squares estimation. the value of the likelihood at
the solution does not tell us whether the final fit was a sensible
description of the data or not  To evaluate this, one may
(a) prepare histograms of the data projected on various axes and
make x“ (or other) comparisons with the fitted model projected
upon the same axes. and/or {b) do numerous Monte Carlo simula-
tions of the experiment under the hypothesis that the fitted parame-
ters are correct, fit cach of these, and compare the experimental
Likehhood (or ¢} with those obtained from these simulations  If the
experimental likehhood 1s lower than that of some agreed-upon
fraction of these results. one should question the appropnateness of
the pdf's £ At the same ume one can check for bias in the solu-
tion

The hkelihood approach has the advantage over least-squares
methods that no binming of the data. with 1ts consequent loss of
information, 1s required  For small data samples this may be veny
important  Additionally, the pd f / may depend on a number of
measured quantities  For least-squares fiting 1t 1s necessary to pro-
Ject the data onto a histogram 1n one or more dimensions and fit to
this histogram  This loses the information about any varables not
in the histogram, 1n addition 1o that lost by the binmng M L
requires no such projection, 1t uses the full muludimensional infor-
mation 1n the data  However, M L. estimation requires that the
torm of 1 be known, the results may be sensitive to deviations
trom this form Thatis M L estimators may not be robust
Least-squares fitting only requires that the point errors €, be
unbiased and of finite vanance In the hinear least squares problem
of Sec 11 C.uf the €, are Gaussian-distributed both least squares
and M L will give the same estimators

11.D 2 Error estimates
The covanance matrix | may be esimated from

(I117)

If the estimator s efficient or nearly so the “expectation™ opera-
uon in Eq (11 17) has no effect because the second derivauve of ¢
1s constant  Otherwise. 1t may be approximated by taking the aver-
age of the quanuity 1n square brackets over a range of 0, and#f,
near the solution  For complex cases 1t may be more pracucal to
evaluate s-standard-deviation errors from the contour

— 572,

((5) =/ max

where ¢ . 15 the value of ¢ at the solution point {compare with

Eq (11 9) for least-squares fiting) The extreme himits of this con-
tour parallel to the (?" axis give an approximate s-standard-
deviauon confidence interval in i, These intervals may not be
symmetric and they may even consist of two or more disjoint inter-
vals This procedure gives one-standard-deviation errors in f,
equal to \/IT; of Eq (I1 17)1f the esumator 1s efficient  If 1t s
not efficient, the level of confidence imphed by the value of s 1s

only approximate

I E  Errors and Confidence Intervals

ILE.1 Gaussian errors

If the data are such that the distribution of the estimator(s)
satisfics the central limit theorem (I B 4). the Gaussian distnbution
15 the basis of the error analysis  If there 1s more than one parame-
ter being estimated. the multivanate Gaussian 1s used  We define a
confidence tnierval as being an interval constructed from the data to
have probability ar least CL (called confidence level) of covering
the true value of # For the univanate case with known o,
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h+d
CL= [ f(x.fp oddv (118)
i-b

fx. p o)

(1 cLy2 (1-CLy2

260 o 0 o 20

1s the probabihity that the true value of u will fall within +6 (8 2> ()

of the measured 2 This interval will cover g in a fraction CIL. of

all similar measurements  The small figure in Eq (I1 18) shows a
= 20 confidence interval unshaded The choice

6 = V Var(z) = o gives an interval called the standard error which
has CL = 68 33% 1f 6 1s known Other frequently used choices for
0, 1n terms of 1 — CL (which 1s the probabihity that the stated inter-
val fails 10 cover the unknown ). are

1-CL (%) | & I CL (%) 5
10 | 640
5 1 960
027 30 ] 2 58a
64x1073 | 40 01 3294
58x107°5 | 50 001 3 89a

For other 6. read the ordinate of the )(2 figure above as | CL on
the np = 1 curve at x~ = ((3/17)2 We can set a one-sided (upper
or lower) limit by excluding above i t 4 (or below @ —6). 1 - CL
for such limits are 1/2 the values in the table above

If the variance o of the estimator 1s not known. but must be
estimated from the data. then we need to incorporate the error in 6
1nto our confidence interval using Student’s 7 distribution  If we
have N data points with which we estimate A parameters. the

Gaussian approximation is adequate for v — A = 1 Otherwise
replace 4 by a factor Ta. T being defined by
r
(11 19)

ffx. N —kydx = CL.
T

where / 1s defined 1n Eq (1 24) T 1s tabulated in Ref 1 and here

1-CL (%)

N-k [|3167 1000 500 455 100 027
! 184 631 1271 1397 6366 23578
2 132 292 430 453 992 1921
3 120 235 318 331 58 922
4 114 213 278 287 460 662
5 b1l 201 257 265 403 551
10 105 181 223 228 317 39
20 103 172 209 213 285 342
o 100 164 196 200 258 300

For muluvanate 8 we must consider pairwise correlations
Assuming a multivanate Gaussian, Eq (I 19), the standard error
elhipse for the pair (6, .8,,) may be drawn

The minimum x2 or maximum hkehhood solution 1s at (f),,,.i‘,,)

The standard errors a,,, and o, arc defined as shown, where the

cllipse 15 at a constant value of x~ = Xmin ™ tord — € max " 1/2
To construct this contour from these relations, any other parame-
ters fl,. ¢ # mi.n. must be allowed to freely find their opumum
values for every tnal point  The angle of the major axis of the

clhipse 1s given by

,
1an 26 — “Fon"mn
2 D 3
< , 5 (11 20)
Tm ™ p

For any unbiased procedure (¢ g . least squares or ML) being
used to estimate A parameters . ¢ — 1, A . the probabihity CL
that the true values of all A lie within thg s-standard deviation
elhpsoid may be found from the large x~ figure Read the ordinate
as l’ (‘l.,’lhc correct value of 1 - CL occurs on the nj, — A curve
at x~ = s- For cxample, for A 2. the probabihity that the true
values of # and i, simultancously he within the one-standard-
dewviation error clhipse (s = 1). centered on # and 02. 15 39% This
probability only assumes Gaussian errors, unbiased estimators. and
that the model describing the data in terms of the 4, 1s correct

I1 E 2 Gaussian errors — bounded physical region

In certain statistical problems the true value of the parameter 10
be estimated, u. 1s constrained 1o hie within a bounded pin sical
region (¢ g . the mass of a neutrino 1s bounded from below by ()
However, due to random measurement error, real measured values
may or may not occur nside the physical region  For this case no
completely satisfactory approach exists. but here we suggest a tech-
nique for obtaining approximate limits within the physical region
at specified confidence levels

We assume a measurement A, which represents one observation
(or the result of combining multiple measurements as 1in Sec 11 B)
from a (iagss:an of true (but unknown) mean u and known, fixed.
vanance 6= We estimate g by g = v and altempl (o construct a
confidence interval for g from the resultant Gaussian, as above  If
a or a significant portion of the probability lies in the unphysical
region, the result. while stausucally perfectly correct as stated 1s
physically unsatisfactory

If we assume u 1s bounded from below by p - (the argument
for u bounded from above 1s stimilar), we may estimate a reason-
able upper limut for u at the CL (e g, 90% or 95%) level by the fol-
lowing procedure (1) renormalize the Gaussian probabihty distn-
bution for A such that the integral of Eq (I 16) with u = g over v
from u, , to infimty (1 e, over the physical region), unshaded in
the figure below, 1s equal to 1 0, (2) find the value | such that the
integral over v of the renormahzed distribution from Hon 10 Hy 1S
equal to the desired value of CL, (3) set | to be the desired upper
himit with confidence CL In fact, it can be shown that this 1s con-
senvative, 1n the sense that the probability that this interval actually
covers the true value of w1s = CL
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[
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L

K Hmin

For p —y >> 0, this techmque which may be applied for
any measured x (physical or unphysical) converges smoothly 10
that of the previous section since \ 1s then effecuvely confined to
the physical region

One should exercise caution for values of v which lie many
standard deviations outside the physical region It may be that the
paruicular probability model (Gaussian with vanance o-) may not
be a correct description of the measurement process (¢ g Lhc true
variance may have unanucipated components and be > o=, or
there may be a bias). in which case confidence levels of this sort
will not be correct

If < Heyyne SOMe authors prefer to use a tixed upper hmit cal-
culated for u = Mg or g = Moun - @ rather than allow the upper
lim1t to decrease as u decreases  In any case. averaging of experi-
ments requires that ¢ and its vanance be quoted. 1n addition to any
upper limits. even if 4 1s unphysical

I1 E 3 Poisson processes upper limits

Because the outcome of a Poisson process 1s an integral number
of events. n¢. 1115 usually not possible 10 set confidence interyals
for the true Poisson parameter g at a certain exact CI. For farge
1y an approximate interval can be set using the Gaussian approxi-
mauon. Scc 1 B3 and the techniques of Eq (11 E 1)

For small njy we can define an upper himit \ for u as being that
value of u such that 1t would be exactly Cl. (¢ g. CL = 90% or 95%)
probable that a random observation of n would then he above the
observed n, Thus

x

CL= 3 f1(n.A)

n

0
= ] 2 n.N)
n~—0

| I
1

<

(2

The small figure above illustrates the casc with nyg—2and CL =
90%. for which 1t may be shown that V' = 53 For any given 1
and desired CL we can obtain A from the xz figure because of a
relation bclwcc;n the Poisson and the x~ read the ordinate as 7

I = CL. find x~ on the curve for np = Angt 1) then N = x=;2
Some useful values are

Poisson upper hmits N for ng observed events

CL= CL= CL= CL=
ng  90% 95% ngy 90% 95%
0 230 300 6 1053 1184
] 389 474 71177 1315
2 532 6 30 8 1300 1444
3 6 68 775 9 142] 1571
4 799 915 10 154) 16 96
5 927 10 5t

These choices of A" will give conservatne upper mits - That s
the probability that N = w15 at least CL. and 1t may be more  For
example. if u < 2 30 any of the above upper imits will be above
the true u regardless of the outcome of the experiment ng 1e the
true CL = 100%

11 E 4 Potsson processes with hackground4

If we observe ngevents in a Poisson process which has two
components. signal and background estumating a imit on the sig-
nal 1s more complicated Let ug be the unknown expectation value
for the signal and up be the expectation value (the Poisson param-
cter) for the sum of all backgrounds Assume kg 1s known with
neghgible error, however we don't know ng the actual number of
events resulting from the background We do however know that
ng = n, Ifyh, + ug 18 large. the Gaussian approximation 1o the
Poisson (see See | B 3) 1s usually adequate. and one can define con-
fidence intervals or mits as above. assuming '313 = up and there-
fore ;}5 = Ny - ug with variance equal (o fiyy (larger than [45- o
allow for the crror in ny)

Otherwise an upper linnit can be defined by extension of the
argument of the preceding secion  Let A be the desired upper
Iimit on Mg at confidence level CL - Set N 1o be that value "f“s
such that any random repeat of the current expertment with the
same ue — N and #yg would observe more than ngevents n 1otal
and would have ny = ng all with probamlity CL - For any
assumed V and pg we can calculate this probabihit

n
W, - A D
¢ B 2: (“Ii N )n ot
. =0
L=t ———— " (1122)
. 0
I I
€ <& ﬂ/}.‘”
n-0

We adjust N to obtain a desired CL - For ug = 0 ths converges to
(IT21)  Asin that case this gives a consenvalive upper hmit in that
for any given true Mg we geta true probabibty = CL that V = Hg.
averaged over a large set of identically performed experiments  For
CL = 090 the figure below shows A as a function of ngand up

14

12 R
10 EVENTS OBSERVED

10

90% CL upper imit on signai
7777

Expected background (events)

Averaging of experiments and other comparisons require that
ngand uy be quoted and the technique used for upper hamit
extraction be given
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If ug >> n the expenmenter should question the probabihity of
observing ng as that ng If this 1s very small the background. ug.
may not have been calculated properly and the upper hmut for g
obtained under those assumptions may be too low For example.
in the above figure the dashed portions of the curves hie in the
reglon where ng 1s expected 1o exceed the observed valuc 99% of
the ume (or more), even 1n the complete absence of signal In
these regions one should be cautious about accepting the results of
the measurement

As in the Gaussian case (11 E 2). whenever n << uy some exper-
imenters may prefer to use A calculated as 1f ng = uy rather than
the smaller value obtained from the observed 2

ILF Propagation of Errors

Suppose we have a set of V random variables v, which may be
direct measurements or derived estimators f, and we have a covari-
ance matrix }’ for these We can make a transformation to a dif-
ferent set of vanables [, = fj(l'). ;=1. .M (M =< N)and obtain
best estimates for the /j from

. o N a:r)

Ty =@ g Bl | 2 . (23
with covanance matrix

b0 = DIEWD (D =1 M (11 24)

The 1 are our best estimates for the v’s  The vectors D have ele-
ments 4f,/dy,. n=1. . N.evaluated at y°, arranged 1n a
column vector For a sn’ngle-valucd function f of a single measure-
ment » with vanance ¢° (1¢. M =1,V =1), this becomes
7=y 2o
B (11 25)
V(f) = o?f ) .

where the pnimes denote differentiauon with respect to v, evaluated
aty

These approximations are based on a Taylor expansion of /'
about the true value of v If / 1s approximately linear in v over a
range of roughly f'; * a(),). the approximation 1s good and the
second-order terms 1n (II 23) and (II 25) can be neglected If hinecar-
1ty 1s badly violated (e g f = 1/v and ¥ 15 no more than a few ¢
from zero). 1t should be recognized that propagation of errors will
give very approximate results In this case / = /() may be a
biased esumator for / even if T 1s unbiased for 1. and the sccond-
order terms 1n (11 23) and (II 25) will help to reduce that bias

III. MONTE CARLO TECHNIQUES

Monte Carlo techniques are used to simulate on a computer
random behavior which 1s too complex to be derived analyucally
Most calculations are based upon pseudorandom numbers, a repro-
ducible sequence of numbers generated on the open interval (0,1)
in such a way that they satisfy vanous staustical tests for a uniform
distnbution. with independent numbers  No such numbers are
truly unuform and independent Many commercial random
number generators sacnfice randomness 1n favor of speed It 1s not
rare that unforeseen correlations will introduce non-neghgible
errors 1n the results A useful test for this 1s to recompute the same
results with a different algonthm for the pseudorandom numbers
To improve the performance of an existing generator one may usc
the Bays-Durham algorithm [see Ref 3 for discussion]

(a) Imualize by generating and storing N (eg, N = 97) random
numbers 1n an array v, using the available generator  Generate a
new random number « and save 1t (b) On the next call, use this u

as an address ; = | + (integer part of Nu ) to select v, as the ran-
dom number to be returned  Also save this v, as u for the next
call Replace v, 1n the array with a new random number using the
available generator On the next call, go to (b)

Monte Carlo simulations of complex processes break them
down 1nto a sequence of steps At each step a particular outcome
1s chosen from a set of possibilies according to a certain pd f To
do this we must transform our uniform random numbers into ran-
dom numbers sampled from a different distribution on a different
range

Two techniques are 1n wide use to do this We will discuss only
single variable cases. multiple vanable cases use straightforward
extensions of these techniques We assume we are 1n possession of
a random number « chosen from a uniform distribution on (0.1)

IILLA Inverse Transform Method

If the desired probabihity density function 1s f/(x) on the range
—oc << v < 2e, 11s cumulative distribution function (expressing the
probabihty that x < a)isgiven by Eq (1 1) If g 1s chosen with
probability density f(a). then the integrated probability up to point
a. F(a). s tself a random variable which will occur with uniform
probability density on [ 0.1 ] Ignoring the endpoints (which occur
with zero probability). we can then find a umique x distributed as
f(x) for £(v) contnuous, for a given u 1f we set

w = F(a). (11 1)
provided we can find an inverse of £ defined by

V= FT Y (111 2)

Continuous
distribution

]
|
|
1

X = F‘T(u) X

Discrete
distrnibution

X Xk +1 X

For a discrete aisiribution, F(x) will have a discontinuous jump of
size f(x; ) at cach allowed v .k — 1.2, Choose u from a
uniform distnibution on (0.1) as before  Find x such that

k
F(xp_<u <F(x) =Problxy =x; ) = X f(x). (li13)

=1
then x; 15 the value we scek (note  F(xp) = O)

III.B Acceptance-Rejection Method (Von Neumann)

Very commonly an analytic form for £(x) 1s unknown or too
complex 1o work with, so that obtaiming an inverse for it as 1n
Eq (111 2) 1s impractical We suppose that for any given value of x
the probability density functron f(x) can be computed and further
that enough 1s known about f(x) that we can enclose 1t entirely
inside a shape which 1s strictly proportional to a distribution A (x)
which we can gencrate relatively quickly. for example
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f(x)

Frequently A(x)1s uniform or a normalized sum of umiform distri-
butions Note that both f(v) and #(v) must be normalized to unit
area and therefore the proportionality constant (' > 1 To generate
f(x). first generate a candidate x according to A{x) Calculate
f(x) and the height of the envelope (" A (\). generate 1 as above
and test of f{x)<uC h(x) Ifso.accept v, 1f not reject A and try
again If we regard x and uC h(1) as the abscissa and ordinate of
a point 1n a two-dimensional plot, these points will populate the
entire area CC #1(x) 1n a smooth manner. then we accept those
which fall under f{x) The efficiency 1s the ratio of areas, which
must equal 1/C", therefore we must keep C as close as possible to

1 0 Therefore we try to choose C /1(v) to be as close to f(1) as
convenience dictates. as in the lower figure above This practice 1s
called tmportance sampling. because this form of A(v) means that
we will generate more trial values of v 1n the region where f(x)1s
most important

II1.C Algorithms

Many algonthms for generating common dmnbuuons are given
by Rubmslcm (1981) Devroye (1986) Press (1986),- 3 and Walck
(1987)‘ a few of these are reproduced here  For many distnibu-
nons alternative algornithms exist, varying in complexity. speed. and
accuracy  We have selected compact. accurate. and reasonably fast
algonthms Vanables named "« ™ are assumed umiform on (0.1)
and independent

III.C.1 Gaussian distribution

Generate U and Uy Then vy = 7’141 — 1 and vy = 7ul — 1 are
uniform on (—1.1) Calculate S = Vit \'2 If S = 10. start over
Otherwise,

51 = vi[=26n(8)/S] Y and =y = vo[ —26n(S)S]'2

are independent and Gaussian distributed with mean zero and
al = 1 For other mean u and vanance 02 use :,’

For a muluvariate Gaussian 1t often 1s ssmplest to find a
transformation matrix # as described at the end of Sec 1 B4 and
generate 71 independent =, 's with zero means and unit variances.

=0z, tu

then return ¥ = H¥ + & For n = 21t 1s convenient to choose H
such that x| = = 0, + u, and x, =

. 202 .2 N1/2 2 .
Vipvi/af = 2altefod  1/of ] - uy where o P < 1,
11 C2 xz(nD) distribution
n, /2
D’

For n, even. generate np/2 w,’s then v = =2¢n| ] u,]1s

xz(n[,) For np, odd. generate (v, — 1)/2 u,'s and one
("I) -1)/2
Gaussian = asin I C 1 then v = =26n| ]
=1
30 the mych faster Gaussian approximations for

u, | - 22

xz(nD) Fornp 2
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the X2 may be preferable generate - as in [11 C | and use

yo=[z+\/2np —-1]2/2

II1 C.3 Student’s ¢ distribution

Use Eq (I 23), first generate one Gaussian = with mean z¢r10
and ¢° = 1 as in 1 C 1, and then generate one 1 obeying x (n,))
asin I C2 Thent = -/\/v/ny, has a Student’s distribution
with n,, degrees of freedom

111 C 4 Binomial distnibutson

If p < 1/2n Eq (I 12). then 1terate unul a successful choice 1s
made begin with A = 1. compute P, = q" IforA # 1 use PA =
f(r, n.p). Eq (i I’)] and store P, into B, gencrate . fu <
accept r,, = A 1 and stop, olhcrmsc increment A by | and com-
pute next P and add to B. generate a new v and repeat  If we
armive ath = n+l.stopandacceptr, .| = n Ifp>1/21twill
be more efficient to generate v from f(r.n.¢q). 1¢.with p and ¢
interchanged, and thenset v — n — v

II1.C.5 Poisson distnbution

[terate until a successful choice 1s made Begin with & =
set 4 = 1 1ostart Generate ©  Replace 4 with w4, 1f now
A <exp(-u). where u 1s the Poisson parameter, accept n; = A~
and stop Otherwise increment & by 1. generate a new « and
repeat, always starting with the value of .4 left from the previous
try For large 4 ( = 10) 1t may be sausfactory (and much faster) to
approximate the Poisson by a GGaussian [Scc 1B 4] and generate =
from f(z.0.1). then accept v = max(O[u*: 7<= 05]). where | |
signifies the greatest integer < the expression

1 and

III C 6 Gamma distnbution

oIf A = 1.n Eq (I 26), accept x = —(£n1)/A

. [f0< A <1, 1imuahze withd — k*/0 7A)1 - &) & Generate
(({n u |)/)\ and v, = —(¢n 142)/)\ lfvl + vy

sd + vl"". accept v = v, % and stop. otherwise go back to
N

« If A 1s a small integer, repcat the A = | case A umes and add the
results

« Otherwise, if A > 1 immalize with ¢ = 34 075 & Generate

v = w(l—wupand vy = (4 —05)\& /vy If

X = h - \1 | < 0. go back 10 B. otherwise compute

vy = 64v) 33 Ifvy=1 —2\2/,\ oraf
fnvy = Zhl\ = 1]én|v/th = )] =v5}. accept ¥ and stop,
otherwise go back to E

. Revised April 1988 with the assistance of T L Lavine and
R Waldi
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Magnetic field
Electron charge

= (1/299 792) erg/esu
104 gauss = 104 dyne/esu
e = 4803242x10710 esy

Quanuty Gaussian CGS MKSA

Umts and
conversions
Charge 299792x 10 esu =1 coul = 1 amp-sec
Potential (17299 792) statvolt = 1 volt = 1 joule/coul

= 1 tesla = | nt/amp-m
= 1602 189 2x1071% coul

4r coul

Lorentz v P
force F—q(E+:><B) F = g(E+vXB)
Maxwell D =dnp VvD=yp
equations . .
UxE - - LB VxE = - B
¢ oat ar
vVB=90 VB=0
vxH = 4m 1D UxH -+ 2D
¢ C dt ol
Matenals D =¢E.B=puH D =¢. B =uH
Permituvity of €pae = | €ac T &
free space
Permeability of Hyge = 1 Hyae = Hg
free space
Ficlds - gv-i4 E--vv-A
¢ at al
B = VXA B — VXA
Sl;c;]l(;mla]s Ve 2 7 bo Z'l_" “’l
r 7€y ch
(coulomb charges 0 charges
gauge) H
a-L sl -
currents " 47 currents ”
Relativistic E =F F| = F,
transforma-
uons E =vE, +XvxB) |E| =yE_+vxB)
(v1s the -
velocity of B,=B B/ = B,
primed system I
as scen 1n un- B, = y(B, - —vxE) B| - y(B_- —5vxFE)
primed system)
2 2
1 7 coul I -9 coul
drey = — 10 = x10
0 c? nt sec? 8987 55 nt m?
i 2
0 _ o 7R = 2997924 58x 108 m sec”!
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Impedances (MKSA)

p = resistivity 1n 107% om

~ 17 for Cu ~ S55forW
~ 24 for Au ~ 73 for SS 304
~ 28 for Al ~ 100 for Nichrome

(Al alloys may have
double this value )

For alternating currents, instantancous current /. voltage |,

angular frequency «
v I3 tat -
=1 o “t =71

Impedance of seif-inductance L 7 = 1wl
Impedance of capacitance € 7 = 1/wC

Impedance of free space 7 = \/uy/eq = 3767 0

Impedance per unit length of a flat conductor of width w (high

frequency, »)

v _ U+0p

PRl where 4 — effective skin depth
n

b= /L -85

™\ see )

Capacitance ¢ and inductance L per umit length (MKSA)

Flat rectangular plates of width v, separated by ¢ - w
et a4
( € 7 I Ho

€
= = 210 6 for plastics 4 10 8 for porcelain, glasses
€

0

Coaxial cable of inner radius r . outer radius 7,

v . 2me
€n(ray/ry) ’

F )
1. 27r/n(;z,rl)

Transmussion lines (no loss)

Impedance 7 — \ L/C

Veloaity v = I/\T?- = l_r"\;

Synchrotron radiation (CGS)
For a relativisuic particle of charge ¢. velocity 3 4 energy £

travehng 1in a circular orbit of radius R

5
4 ¢~
RLAURIEREE

Energy loss/revolution (MeV) = TR

= 00885 |E(GeV)[*/R(m) for ¢ * 1f 3 =1

Energy spectrum  The energy radiated 1nto the photon encrgy
interval d(hw) s

dl = ayk(w/w, )d(hw) .

5
where a = ¢~/(h¢ ) 1s the fine-structure constant
xL

F(v) — VAT l.d.\' Kg.3(1) . with A ¢,3(v) a modified cvhindrical
s 3 5

<1
Bessel function of the third kind, and w = 3y 3R s acnncal
frequency.
ha, (keV) = 444 [E(GeV) | Rim) for e 1f 3 =1
In the hmit v - 1,

for w <=t «

1:3
_dl_ ~3 3 [‘_"‘R ] .
dihw) ¢

for ¥ =001 01 02,1020

w
3

di

~(10,16 16 05 008)ay respectivels
d(hw)

forw z 2w

The radiation 1s confined to angles =< 174 relative to the instan-
taneous direcuion of motion

See J D Jackson. Classical Flecrrodvnamics, 2nd edition (John
Wiley & Sons New York, 1973) for more formulae and details
(Prepared April 1974 revised Apnl 1984)
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CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS, & d FUNCTIONS

Note AN s to be uncerstood over every cocliiient g, tor -8 15 read -NKS153 Notation \
_ . A\ ho

.0 3 1 m ) . 7
1/2% 1/2 | e O [E s T

<1/2 1721 1§ 0 0

. . 5/2 372 !
T Y — siné e I,_: 172 1 S22
VAT VRV O v (VPORE
S1/2 -1/ 1 — 11724/
| SVERE o Sy ol
\.: Ty ER T ocesTe S
7)) - -
1< 1/2).34
-3/ —
_/_ 372 1/ | f1e e
SRR JFRYE Y, —J gy smilveste =
P
- _ 2 2
(l):z 1/3 z; 32 12 3/2 x ]/2 N
Srfef2/3 1 1/2 -1/ : 1 15 q >
Y, g sin~d «'? 23/c -1/ 1
0.1/2) 273 1/ 3/2 ¢ AT ' L ,/ -
o | SR R IABITN EASRN B
721 T2 x 5/2 e — -
3 /
m— 3 2 +5/2 572 3/
- - .2 o
12 -2 R:3/2 .10 1§37z s/
+e 01,;s -’,:3 3 2 1 <372 0] 275 3/sf s/ 3/ 172
<1 -12/3-1/30 0 1 vije 1| 3ys oysheise cvre cive2
putny <2 -11/15 1/3 3/ / / /
2 / 3 3/ 116 2 1ge
] x ] . -1 0[8/15 1/6 -3/7100 3 2 1 . / " ;
= 5 172 035 1715 -1/}
Do 0+1l6/15-1/2 /100 ¢ 0 J1/2 -a3/10 -8/15 1/
xR SRR : ' :
B A VARV Y172 211310 818 1/
- o] /L
sl o1/ 1728 e 0 0 0[3/5 0 -2/% 3 2 1 .1?’: 03{'5’-1/,'15 v EDE
o-1izz-172le o o sUeafizs e siof 0 a0 BB ITETIYY S
S VLRRVARRVE 0 -6 15 1/2 1710 572
C oei3 o -1/ 2 1 -1 0]8/15-1/6 -3/10f 3 2 -2
SLelfte e sl RN FE ERSVANE VY I N
o -af1/e 170 NI 3
. -m Mo BERCIVARSYE: W FECIVARRE B L
Y, [EETR / - / Gy ty! 1
1 ) ,
P
-{-1 _‘I1m,' |.1| \ N
‘2| (:l'z )s" o
i e R chT
2
| . ’:l 1 - A
1,1 “,
L2 310 v
) =205 3 2 1 0
-2 3108 v 0 9 0 o Lecosh
- 43,2232 120 104 920 14 11 B
2x2 v1.2 =12 20 104 -1020 1.4
1,2 e2 [920 ca -0 20 g4 3 2 1 1
—1 S32 -3,2 J1,20 -4 920 -4 o0 o0 oy Qe
RERRE - 172 232115 12 310
Son ?; ;’Z L7 st a2y s w5 B3 2
- SL2 -2 -302 w120 -1,2 3 100-2 -2
o2 ey2 a2 s
232 =12 |12 21203
> -3,2 -52] 1
‘:‘; _: . A T 92
g ¢ 5p-5-2 .52
L DR 2
Malre 2f 3.7 -4 7f-72
| BRI
32
[ N s
32,4 2 1 1 -2 [1o14 310 3 1A
. , . S | 3, 1,5 -t 14 <310
" o N O K ! 1-coss nog B0o0 s o-ns st sa0f 3 2
: N , S , ! (2cash- .
32, .32 > R , B 1,: K esfi-l -2 1| t,14 2310 3,0 -1,5 §-2 -2 -2
0o 2213 T
32 3cush-1 K Locash o s Gt FER I B S B
RERE 7 82 o T TRt B A\ 2K 22 3, 1. ;
-t-2 e v 2f 4
2 EUER] o J-cost 4
(:::_!:__Su)b sy :1 ‘:,“"12 nsi 1) (—, ..cl:-_'—,) -2 -1 1.2 -: 204
L2 -2l

Sign convention 1s that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The Theory of
Atomic Spectra, Cambndge Univ  Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957), and
Cohen (Tables of the Clebsch-Gordan Coeffictents, North Amencan Rockwell Science Center, Thousand Oaks, Calf, 1974) The signs and
numbers 1n the current tables have been calculated by computer programs written independently by Cohen and at LBL (Table extended
Apnil 1974)



SU(3) ISOSCALAR FACTORS AND REPRESENTATION MATRICES

The most commonly used 1soscalar factors. corresponding to the
singlet, octet, and decuplet content of 8 ® 8 and 10 ® 8. are
displayed at the nght The notation uses particle names to wdenufy
the coefficients. so that the pattern of relative couplings can be seen
at a glance  We illustrate the use of the coefficients by example sce
J J de Swart. Rev Mod Phys 35, 916 (1963) for detailed explana-
tion anq_ phase conventions

A N 1s understood over every integer in the matrices. the
exponent "2 1s a reminder of this  For example. 1n de Swart's nota-
tion the = — QK element of our 10 — 10 ® 8 matrix reads

10 8 10 | _ -\6
0-2 wp -l N

Intramuluiplet relative decay strengths can be read directly from
our matrices  Thus, the partial widths for A — (Nm), -3/ and Q*
— (EK), _garen the ratio

MO~ (K, ) s
= e — —= X (phase space factors)
'3 — (N 7r)l—3/'2) 6

Supplying 1sospin Clebsch-Gordan coefficients. one obtans, e g .

e’ " -z=%) 1212
1A~ = pr’) 2/3 7 6

to |

xpsi

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

2
MNZ* - Zm) ~ [ \/_zi(;g]‘ \ / IEKZ]

The relation between £187 (with de Swart’s normalization) and the
standard D .} couplings appearing n the interachion Lagrangian

4= =\N2D T BB|-M)Y  \N2F Tr(B.B) M),

Thus.
I(E* = Zm) ~ (1 =2a)?

where « = D/(D + F)

When acting upon a representation of dimension . the genera-
tors of SU(3) transformations. A, (¢ =1.8). are d Xd matrices which
obey the following commutation and anticommutation relation-
ships

[}\U‘>\Iv ] = 2//.‘1',( }\(

_ 4

{)\H.Ah} = 36‘1[)’ + Z‘Iulv( >\‘
where / 15 the & Xd umit matnix  The f,, arc odd under the per-
mutation of any pair of indices. while the d,, arceven The
nonzero clements are

abc o ahc d ahc dype
123 1 18 1/\3 355 172
147 1/2 146 12 366 12

156 172 157 1/2 377 1/2

246 12 228 1/\3 448 - 1/(2\3)
257 1,2 247 -2 558 —1/(2\3)
345 12 256 12 668  —1/(2\3)
367 -172 338 1/\3 778 - 1/(2V3)
458 32 344 12 888 1/\3
678 \3,2
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In the fundamental 3-dimensional representation. the A 'sarc

given by

010 0
AM=11 00 Ay= [t 0
000 0O 0

00 1 00

Ay =10 0 Ag =100
1 0
0 1733

Ay = =t A= | 0

t 0 0

Ay —

0

[ I )
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SU(N) MULTIPLETS AND YOUNG DIAGRAMS

This note tells how SU(n) particle multiplets are 1dentfied or
labeled. how to find the number of particles in a muluplet from 1ts
label. how to draw the Young diagram for a multiplet. and how to
use Young dragrams to determine the overall muluplet structure of
a composite system. such as a 3-quark or a meson-barvon system

(1) Multiplet labels - An SU(n) muluplet 1s uniquely 1denti-
fied by a string of (n -1) nonnegauive integers (w3 . ) Any
such set of integers specifies a muluplet  For an SU(2) multiplet
such as an 1sospin multiplet. the single integer « 1s the number of
steps from one end of the muluplet to the other (1¢ . 1t 1s one fewer
than the number of particles in the muluplet) In SU(3) the two
integers « and 3 are the numbers of steps across the top and bot-
tom levels of the multiplet diagram  Thus the labels for the SU(3)
octet and decuplet

1= e— -3——I
f=1+]

are (1.1) and (3.0) For larger n. the interpretation of the integers
1n terms of the geometry of the muluplets, which exist 1n an
(n -1)-dimensional space. 1s not so readily apparent

The label for the SU(n) singlet 15 (0.0,  0) In a flavor SU(n).
the n quarks together form a (1.0 .0) muluplet. and the n anti-
quarks belong to a (0. .0 1) muluplet These two muluplets are
conjugate to one another which means their labels are related by
(i3, )= ( .3 Q)

(2) Number of particles  The number of particles 1n a mulu-
plet. & = N(aa3. ). 1s given as follows (note the pattern of the
cquations) In SU(2). N = N(a)is

(a+1)

1
In SU3) N = V(aaid) s

N =

Vo= (_ﬂ_l"._) QT_U <_¢!~.1j'-2)

In SU{4). N = N{aa? y) 1

(c+1) (@B-1) (y+1) (a~3+2) (B~y+2) («=pB-v-3)

N -
1 | 1 2 2 3

Note that there 1s no factor with («+vy+2) only a consecutive
sequence of the label integers appears in any factor One more
example should make the pattern clear for any SU(n) In SU(5). NV
= N{w,3.v.8) 18

N (UTI) @;” ('yl*l) lel_)_ (_a_+i21+_2) @_+17+2)X

(y+0+2) (@+3+y~3) (F-y1t6+3) (@+td3+y-b-49)
2 3 3 4
Muluplets that are conjugate to one another obviously have the
same number of particles, but so can other multiplets For exam-
ple. the SU(4) multiplets (3,0.0) and (1.1.0) each have 20 particles
(3) Young diagrams A Young diagram consists of an array of
boxes (or some other symbol) arranged 1n onc or more lefi-yustified

rows, with each row being at least as long as the row bencath The
correspondence between a diagram and a multiplet label 1s The
top row juts out a boxes to the night past the end of the second
row, the second row juts out 3 boxes to the nght past the end of
the third row, etc A diagram in SU(n) has at most n rows There
can be any number of “completed™ columns of n boxes buttressing
the left of a diagram, these don't affect the label Thus in SU(3) the

diagrams

represent the multiplets (1.0). (0,1), (0.0), (1.1), and (3.0) In any
SU(n). the quark multiplet 1s represented by a single box. the anti-
quark multiplet by a column of (# -1) boxes. and a singlet by a
completed column of # boxes

(4) Coupling multiplets together — The following recipe tells
how 10 find the multiplets that occur 1n coupling two multiplets
together To couple together more than two multiplets, first couple
two, then couple the third with each of the muluiplets obtained
trom the first two. etc

First a defimtion A sequence of the letters a.b.c, 18 admussible
it at any point 1n the sequence at least as many a's have been
reached as A's. at least as many b's have been reached as ¢'s. etc
Thus abcd and aabch are admissible sequences and abb and ach are
not Now the recipe

(a) Draw the Young diagrams for the two multiplets. but in one
of the diagrams replace the boxes in the first row with a's. the
boxes 1n the second row with A, ¢t¢ The unlettered diagram
forms the upper left-hand corner of all the enlarged diagrams con-
structed below

(b) Add the @'s from the lettered diagram to the unlettered
diagram to form all possible legitimate Young diagrams that have
no more than one a per column  (All the «'s appear 1n each new
diagram )

(c) Use the b's to further enlarge the diagrams already obtained.
subject to the same rules  Throw away any diagram 1n which the
sequence of letters formed by reading right to lefi 1n the first row
then the second row. ctc 15 not admissible

(d) Proceed as in (¢) with the ¢'s, el¢

Thus, for example, the calculation 10 find the muluiplets that
can occur 1n a system made up of two SU(3) octets (one might be
the m-meson octet. the other the N -baryon octet) 1s as follows

et -
E}%}aa@gﬂaaaa af‘)@EbEaeaEEa@B:z‘
a a

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

(1.1) & (1.1) = (2.2) ® (3.0) 8 (0.3) & (1.1) & (1.1) © (0.0).
or 1n terms of numbers of particles,
8@8=2791001008080 1

The product of the numbers of the left 1s equal to the sum on the
right  (See the section on the Nonrelativistic Quark Model for
results for 3-quark systems )



C.M. ENERGY AND MOMENTUM VS. BEAM MOMENTUM
(for scattering on a fixed proton target)

E_dE
cm” e

Ppeam - -Ecm- Momentum in¢m
(GeV/e) (GeV) (GeV/c)

ypvp 7 Kp pp ypwp mp Kp pp

=¢p =ep
000 938 1078 1432 1877 000 000 000 000
002 958 1079 1432 1877 020 017 013 010
004 977 1083 1433 1877 038 035 026 020
006 996 1089 1434 1878 056 052 039 030
008 10151096 1436 1878 074 068 052 040
010 1033 110514391879 091 085 065 050
012 1051 1116 1441 1880 107 101 078 060
014 1069 1127 1445 1882 123 117 091 070
016 1087 1139 1448 1883 138 132 104 080
018 1104 11521453 1885 153 147 116 090
020 1121 1165 1457 1887 167 161 129 099
022 1137 1178 1462 1889 182 175 141 109
024 1154 1192 1468 1892 195 189 153 119
026 1170 1206 1473 1894 209 202 166 129
028 1186 1219 1480 1897 222 215 178 138
030 1201 12331486 1900 234 228 189 148
032 12171247 1493 1903 247 241 20! 158
034 12321261 1500 1906 259 253 213 167
036 1247 1275 1507 1910 271 265 224 177
038 12621288 15141913 282 277 235 186
040 1277 1302 1522 1917 294 288 247 196
042 1292 1315 1530 1921 305 300 258 205
044 1306 13291538 1925 316 311 268 214
046 1320 13421546 1929 327 322 279 224
048 13351356 1554 1934 337 332 290 233
0SO 1349 1369 1563 1938 348 343 300 242
052 136213821571 1943 358 353 310 251
054 1376 1395 1580 1947 68 363 321 260
056 1390 1408 1589 1952 378 373 331 269
058 1403 1421 1598 1957 388 383 341 278
060 1416 1434 1607 1962 397 393 350 287
062 1430 1447 1616 1968 407 402 360 296
064 1443 1459 1625 1973 4l6 412 370 304
066 1456 1472 1634 1978 425 421 379 313
068 1468 1484 1643 1984 434 430 388 322
070 1481 1496 1653 1989 443 439 397 330
072 1494 1509 1662 1995 452 448 406 139
074 1506 1521 1671 2001 461 457 415 347
076 1519 1533 1681 2007 470 465 424 355
078 1531 15451690 2013 478 474 433 364
080 15431557 1699 2019 486 382 442 372
082 15551569 1709 2025 495 490 450 380
084 1567 1580 1718 2031 503 499 459 388
086 1579 1592 1 728 2037 S11 507 467 396
088 1591 1604 | 737 2043 519 515 475 404
090 1603 16151747 2050 527 523 484 412
092 161516271756 2056 535 531 492 420
094 1626 1638 17652062 542 538 SO0 428
096 1638 1649 1775 2069 550 546 508 435
098 1649 1661 1784 2075 558 554 515 443
100 1660 16721794 2082 565 S61 523 451
102 1672 16831803 2088 573 569 531 458
104 1683 1694 18122095 580 576 538 466
106 1694 1705 1822 2102 587 $83 546 473
108 1705 1 716 1831 2108 594 591 553 481
110 1716 1726 1840 2115 601 598 561 488
112 1727 1737 1850 2122 609 605 S68 495
114 1738 1748 1859 2129 616 612 575 502
116 1748 1759 1868 2136 622 619 S83 510
118 1759 1769 1877 2142 629 626 590 S17
120 1770 1780 1887 2149 636 633 597 524
122 1780 1790 1896 2156 643 639 604 531
124 1791 1800 1905 2163 650 646 611 538
126 1801 1811 1914 2170 656 653 618 545
128 1812 1821 1923 2177 663 660 624 552
130 1822 1831 19322184 669 666 631 559
132 18321841 1941 2191 676 673 638 565
134 1843 1851 1950 2198 682 679 645 572
136 1853 1862 1959 2205 689 685 651 579
138 1863 1872 1968 2212 695 692 658 585
140 1873 1882 1977 2219 701 698 664 592
142 1883 1891 1986 2226 708 704 671 599
144 1893 1901 1995 2233 714 711 677 605
146 1903 1911 2004 2240 720 717 684 612
148 1913 1921 2013 2247 726 123 690 618
150 1922 1931 2022 2254 732 129 696 624
152 1932 1940 2031 2261 738 735 702 631
154 1942 1950 2039 2268 744 741 709 637
156 1951 1959 2048 2275 750 747 715 643
158 1961 1969 2057 2282 756 753 721 650
160 1970 1978 2065 2289 762 759 727 656
162 1980 1988 2074 2296 768 765 733 662
164 1989 1997 2083 2304 773 770 739 668
166 1999 2006 2091 2311 779 776 745 674
168 2008 2016 2100 2318 785 782 751 680

= = . > ~
!} mpdTbcam mp\bcamdlhcam mpdpbcam
Ppeam - B Momentum in ¢ m g e
(GeV/e) (GeV) (GeV/e) (GeV/c) (GeV)
ypvp xp Kp pp ypvp mp Kp pp ypwp xp Kp pp
:pp :(l,; :yp

170 2018 2025 2109 2325 791 788 756 686 175 5807 5809 5829 S 886
172 2027 2034 2117 2332 796 793 762 692 180 5887 $889 5909 5965
174 2036 2043 2126 2339 802 799 768 698 185 5966 S968 S 988 6043
176 2045 2053 2134 2346 807 805 774 704 190 6044 6046 6066 6 120
178 2054 2062 2143 2353 813 810 780 710 195 61226123 6142 6196
180 2064 2071 2151 2360 818 816 785 716 20 6198 6199 6218 6272
182 2073 2080 2159 2367 824 821 791 721 21 6347 6349 6367 6419
184 2082 2089 2168 2374 829 827 796 727 22 6493 6495 6513 6564
18 2091 2098 2176 2381 835 832 802 733 23 6636 6638 6655 6705
188 2100 2107 2184 2388 840 837 808 739 24 6776 6778 6795 6 843
190 2109 21152193 2395 845 843 813 744 25 6913 6915 6932 6979
192 21172124 2201 2402 85I 848 819 750 26 7048 7049 7066 7112
194 2126 2133 2209 2409 856 853 824 756 27 7180 7181 7197 7243
196 213521422217 2416 861 859 829 761 28 7309 7311 7326 7371
198 2144 2151 2226 2423 867 864 835 767 29 7436 7438 7453 7497
20 215321592234 2430 872 869 840 772 30 7562 7563 7578 7621
21 2196 2202 2274 2465 897 895 866 799 31 7685 7686 7701 7743
22 2238 2244 2314 2500 922 920 892 826 32 7806 7807 7822 7864
23 2280 2286 2353 2534 947 944 917 852 337925 7926 7941 7982
24 2320 2326 2392 2568 970 968 941 877 34 8043 8044 8058 8099
25 2360 2366 2430 2602 994 991 965 901 35 8158 81608174 8214
26 2400 2405 2468 2636 102101 983 92 36 8273 8274 8288 §327
27 2439 2444 2505 2669 104 104 101 949 37 8385 8386 8400 8439
28 2477 2482 25422702 106 106 103 972 38 8496 8498 8511 § 549
26 251425202578 2735 108 108 106 995 39 8606 8607 8621 8658
30 2551 255626132768 110110108102 40 8715 8716 8729 8766
31 2588 25932649 2800 112112110104 41 8822 8823 8836 8872
32 262426292683 2832 114 114 112106 42 8927 8928 8941 8978
33 2660 2664 2718 2863 116 116114 108 43 90329033 9046 9081
34 26952699 27522895 118 118 116110 44 91359136 9149 9184
35 2729273427852926 120120118112 45 9237 9238 9251 9286
36 2763 2768 2818 2957 122122120114 46 9338 9339 9352 9386
37 2797 2801 2851 2987 124124 122116 47 9438 9439 9451 9486
38 2830 283528843018 126126124118 48 9537 9538 9550 9584
39 2863 286829163048 128 128126120 49 9635 9636 9648 9681
40 28962900 2947 3077 130129127122 S0 973297339745 9778
41 292829322979 3107 131 131129124 52 9923 9924 9935 9968
42 29602964 3010 3136 133 133131126 54 1011 1011 1012 1015
43 29922996 3041 3165 135135133127 56 1029 1030 1031 1034
44 302330273071 3198 137136134129 S8 1047 1048 1049 1052
45 30543058 3101 3223 138 138 136131 60 1065 1065 1066 10 69
46 3084 3088 3131 3251 140 140138133 62 1083 1083 1084 1087
47 31153183161 3279 142 141 140134 64 1100 1100 1101 1104
48 3144 3148 3160 3307 143 143 141136 66 11171117 1118 1121
49 3174 3178 3220 3335 145145143138 68 1134 1134 11351137
SO 3204 3207 3248 3363 146 146 144 140 70 1150 1150 1151 1154
52 3262 3265 3305 3417 150 149 148 143 72 1166 1166 1167 1170
54 3319 33223362 3471 153153151146 74 1182 118211831186
S6 33753378 3417 3524 156 156 154 149 76 1198 1198 1199 1202
S8 3430 3433 3471 3576 159 159 157152 78 1213 1214 1214 1217
60 3484 3487 3524 3627 162161 160155 80 12291229 1230 1232
62 3538 3541 3577 3678 164 164 163158 82 1244 1244 12451248
64 3590 3593 3629 3728 167 167 165 161 84 1259 1259 1260 1263
66 3642 364536803778 170170 168 164 86 12741274 12751277
68 369336963731 3827 173173171 167 88 1288 1289 1289 1292
70 3744 3747 3781 3875 175175174170 90 1303 1303 1304 1306
72 3794 3797 3830 3923 178 178176172 92 13171317 1318 1321
74 3843 3846 3878 3970 181 181 179 175 94 1331 133213321335
76 3891 3894 3926 4016 183183182178 96 13451346 1346 1349
78 3939 3942 3974 4062 186 186 184 180 98 1359 1359 1360 1363
80 3987 3989 4021 4108 188 188 187 183 100 137313731374 137%
82 403340364067 4153 191 191 189 185 150 1680 1680 1681 1683
84 4080 408241134198 193193192188 200 1940 1940 1940 1942
86 41254128 4158 4242 196 195194 190 250 2168 2168 2169 2170
88 417141734203 4286 198 198 196 193 300 2375 23752375237
90 4215421842474329 200200199 195 350 2565 2565 2565 2566
92 4260 42624291 4372 203203201197 400 2741 2741 2742 2743
94 43034306 43354415 205205203200 450 2907 2907 2908 2909
96 4347 4349 4378 4457 207 207 206 202 SO0 30 65 3065 3065 3066
98 4390 439244204498 209209 208 204 550 3214 3214 3214 3215
100 4432 443> 44624540 212212210207 600 3357 3357 3357 3358
105 453745394566 4641 217217216212 650 3494 3494 3494 3495
110 4639 4642 4668 4741 22222222} 218 700 36 26 36 26 36 26 3627
11S 473947424767 4839 228 228 226 223 800 3876 3876 38 76 38 77
120 4837 4839 4864 4934 233 233231 228 900 4111 41114111 4112
125 493349354960 5028 238 238 236 231} 1000 4333 4333 4333 4334
130 5027 5030 S053 5120 243 243 24) 238 2000 6127 6127 6127 6128
135 5120 S122 5145 5211 247 247 246 243 SO00 96 87 96 87 96 87 96 87
140 5211 5213 5236 $300 252252251 248 | 10000 1370 1370 1370 1370
145 5300 5302 5324 5388 257257296 253 | 20000 1937 1937 1937 1937
150 5388 5390 $412 5474 261 261 260 257 | 50000 3063 3063 3063 3063
IS5 5474 5476 S498 5559 266 266 265 262 | 1x10% 43324332 4332 4332
160 5559 5561 5582 5642 270270269 266 | 2x105 6126 6126 6126 6126
165 5643 S645 S666 $725 274274273270 | 5x105 9686 968 6 968 6 968 6
170 $726 5727 5748 5806 279279278 275 | 1x10® 1370 1370 1370 1370
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KINEMATICS

Throughout we work 1n units where A = ¢ =1

A LORENTZ TRANSFORMATIONS

The energy £ and 3-momentum p ofa parnck of mass o form
a 4-vector p = (£ .p) whose squarc p2=E2= 151 = m? The
velocity of the particle 1s p’ = p/L  The energy and momentum
(E*.5*) viewed from a frame moving with selociny i3, are given by

" —~.3 .
E _ [ 71‘ Ty r][k P -
. _7/»3;’ Yy D : '

D
where v, = (I ;3,2) 12 and p | {(p.) are the components of p
perpendicular (parallel} to .:? Thc scalar product of two 4-vectors
pPypPpy=FEEs—D)Pys mxananl (frame independent)
In the collision of two particles of masses 11 and 11, the 1otal

center-of-mass CNCrgy 1s
L R [P
[”’-1 T ED - pz)z]

12
[ml2 . m:2 - 28 BN - .'fldzcosﬂ):l R

In the frame where one

(A1)

Eem =y v p2)'™ -

(A 2)

where 6 1s the angle between the particles
particle (of mass m,) s at rest (lab frame).

Eon = (ml2 -~ '”22 - 21:'”abn12)1”': (Ad)
The velocity in the lab of the center-of-mass frame s
Bem = Priap/F hiap © 1112) (Ad)

and

ns)

Yem = Eem/Eap

B LORENTZ INVARIANT AMPLITUDES

The invanant amplitude — ¢ # for a scattening or decay process
1s determined 1n perturbation theory by a set of Feynman diagrams
The convention of Bjorken and Drell 1s used except that fermion
spinors are normalized so that i = 2m  As an example the §-
matrix for 2 — 2 scattering 1s related to # by

ppalStppyy =1 - 1(27|')4(54(p| +py opyopy)

Hppapy Pa)
X : - - (B 1)

QEDY2QE Y FQENDRQENT?

The state normalization 1s such that

(p’lpy = (2m38%B - ) (B2)

C. PARTICLE DECAYS

The partial decay rate of a particle of mass A/ into » bodies inits
rest frame 1s given in terms of the Lorentz invanant matrix ele-
ment # by

’r
ar = £ S nras, vy . 1
where dd)" 1s an clement of #-body phase space given by
o " d3
do,(P.p,. D) = 6P - ZP,)H g (2
1=1 i I

This phase space can be generated recursively, viz
de, (P.p, ) = deg.py. ) (C 3)

> y.3,4,2

><</<1>"__/,|(I.q.p,,| Py X2TYdy

2

n
Z b

1t

This form 1s particularly

n 5
E £ -

1=+

where q: C(

useful 1n the case where a particle decays into another particle
which subsequently decays

C 1 Survival probabihity If a particle of mass 1/ has mean hfe 7
(— 1/T") (1in 1ts rest frame) and has momentum (£ 7). then the pro-
babihity that it lives for a ime 74 or greater before decaying 1s given
by

l’(lo) _ e Mgl ok . (C 4
and the probability that 1t travels a distance \, or greater 1s
gl .
Pag=c 0T ««5)
C 2 Two-body decays
p,.m
P.M
pPym
In the rest frame of a paruicle of mass /. decaying into 2 parti-
cles labeled | and 2.
. \Iz—mz2 'mlz
Ev= —
15,1 - 1p,l (C 6)
, 1:2
I: [\I' (’”I - m:):] [.\Iz (mI - ,”:)2] ]
- . VR .
and
15,
dr — —= 1 #12 (cn
377r Al

where d! = d ¢ d{cosfl|) 1s the solid angle of particle !

C 3 a Three-body decays

P,.m,
P.M
P2M,
Pa3mg
k] R ] I
Defining p,, = p, +p,. m py.then mis + miy +miy -

R hl hl ki hl I
M=+my -ms +mg3 and my, — (P =p3) =

M- m% 2MEL The relauve onentation of the three final-state
particles 1s fixed 1f their energies arc known  Their momenta can
therefore be specified by giving three Euler angles («3.y) which
speaify the orientation of the final system relative to the initial par-
ticle Then
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KINEMATICS (Cont'd)

dr = — L2 uE dE L ded cosBdny

(2m)> 16M 8

Alternatively

1 | ~ -
—_—— | 7?2 |p|'| |p3|dm|2dQI'dS!3.

= (C9)
@m’ 16142

where (| 5l'| ,Q,‘) 1s the momentum of particle 1 1 the rest frame
of I and 2. and 5 15 the angle of particle 3 1n the rest frame of the
decaying particle |5,‘l and 1,1 are given by

1/2
[[mlzz —(m, +m2)2] [mlzz —(m - '"2)2]]

- %
|p,| - 2m |,
and (C 10)
2 2 2 2] ]2
M‘—(mlz+m3) M*—(mlz—m3)
15;} = XY

[Compare with Eq (C 6} ]

Integrating over the angies in Eq (C 8) (this 1s only possibie 1f
the decaying particle 1s a scalar or we average over 1ts spin states,
otherwise # depends on «. 3. and <) gives

P —

oo qar | M2 B dE,

= —-l——l—l 22 din 132 dmz:}

C1l
(2m)3 32413 1
This 1s the standard form for the Dalitz plot

C 3.b Dalitz plot If 132 1s fixed then the range of i 133 1s deter-
mined by 1ts values when B 15 parallel or antiparallel to B3

5
M7 ) max =
5

1I~T + I:'_;)2 I:\/I:"T2 - m]2 \ﬂ:l —m_% }

3
(i3 )mm B

(I,‘+I;)2-[\/I’T2 m[: - \/];;2 mf :I

where F Y- (M2 m ]27 m % Y(2m | 5) and l-.'l2 -

R b A} - - - 2 2
(miy = my = m3}/(2m ) The scatter plot in m i> and m 3 has
uniform phasc space density [scc Eq (C1 I)] and 1s called a Dalitz
plot

2

(M—m2)2 m%a)max
(m,+m,)?
(m,+m,)? (M-m,)?
mZ,

A nonuntformity in the plot gives immediate information on
9 .
I #1= For example, in the case of D — K. bands appecar when

Mg gy = My reflecting the appearance of the decay chain

DsK*r—-Knr

C 4 Kinematic mits In a three-body decay the maximum of

I 531, Eq (C 10). 1s achieved when m1 5 = m, + m 5. 1€, particles
3 12 | 2

1 and 2 have the same vector velocity in the rest frame of the

decaying particle If. in addition, my=m .m,. then |53l >

lpllmax" IpZImax

C.5 Multibody decays The above results may be generalized to
final states containing any number of particles by combining some
of the parucles 1nto “effective particles™ and treating the final states
as 2 or 3 “effective particle™ states Thus, if

Pk =P PPyt , then
'nuk Y, p?//\‘ .
and m, may be used in place of e g, 715 1n the relations in

Sec C ﬁ aor C 3babove

D. CROSS SECTIONS

T7he following conversions are useful Ac — 197 3 MeV fermi,
(he)’ = 03894 (Gev) mb
Py,m;, P, \m,’

P2:M,

The differential cross section 1s given by

(2m*l 12

4 \/(pI /):)2 -m 12'”32

X dd,(py - pypy Ny (D 1)

dao —

[See Eq (€ 2) ] In the rest frame of 1 4(lab)

9 R h
\/ (pI p2)~ TMEMS = MAp .

while 1n the center-of-mass frame

v/ 2 2.2 En
(p,pz) —mimsy =pon Vs

D.1 Two-body reactions

p1:m1 p3’m3

P2:M, Pq:My

Two particles of momenta P, and p, and masses mand m,
scatter to particles of momenta pyand p, and masses my and m .
the Lorentz invariant Mandelstam vanables are defined by
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2 2
S =) = APy mpy)” (D2)
2 . L. >
=mi +2E Ly 25 P, + ms
b] i
=Py -P)° = (Pa—py)
i . - - N D
=my -2 Eq+2p) Py+my .
I
u = ([)| [74)- = (I’: _/’3)2
= m]: —2E B4+ 2P Pyt m_f
and they satisfy
2 ) 3 >
s+t u = mpo-oms -m3 tmg
The two-body cross section may be written as
dO 1 | Rl
2 = e - p—
YT S E (D3
lem
In the center-of-mass frame
. . 2 R
F=Eyem = E3em)” = Wiem = Paem)”
2 .
C AP 1 emP 3em ST B 1) (D 4)
= 2 79
=t 4p lemP 3¢m $10 mcm" 2)
where 6. 1s the angle between particle | and 3
R
2 > A > I
mi  omg-ms -omg
h=|- ——=" —=
i 2\
3 hl 2 l-’ﬁz
semp-m;3 5
- - = -my
LAWK
2 1:212
hl h
s~mz-—my
¥ 3 4 nz% (D3S)

2\

Note that 7 () 1s the largest (smallest) value of + for 2 —2
scattering processes and that 7 1s always negative In the hiterature
the notauon 7, o (o) for 1y (1 1) 1s sometimes used  This usage
should be discouraged since 7 > 1) The center-of-mass energies
and momenta of the incoming particles are

) >
s "INI" Coms

E, . = —- (D 6)
tem 2\
N 5 12
[(,y (ml t ’”2)-] [.\‘ - (m —m:)“]]
Piem = - ) _.,'\T_ 0
_ Pnan™2 (D7)
Vs

Here the subscript lab refers to the frame where parucle 2 1s at rest
[For other relations see Eqs (A2-A4) ]
D.2 Inclusive reactions Choose some direction (usually the beam

direction) for the --axis, then the energy and momentum of a parti-
cle can be wnitten as

E = m coshy p. —m sinhi, p r,

where m s the transverse mass

3 Al h ]
e
m- m=oepsoeop

and the rapidity 1 15 defined by

- p e
=f¢n | —-~ — tanh —}' (D 8)

m

Under a boost 1n the z-direction to a frame with velociy 3,
1 =1 ~tanh '3 Hence the raptdity distnibution dA fdv s

invanant  Also
d3a ~ d’a
P 'z_ - 5 N
d'p dvd-p

If the parucle has angle # 10 the - -axis. then the pseudorapidity
n = —¢nftanh(f;2)] (D9)

Since 1 = n when £ -+ .y can be used as an approximation
for 1+ when the momentum or mass of a particle 1s not well known
Feynman's 1+ vanable 1s given by
D-
- _
[)I max

in the center-of-mass tframe

Rl bl -
2P~ cm Imsinhay
N AL L. (D 10)
\ s Ay
-
ot cm -
For 1 ., such that ¢ |
m "
= - ¢ cm
AVRY

and

) vy
O cmIman = 2 [T, ]

D.3 Partial waves The amplitude in the center ot mass for elastic
scattering of spinless particles may be written in a partial-wave
expansion 1n Legendre polynomials

(A 0)=%E(2(+l)u, Poteas iy, (D11

‘
where A 15 the ¢ m momentum. A 1s the ¢ m scattering angle, ¢, =
18 . th

1}/21.0 = n, =i | and 6,15 the phase shift of the ¢
The difterential

N
171,»(’-
partial wave For purely clastic scattering. n, = |
Cross section s

da

7 _qruml?
i 17 (k.0

The optical theorem states that

Tt = 2 Im £ (4 0). (D 12)
and the cross section 1n the ¢! partial wave 1s therefore bounded
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BELIWAR)

e (D 13)

4
9 = A—’,’ 26~ 1) la,l?

The partial-wave amplitude a, can be displayed in an Argand plot

Im A
1
nl2
12
24
| |-
920 a2 neA

The usual Lorentz invanant matrnix clement # (see Sec B
above) for the clastic process 1s related to (A 8) by

# = —8x\'s [(hD).
SO

1

g, . = — = -—Im#1=0) D14

tot QAN ( )
where s and ¢ are the center-of-mass energy squared and momen-

tum transfer squared. respectively (see Sec D 1)
D.3a Resonances The Brei-Wigner form for a, with a resonance
atcm energy Kp, clastic width I\ and total width ' 1s

3 T

(D 15)

where £ 1s the cm cenergy This gives a circle in the Argand plot
with center 1x /2 and radius x /2. where the elastiaity
Foy/T The amphtude has a pole at £ = Ep -1 T,/2

el =
tot

Re A

The Breit-Wagner cross section for a spin-J resonance produced
in the collision of particles of spin § and $41s

B B T:

2 +1) T “mPout 1ot

(S, - H2S, + ) A2

Tpu () = — N N
(E - Eg¥ ~T5/4

where A 1s the c m momentum, £ s the cm cnergy and B and
B, are the branching fractions of the resonance 1nto the entrance
and exit channels The 25 + 1 factors are the muluplicities of the
incident spin states. so they are replaced by 2 for photons. ete

This expression 1s vahd only for a particle of narrow width If the
width 1s not small. I‘lol cannot be treated as a constant independent
of £ There are many other forms for a gy all of which are
equivalent to the one given here in the narrow-width case  Some of
these forms may be more appropnate 1f the resonance 1s broad

CROSS-SECTION FORMULAE FOR SPECIFIC PROCESSES

A. LEPTOPRODUCTION

P.M

q = k — k" 15 the four-momentum transferred to the larget

Invanant quantitics

>
v = % = E - E’1s the lepton’s energy loss in the lab (in earher
Iiterature sometimes ¢ = ¢ £) Here, £ and
£ are the inttial and final lepton energies 1n
the lab

Q2 = —q: = NEE' -KK) m,: m;, where (01,15 the ini-
ualﬁ(ﬁnaﬁl) lepton mass  If £F sin~(8/2) >
m; . mg . then

= 4FE sin2(8:2). where f1s the leplon’s scatiering angle in the

lab
2
X = ;Q‘—’; In the parton model, v 1s the fraction of the target
< nucleon’s momentum carried by the struck
quark See section on QCD
)
o= Z ;) = ;_—’ 1s the fraction of the lepton’s energy lost in the lab

W3- (P~ q)2 -2y - Q: 1s the mass squared of the sys-
tem recothing against the lepton
R

s—(ho P2 = 9 g2

A 1 Leptoproduction cross sections

Aoy yydlo  mMe  dlo
dx dv ’ dvdQ? E dQ,dE”
i
= v(s - 1y)=d .

dx dQ-
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A.2 Electroproduction structure functions Thc necutral-current pro-
cess, eN — eX . 1s panty conserving at low Q and can be wmlcn
in terms of two structure functions F M\(\ Q- 2y and F; C(\ Q- )

dl _ amds - A7) _ e NC
dx dv BE Lo

- 12\1-';\"( - M \11 ]
(s —

The chargcd current processes, ¢ N = vX. vN ¢ X.and
YN et X, are panty wolatmg and can bc wrmcn in terms of

lhrce slructurc functions f, (x. Q ) F, (v. Q ). and
Crv0h
dle  GRs -MY) My
_ (A 2
dx dv 2 (A2h

(Q: + ‘I;% )2

,
{[I—- - ] FEC4 S (€

5
A.3 The QCD parton model In the QCD parton model, the struc-
ture functions defined above can be cxprcsscd 1in terms of parton
distnbution functions  The quanuty f,(x.Q~ )d\ 1s the probabihty
that a parton of type / (quark anuquark or gluon), carries a
momentum fraction between v and v + dv of the nucleon’s
momentum 1n a frame where the nucleon’s momentum 1s large
For the cross section correspondmg 1o the neutral-current process
ep —eX, we have for s >> vr2 (in the case where the incoming
clectron 1s either left- (L) or nght- (R) handed)

da _
dx dv

[4 1—1)21;]

Here the index ¢ refers to a quark flavor (1e . w. d. s «
and

bh.ort),

2

[ =)

5

5

Ag =1 7% " 8Lgfre = 5| T 9% T tReERe TS T
Q-+ M Q- 'tl/
e | o |

By= -9 *8re8re 7 | | 9% t84fRe T 5
Q-+ M, Q- -\

Here g 15 the charge of flavor ¢
Oandg;, =(-1/2~ snr()u )/(sm()u cosfly; ). while for a nght-
handed one. g; , = 0 and gRe (sin 0u )/(sinf-cosflyy ) For the
quarks, qu =(T;- ggsin 6” )/(smfy cosflyy ). and CRy =
(- qqsm“()u )/{sinfyy.cosfy )

For neutral-current neutrino (antineutrino) scattering, the same
formula apphies with g; , replaced by &, = 1/(2sinfly; cosflyy )

= [gR7 =

For a left-handed electron. gp,. =

(gL7 = 0) and gp, replaced by %R,

—1/(2sin8 5-cosfyy )|
In the case of the charged-curreni processes e; p —-vX and
wp —e* X.Eq (A21)applies with

Fy=2xF| = Z.r[fu(x.QZ)*f((x.QZ)

+f,(.r.QZ) -~ fJ(.\'.Qz) + f?(.v,Qz) +f;( \"QZ)] .

Fy— 2\'[/’u(\-,Q2) + 1 (.09

+ 0007 70,07 10000 /',;(\QZ)]

For the process #p - ¢ X

Fy=2xF, = 2\[/",(\'.Q2)~ 1,(:.0%)

FI 00D+ (v .0Y - 1v. 0 + 14009 ]
Fy=2\ [r'd(.\.Q3)+ £(v.0%)

107 - [ 0D = 14v.Q7) r',(\.Q3):|

B. e"e” ANNIHILATION

For pointlike spin-1/2 fermions in the ¢ m | the differential
cross section for ¢ "¢~ —  f via single photon anmihilation 1s

do _ o 33-3)
a9 4‘ 3 [I+cos f+ (! d }sin= ()]Q, .

where 3 1s the velocity of the final state fermion in the center of
mass and Q) 1s the charge of the fermion 1n units of the proton
charge For g — 1.

86 8 ng nh
s(Gel )

5
_ 4ra” 02

35 t
At higher ¢nergies the 70 (mass Vf, and width I’ ;) must be
inciuded. and the differential cross section fore "¢ — 11
becomes

dn_ad('& ;f)[ . _
70 = s oF [l cos2f + (1 - 3°)sin? 0]

ZQ,»XI{H', |- cosh - (1 ;iz)smzﬂ| lu,_dcosli}
xz{i'ﬁ(l FE|LccostH - (1 Fyanta)

+ _.'12(1,3(] -1 2)|l + coszﬂl - 831 l',ulcosﬂ}]

o - ] .\‘(s \I/)
L T ean2f . coslf.. ' '
16sin=fy cos™ By (\—U/)'il/\l/
h
X, — 1 $-
o —
2565048, cos“ﬂu (s \I,%)3+I‘%.\I/3'
b= -1 +4sm39u .
af = 273[ .
Ve = 2T, —4Q/~sm20"- .

where the subscnipt / refers to the particular fermion and

Ty=+12forv, v v u,c.l.
ety tr

Ty= a72fore ,u-. 7 .dosob
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C e*e” TWO-PHOTON PROCESS
In the equivalent photon approximation, the cross section for

e’ e” — ¢”e” X 1s related to the cross section for vy — X by

do . _
ete” wete

i
)= nzgdwf(w)do‘yy_‘(\, (ws).

and

flw) = l:("+w)“(n]— -2 —w)(3+w):|
w

w

The factor n arises from integrating over the mass squared of the
virtual photon For the production of a resonance, form factors
suppress contributions from very virtual photons, so in the stan-
dard formula for production of a resonance of mass n g and spin
J # 1, namely.

2(:’.14 |)87r R —=vY)
?/nR

ale'e —e'¢ R)= f(
1t would be better to use

2
« mp

2w b)
am;

where m . 1s the mass of the vector (p.¢.
form factor

D INCLUSIVE HADRONIC REACTIONS

) that enters into the

One-particle inclusive ¢cross sections 15((130)/(d3pl) for the pro-
ducuion of a particle of momentum p, are convemently expressed
Iin terms of rapidity (sec above) and the momentum p | transverse
10 the beam direction (defined 1n the center-of-mass frame)

d3 d3
dvd? I d3

In the casc of processes where p | 1s large or the mass of the pro-
duced particle 1s large (here large means greater than 10 GeV), the
parton model can be used to calculate the rate  Symbolically
. 2 . 2y g -
Thadrome ~ Effl(\ l‘Q )fj(‘ 2 Q-)dv Id\/lapanomc .
1

where /‘,(.\'.QZ) 1s the parton distnbution introduced above and Q

1s a typical momentum transfer in the partonic process and o 1s the
partonic cross scction  Two examples will help to clarify  The pro-

duction of a B™7 1n pp reactions at rapidity v 1n the center-of-mass
frame 1s given by

do Gpm V2

dr 3

x r[coszﬁ(. [u(.\'l. MEN (x5 M3+ (v MZ (x| MG )]

¥ smzf)( [u(\'l.,’tlﬁ )5 (s, \IE, )+ 5(Xs. ‘\I,Z, TR ”124 )]] R

where x| = Vre' x, = Vie V.and 1 = 1/& /s Similarly the

production of a jet 1n pp (or pp) collisions is given by

d3a 2 2
——— =2 xppi ) (xup)
d*p | adv ,,f ! -
[sﬂ] dx dx B3 + 7 ~ i) . (D 1)
dr -
where the summation 1s over quarks, gluons. and antiquarks Here
s = (I’| s I’g)z .
1=, _pJL‘l)z‘

u=(p; Pm)z.

P and p,are the momenta of the incoming p and p (or ) and §.
i.and & ares,¢.and u with p; —x p and py—x5p5 The par-
tonIC Cross section 5[(da)/(dl)] can be found in Ref | Example
for the process gg —4q.

222
Ty
dr ’ 8§ 9fu g~

The prediction of Eq (D 1) 1s compared 1o data from the UAl and
UA2 collaborations 1n a figure labeled ““Jet Production n pp and
pp Interactions™ in the Plots of Cross Sections and Related Quanti-
ties section

E. ONE-PARTICLE INCLUSIVE DISTRIBUTIONS

In order to describe one-particle inclusive production in¢ ¢ ™
annihilauon or deep inelastic scattering, it 1s convenient to intro-
duce a fragmentation function D(= Q~)/= which 1s the probability
that a parton of type 1 and momentum p will fragmcnl nto a
hadron of type # and momentum zp The Q evolution 1s
predicted by QCD and 1s similar to that of the parton distribution
funcllons (see section on Quantum Chromodynamics) The
D (c. Q ) arec normalized so that

[ Dl 0hd: =
h

If the contributions of the Z boson and three-jet events are
neglected, the cross section for producing a hadron £ ine ¢
annihilation 1s given by

e pk.0%
I dg '

a d: 2
had e,
{
where ¢, 15 the charge of quark-type 1. gy, 1s the total hadronic
cross section. and the momentum of the hadron s £ /2

In the case of deep inelastic muon scattering, the cross section
for producing a hadron of energy £, 1s given by

e q,(x. QYDA 0%
]

Dot = Telta .0
i

where £, = vz (For the kinematics of deep inclastic scattering. see
scction D 2 of the Kinematics section of this Review ) The frag-
mentation funcuons for light and heavy quarks have a different -
dependence. the former peak necar - = 0 They are illustrated 1n a
figure 1n the section on Plots of Cross Sections and Related Quanti-
ties

1 GF Owens, F Reya, and M Gluck. Phys Rev DI8. 1501
(1978)
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A THE QCD LAGRANGIAN

Quantum Chromodynamics (QCD). the gauge field theony
which describes the interactions of colored quarks and gluons, 1s
one of the components of the SU(3)xSU(2)x (1) Standard Model
The Lagrangian 1s (up to gauge-fixing terms)

= _ 1 aytawe ok 1)
Locp = —gh o/ F 4™ 1?\/,,7 (D) ¥,
AR
- E'”q"’q*”qz .
q
a) -, 4a 14
F;ur ”u"‘ P 1 u £ falr( v
Au
— - oga A
(D“),_, = 5110“ -8, 3 A% (A1)
a

where ¢ 15 the QCD coupling constant and the /a,, are the struc-
ture constants of the SU(3) algebra (the A matrices and values for
{ 4he can be found 1n “SU(3) Isoscalar Factors and Representation
Matnices™) The ¢/ (1) are the 4-component Dirac spinors associ-
ated with each quark ficld of color ¢ and flavor ¢ and the 419(\)
are the (8) Yang-Mills (gluon) fields A complete hst of the Feyn-
man rules which derive from this Lagrangian, together with some
useful color-algebra 1dentities can be found in Ref |

The principle of ““asymptotic freedom™ (see below) determines
that the renormalized QCD coupling 1s small only at high energies,
and 1t 1s only 1n this domain that high-precision tests  similar to
those 1n QED  can be performed using perturbation theory
Nonetheless. there has in recent years been much progress in
understanding and quantifying the predictions of QCD 1n the non-
perturbative domain, for example in soft hadronic processes and on
the lattice = This short review will concentrate on QCD at short
distances (large momentum transfers), where perturbation theory s
the standard 100l

B. THE QCD COUPLING AND RENORMALIZATION
SCHEME

The rcnormah’zauon scale dependence of the effecuve QCD
coupling «, = g,~/4m 1s controled by the 3-function

1’1(1’3 'd() s _l’ﬁ)l 3
HM— = - _'(l’ - o7
i 2 ? 3,,3 ?
2
By =11- 3N
8, =102 - 3;8 ny (B 1)

and n 1s the number of quarks with mass less than the energy
scale u  In solving this differential equation for «. a constant of
integration 1s introduced This constant 1s the one fundamental
constant of QCD which must be determined from experiment The
most sensible choice for this constant 1s the value of «, at a fixed
reference scale Ko but 1t 15 more conventional 10 Imroducc the
dimensional parameter A The defimtion of 4 1s arbitrary One
way 10 define 1t (adopted here) 1s to wrile a solution of Eq (B 1) as
an expansion 1n inverse powers of n(ud)

127

a (p)y= ~——"""-—- X
! (33 211,~)/n(u2,,".\2)

6(153 = 19n,) ¢n [m(;ﬁ/ \3)]
(33 - 2n))?

2.0
n(u=/A-)
The next term in this expansion 1s

2 S,y
(n-|En{u” )
0 ’; ) hi
En (u=/\°)

This solution 1lustrates the asvmpronic freedom property «, — 0 as
u— < Alternauive defimuions of A are possible  For example. the
solution of Eq (B 1) with the 3-function truncated at the second
order

ha

A hytn /v()/nﬁ .
a, P+b g A
i3 i3
0 !
o= =2 b= B3
0 2r I 47n30 (B3

can be used > Fora given value of o (u — 5 GeV) one finds that
|\[Ea (8 2)] - \[Ea (8 3)] vanes by 5 10 22 MeV as A goes
from 120 1o 350 MeV. while for « S = 30 GeV)ut varies by 310
11 MeV over the same \ range

In the above discussion we have ignored quark-mass effects 1¢
we have assumed an 1dealized situation where quarks of mass
greater than u are neglected completely  In this picture. the -
funcuon coefficients change by discrete amounts as flavor thres-
holds are crossed when 1integrating the differential equation for
It follows that. for a relationship such as Eq (B 2) 1o remain vahd
for all values of u % must also change discretely through flavor
thresholds  This leads to the concept of a different A for cach range
of u (?rrﬁspondlng 10 an effective number of massless quarks
A— This 1s the standard convention It follows that when
comparing measured A values, account must be taken of the effec-
uve number of quark flavors in cach u? {lmcnl In pracuce 111s
straightforward to relate the dl[Terem using the above expres-
sions  For example, one finds* (the meaning of MS will be
explained below)

225 2 96314373
\m =\ [ My, ] ’ [(" [ [ my, ] ]] 0
MS TOMS 5 3
s [ ® RE

MS MS
(B Yoo B 1071875
@ o | e |2 p m, B4
Ve = ViR o n ar (B4)
\_
¢ MS

Note that these differences are numerically very significant, for
example. 1f \ 5' = 200 McV, the corresponding \‘—’ =293 McV
Most data from PEP/PETRA quote a value of \
verted 1t Lo \~S as required

All this confusion could be avoided by ignoring A altogether.
but old hablls dic hard The confusion can be minimized by
adopting \ ! d(ﬁmd through Eq (B 2) as the standard  This s
done for aIl valucs of A quoted in this summary In a given experi-
ment where 15 GeV < u<S GeV, A s obtained from Eq (B2)
with "y = 4 For 5 GeV < lpm, GeV (18 the top-quark mass).
1(3) (s obtained from Eq (B2) mlh ny = 5 Eq (B 4)1s then used
to convert to A

We turn now to a discussion of renormahization-scheme depen-
dence 1n QCD  Although necessanly rather techmical. this discus-
sion 1s vital to understanding how A values can bc mcasured and
compared See the review by Duke and Roberts® for further
details

We have con-
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Consider a “typical™ QCD cross section which, when calculated

perturbatively, starts at O(«, )
-

0= 40 + 40 - (BS)
The coefficients .4 15 come from calculating the appropnate
Feynman diagrams In performing such calculations various diver-
gences anse and these must be regulated in a consistent way - This
requires a particular renormahization scheme (RS)  The most com-
monly used one 1s the modified minimal subtraction (MS)
scheme © This mvolves continuing momentum integrals from 4 to
4 -2e¢ dimensions and then subtracting off the 1esulting 1 /¢ poles
and also (Fnd4r ;). whichas another artifact of continuing the
dimension (Here v 1s the Euler-Mascheroni constant) To
preserve the dimensionless nature of the coupling, a mass scale u
must also be introduced g —u‘g  The finite coefficients 1, thus
obtained depend implicitly on the renormalization convention used
and explicitly on the scale u

The first two coefficients (3.i3,) 1n Eq (B 1) are independent of
the choice of RS's  In contrast. the coefficients of terms propor-
uonal to « for n >3 arc RS-dependent  Although the value of A\,
defined as above does depend on the convention, it s straightfor-
ward to relate the different A's corresponding to different RS's It
has become conventional to use the MS scheme for calculating
QCD cross sections beyvond leading order

The fundamental theorem of RS dependence 1s straightforward
Physical quanuties 1n particular the cross section. calculated to all
orders in perturbation theory do not depend on the RS Tt follows
that a truncated senes does exhibit RS dependence  In pracuce all
QCD cross secuons are known either to leading or to next-to-
leading order, and 1t 1s only the latter, which has reduced RS
dependence that are useful for precision tests At second order the
RS dependence 1s completely given by one condition which can be
taken to be the value of the renormalization scale ¢ One therefore
has to address the question of what 1s the “best™ choice for u
There 1$ no definite answer to this question  higher order correc-
tions do not “fix™ the scale rather they render the theoreuical pred-
ictions less sensitive 1o 1ts variation

There has been much discussion as to what constitutes the best
choice of scheme  One could 1imagine that choosing a scale u
charactenstc of the typical energy scale in the process would be
most appropriatc  More sophisticated choices are the scale for
which the next-to-leading-order correction vanishes ("Fastest
Apparent Convergence™’) or the scale for which the next-to-
lcading-order prediction 1s stationary 3

An important corollary 1s that 1f the higher-order corrections are
naturally small. then the additional uncertainties introduced by the
RS dependence are hkely to be less than the experimental measure-
ment errors  There are some processes. however for which the
choice of scheme (1 ¢ the value of w) can influence the extracted
value of \gg  There 1s no resolution to this problem other than to
try to calculate even more terms in the perturbation series *

In the cases where the higher-order corrections 1o a process are
known and are large. some caution should be exercised when quot-
ing the value of o, In what follows we will, where possible, indi-
cate the size of the correction and will assign a theorctical uncer-
tainty to «; which corresponds to the size of this higher-order
correction  We estimaie this error by comparing the value of « (u)
obtained by fitting data using the QCD formula to highest known
order in «r . and then comparing 1t with the value obtained using
the next-to-highest-order formula (u 15 chosen as the typical energy
scale 1n the process) The corresponding A's are then obtained by
evolving a(p)tou = 5GeV using Eq (B 1) to the same order in
«, as the fit and then converting to A using Eq (B 4)

C. QCD IN DEEP INELASTIC SCATTERING

The onginal and still one of the most powerful quantitative tests
of perturbative QCD 1s the breaking of Bjorken scaling in deep-
inelastic lepton-hadron scattering  In the leading-logarithm approx-
imation the measured structure funclxon§ Fx, QZ) are related to
the quark distnibution functions ¢, (x Q) according to the naive
parton model by the formulac in “Cross-Section Formulae for
Specific Processes™ (1n that section. g, 1s denoted by the notation
{ ) In describing the way in which scaling 1s broken in QCD. 1t 1s
convenient to define nonsinglet and singlet quark distnibutions
Y =g -q, #Y =B, ) 1)

1
The nonsinglet structure functions have nonzero values of flavor
quantum numbers such as 1sospin or baryon number The vana-
tuon with gz of these 15 described by the so-called Altarelh-Panisi
cquations

2 4II"'\'S _ ayl I Q h pad ‘I‘”\'S‘
t’QZ 2
01 FS| a 1@ pad 2P . FS ©
0Q? G I ped peR G -
where » denotes a convolution integral
‘d
o= [T (3)
v v
The leading-order Altarelh-Panisi sphtung functions are
1)‘1‘1—i ]‘—‘2 ,25“_\)
K N R I
PR = 17 [\'2 - (1 \)'J
pra = 4| 1= =)
3 \
2y e ST NUFTEY
\ [ 12
"y .
—Té(l -1\) (C4)

Here the gluon distnbution G (x. Qz) has been introduced and
1/(1 — \), means

1 ) | )
e ,~d\._r_<_\_um
(1 - )L I (1 - \)

The precision of contemporary experimental data demands that
higher order corrections also be included 7 The above results are
for massless quarks  Algorithms exist for the inclusion of nonzero
quark masses 10 Atlow Q2 values there are also imporiant
“higher-twist™ contributions of the form

FM 0%

F0LQ% = rHEDG %) - - (C5)

Y

- hl
These corrections are numerically important only for @~<<O(10
GeV-) except for v very close to
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A detailed review of the current status of the experimental data
can be found, for example, 1n Ref 11, and only a brief summary
will be presented here  From Eq (C 2). 1t 1s clear that a nonsinglet
structure function of‘fers in principle the most precise test of the
theory since the Q evolution 1s independent of the unmeasured
gluon distnibution  In practice, however. such a measurement
involves forming differences between cross sections (e g . Fym
neutrino scattering) Until recently this has meant that the most
accurate measurements, involving singlet-dominated structure func-
tions such as F,. have resulted 1n strongly correlated measurements
of Agg and the gluon distribution  The most accurate data
currently available are from the BCDMS collaboration By utiliz-
ing high-statistics data at large x ( > 0 25) and large Qz, the impact
of the gluon distribution on the evolution and hence on the meas-
ured value of Agg 1s much reduccd

The result obtained 1s.!2

= 20(stat ) + 60(sys ) MeV (C6)

which 1s consistent with earlier measurements A summary of pub-
hshed Agg values from various experiments 1s dls?layed in Fig 1
In Fig 2 we have indicated the average value of \M—5 (238+43
MeV, statistical and systematic uncertainty added 1n quadrature)
from the deep-inelastic experiments shown in Fig |

Deep-Inelastic Scattering

—e— BCDMS (u C)
—e— BCDMS (u H;) ,
—— EMC (i Fe) .
—e— EMC (u Hp) :
e BEBC WAS9 (v Neon)
B CDHS (v Fe)
— © ———  CCFRR (v Fe) :
o CHARM (v Marble) !
F.’
— PLUTO a
—_— PLUTO b
© TASSO
—_— JADE
—— TPC a
—— TPC b
Energy—Energy Corr
TASSO (Ah)
TASSO (Lund)
CELLO (Lund) ©
Merk II (Lund) R
—_— Mark J (Planar Triple E Corr)
NP SR RS S
0 200 400 800 800
AW (strong coupling in MS scheme 1n MeV)

Fig I Values of \ as determined by various experiments The
results on deep melasuc scattering are from BCDMS, 1248 gppc 49
BEBC,%0 CDHS.3! CCFRR.52 and CHARM 33 The photon struc-
ture function results are from PLUTO%* and TPC,% who quote
two values of A ansing from different assumptions about the
hadronic part of the structure function, and from TASSO%S and
JADE %6 The Energy-Energy correlation results are from TASSO.37
CELLO.28 and Mark 1157 The Planar Triple Energy correlation
result 1s due to MARK-J 8

The impact on the measurement of g of the higher order
corrections can be esumated as follows BCDMS used the evolu-
tion Eqs (C 2) to leading ordcr in < . and defined Af (y from
« (Q )=12x/[(33 nMn(Q° /\LO)] They then obtained A o =
215 MeV  This corresponds to a (5 GeV) = 0 240, whereas their
next-to-lcading-order fit corrcsponds 10 a (5 GeV) =0191 We
have used this to estimate the theoretical uncertainty shown on
Fig 2

Typically. A 1s extracted from the data by parametnizing the par-
ton dcnsmcs 1n a simple analytic way at some Q. evolving to
higher Q using the next-to-leading-order evolution equations, and
fitting globally to the measured structure functions to obtain A%
Thus an 1mportant by-product of such studies 1s the extraction of
parton densitics ata fixed reference value of Qg These can then
be evolved in Q and used as input for phenomenological studies
in hadron-hadron colhsnons (sce below) To avoid having to evolve
from the starting Q0 value each time, a parton density s required.
1t 1s useful to have available a simple anal\llc approximation to the
densities valid over a range of x and Q values Such parametniza-
tions are available in the literature !

(Q= 5 GeV)
01 02 03
TTT T 7T T T T T l T T T T T T T T T I
—6— Deep-Inelastic
—6— T decays
—_— F27
- R(e'e”)
< E-E Corr
PR SRS SO
] 200 400 600 800

A®  (1n MS scheme 1n MeV)

Fig 2 Summary of the values of AW from various processes The
deep 1nelastic_value 1s an average of those shown in Fig 1 The T
result 1s from<2 an average of measurements 23-25 The two-
photon value 1s the allowed range from the results of Fig 1 and
takes 1nto account the systematic error from the different models
for the nonperturbative co fonenl of the structure function The
value from R 1s the average” of the compilation of Ref 28 The
result for the energy-energy correlations* 1s a range of allowed
values and includes the systematic errots due to different fragmen-
tation models The dashed lines give our estimate of the possible
uncertainty due to higher order QCD corrections, scc text  For
convenience, the top scale gives the valuc of « (5 GeV)
corresponding to the values of Ays The vemcal dotted lines indi-
cate our allowed range and central value for A
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D. QCD IN HIGH ENERGY HADRON COLLISIONS

There are many ways 1n which perturbative QCD can be tested
in high energy hadron colliders The most precise of these 1s the
production of single large-transverse-momentum photons  The
leading-order QCD subprocesses are g¢ —v¢ and g¢ - yg Expli-
cit expressions for the corresponding scattering amphtudes can be
found. for example, in Ref 14 If the parton distnibutions are
taken from other processes and a value of \g¢ assumed. then an
absolute prediction 1s obtained Conversely, the data can be used
to extract informauon on quark and gluon distributions and the
value of Ag This is also one of the few hard scatiering processes
for which the next-to-leading-order corrections are known.'3 and so
a precision test 1s possible 1n principle  In practice. however. the
residual uncertainties on the (most accurate) experimental data and
in the theoretical prediction are on the order of 20-30%, and this s
sufficiently large to hmit the accuracy of an « measurement
Nevertheless a value for \gq 1n the range 100-300 MeV gives very
satisfactory agreement with a wide range of data 16

The production of hadrons with large transverse momenium in
hadron-hadron collisions provides a direct probe of the scattering
of quarks and gluons gg —qq. q¢ — 4¢. g¢ — g¢.ctc The
present generation of pp colhders provide center-of-mass energies
which are sufficiently high that these processes can be unambigu-
ously identified in two-jet production at large transverse momen-
tum Corrected inclusive jet ¢cross sections can be directly com-
pared to the corresponding parton cross sections, and the agree-
ment 1s impressive  As an example the figure on “Jet Production
in pp and pp Interactions™ in “Plots of Cross Sections and Related
Quantties™ shows the inclusive jet cross section at zero pscudora-
pidity as a funcuion of the jet transverse momentum for pp colli-
sions  The QCD prediction combines the parton distnibutions with
the leading-order 2 — 2 parton scattering amplitudes  Data are also
available on the angular distribution of jets, these are also 1n agree-
ment with QCD expectations 17

QCD correcuions 1o Drell-Yan type cross sections (1 ¢ . the pro-
duction 1n hadron colbisions by quark-antiquark annihilation of lep-
ton pairs of invariant mass Q from virtual photons. or of real B8
or 7 bosons) arc known 18 These Ola,) QCD corrections are siz-
able and approximately constant over the lepton-pair mass range
probed by experiments  Thus

a (0%
— _(

27

apy <oy 1~ * (1)

It 15 interesting to note that the corresponding correction to H
and Z production, as measured at pp colliders has essentially the
same theoretical form and 1s of order 30% Total B and Z pro-
duction cross sections soon will be measured accurately enough to
be sensitive to such 30% effects and can in principle offer a test of
the theory Th$ key ingredient which 1s missing at present 1s the
complete Oy QUD correction which 1s potenually important in
view of the large O(«) term  QCD effects are also observabie in
the production of " and Z bosons with large transverse momen-
tum ' There 1 good qualitative agreement although the stauistics
are rather poor at present ©

E. QCD IN HEAVY QUARKONIUM DECAY

Under the assumption that the hadronic and leptonic decay
widths of heavy QQ resonances can be factorized into a nonpertur-
bative part  dependent on the confining potential  and a calcul-
able perturbative part. the ranos of partial decay widths allow
measurements of «, at the heavy quark mass scale  The most pre-
cise data come from the decay widths of the 1=~ J /¢ and T reso-
nances Potential model dependences cancel from the ratios of
decay widths Important examples of such ratios are

N —gge) rd ~ —vgg)
| K TR T (1™ 7 —ggg)

(ED)

The perturbative corrections to these ratios are rather large 2
They change the predictions by a factor of | 64 and 0 77 respec-
uvely 1n the case of T decay  The corrections in the J /¢ case are
much larger Relativistic corrections are unknown and could be
substanual for the J /y case  We will therefore assign a 20% uncer-
tainty to the value "f,“\ obtained from T decays

A recent analysis== of bottomonium decay-width ratos from
CUSB. CLEO. and ARGUS?3 24 25 fings

a dmy) — 01790009 (E2)
if the theoretical uncertainties are 1ignored  These uncertainuies are
indicated 1in Fig 2

F PERTURBATIVE QCD IN e*e™ COLLISIONS

The total cross section tor ¢ "¢~ — hadrons 1s obtained by mul-
uplying the muon-pair cross scction by the factor R =3 3% ¢~
The higher order QCID corrections to this quantity have been calcu-
lated. and the results can be expressed in terms of the factor

2 3
R=R‘0)[Ifu—\*(a[1] +(1[5‘] - ]
v - T ) ™

- {%g—m - %]n, =3 -y (F1)

RO can be obtained from the formula for da/d for
e "¢ — 1 by ntegrating over @ The formula s given in “Cross-
Section Formulac for Specific Processes.” Section B Numenically

ZMS =141 Recently ('3 has heen compulcd«'(’ numerically {for
n; = 5) (‘3\“ = 647 This resultas strictly only correct in the
zero-quark-mass himit The O(«,) corrections are also known for
massive quarks 7

At the highest energies currently accessible (PETRA-PEP-
TRISTAN), the corrections from QCUD and 7 exchange are com-
parable A companison of the theoretical prediction of Eq (F 1)
(corrected for the h-quark mass) with all the available data (includ-
ing those from TRISTAN atvs = 50 GeV) has been performed by
the CELLO collaboration =% The result 1s a correlated measure-
ment of «v, and smlﬂu Fixing smz()“ at the world-average value
of 0 23 then gives -

« (34 GeV) — 0132-0016 (F2)
The corresponding value of \g 1s shownin Fig 2 Two com-
ments are 1in order  First. the principal advantage of determining
a, from R in ¢ "¢ annthilation is that there 1s no dependence on
fragmentation models, jet algorithms, etc Second. the ordcrwub\'
termn Eq (F 1) 1s numenically twice as large as the order a term
The accuracy of the QCD prediction 1s therefore suspect  To take
account of this we have given in Fig 2 a theoretical uncertainty
which corresponds to the difference of the values of o, with and
without the a';‘ term (12% ofu_‘)

The traditional method of determining ag1in ¢ ¢ " anmhilation
1s from measuring quantitics which are sensitive 1o the relatve rate
of two- and three-jet events  There are many possible choices of
such ‘shape vanables™ thrust. 0 CNergy-¢nergy correlations. !
planar triple-cncrgy corrclations.? average jet mass, ete Al of
these are infrared safe. which means they can be rehably calculated
in perturbation theory The starting point for all these quantities 1s

the simple “three-jet™ cross section for e "¢ — gqg¢
N , 22
1 _dwe 2% M7V (F3)
a dyydy, i (L=l \:)’
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are the center-of-mass energy fractions of the final-state (massless)
quarks A distribution in a “three-jet * vanable such as those histed
above. 15 obtained by integrating this differential cross section over
an appropriate phase space region for a fixed value of the vanable

See big 1 for a compilation of the more recent data on \ from
the energy-energy correlation  Three comments must be made con-
cerning these determinations of «e,  First there are theoretical
ambiguitics in the way that the suond order matnix clements are
combined with parton fragmentation  These have been a source of
some confusion and have accounted for some of the differences 1n
the results obtained from different analyses  Fortunately. there
appears 10 now be some consensus and the different approaches
have cony crgcd 33 A more senous source of uncertainty concerns
the effect of using different hadromization models which are used to
describe the evolution ot a parton jet 1nto a hadron jet 3435 36
These dynamics arc controlled by QCID effects which we cannot yet
calculate Some eaxperimental groups continue 1o quote separate a,
values according to the fragmentation model used while others
combine the uncertainty with other systematic errors  For example
the TASSO collaboration?” uses the energy-cnergy correlation and
quotes u (44 GeV) = 0143 - 0013 for the Lund fragmcnmn()n
model** and a, (44 GeV) = 012920012 for the Al modul‘~ S after
the fragmentation models have been fitted to the data at v s -
44 GeV

Third. numgmdllx the order lmns produce correcuons of
order 13% 3% We will therefore dsslgn a theoretical uncertainty of
this size 1o the value of « extracted (sce Fig 2)

A compilation of all the available data and a complete hist of
references can be found 1n Ref” 39 A “world-asverage™ 1

@ (34 GeV)y =014-002 (F4)
with the error being the spread between the different experiments
including the fragmentation uncertainty, but not that due 1o the
size of the higher order corrections which from our estimate ahmc
15 somewhat larger than this error - Nouce that this value of a,
1 agreement with the value obtained from the measurement 0! R
described above  Since these results are essentially completely
independent, the assomated A\, values are displayed separately n
Fig 2

There are many other ways 1in which QCD can be tested 1n
clectron-positron collisions  Mention should be made 1n particular
of the interesting and important results from “two-photon™
processes  For a comprehensive review of the data. see Ref 41
Paramount among these 1s the measurement of the photon struc-
ture function 1n collisions involving a highly virtual and an almost
rcal photon

In contrast 10 hadronic structure tunulons the photon structure
function increases hinearly mlh log Q' 42 and a measurement of
the absolute size at large Q provides information about A How-
ever. the exact situation 1s complicated and somewhat controver-
stal  The difficulty anses when the higher order QCD corrections
are included  These appear to introduce a negative singularity in
the structure function at \ =04 A more complete treatment then
reveals that these singulanties are in fact compensated by the non-
perturbative hadronic component (the solution of the homogeneous
part of the Altarelli-Parnisi equations) This appears 1o reduce the
usefulness of the photon structure function to that of hadronic
structure functions, in that only the evolution can be unambigu-
ousiy predicted 1in QCD and the sensitivity 1o A 1s much reduced
Furthermore. fits 1o the data involve the determination of parame-
ters which fix the nonperturbative components as well as A 45 ‘I‘hc
TPC/2-gamma collaboration®® quotes two values of v\ =215+ 55

43

and 119 =34 MeV depending upon how the nonperturbative com-
ponentas parametrized  Systematce errors from this parametriza-
ton dominate statistical errors and the situation 15 somewhat simi-
lar 1o that for the energy-cnergy correlations discussed above Al
the dald on the photon structure funcuion (see Fig 1) are consistent
with?

180 ¥ 100 A gy

Vas —-90

(F$S)
This value 1s shown in Fig 2 The higher order QCD corrections
correspond approximately 1o a shift of 20% in the photon structure
function and hence i «, The corresponding uncertainty 1s indi-
cated on Fig 2

G. CONCLUSIONS

In this short review we have focused on those high energy
processes which currently offer the most quanutative 1ests of per-
turbative QCI  The precision measurements of 5, tome from
those processes which involve real or virtual photons and for which
the next-to-leading corrections are known  From Fig 2 we see that
all measurements arc consistent and point to a value of g for 1,
= 4 of order 200" xo McV  The remarks in See B concerning dif-
ferent \'s for different effective 7, values should be remembered
It s interesting to note that the measurements are not yet precise
enough to reveal the expected differences from different processes
Jet production data from high energy hadron colhisions, while not
vetin the precision measurement class, demonstrate 1n a very clear
way the scatiering of quarks and gluons over many orders of mag-
nitude 10 Cross secton

The need for brevity has meant that many other important
topics 1n QCD phenomenology have had to be omitted from this
review  One should mention in parucular the study of exclusive
processes (form tactors. elastic scattering ), the behavior of
quarks and gluons in nucler. the spin properties of the theory and
the importance of polarized scattering data. the interface of soft and
hard QCD as mamitest for example by minyet production and
hard diffracuse processes and QCD effects in hadron spectroscopy
While we can be confident that QCUD 15 the strong interaction field
theory. there are sull many important tests to be made

Prepared April 1988 by R M Barnctt, I Hinchhiffe and

W J Surling

Since the perturbation expansion 18 an asymplolic series even-

tually the computation of additional terms 1s of no value

¥ Ths fitanciudes the € 5 term It this lerm s not included  the

fit gives a, (34 GeV) = 0 145=0019 28
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STANDARD MODEL OF ELECTROWEAK INTERACTIONS*

The standard clectroweak model 1s based on the gauge gmupI
=12

2.3.and B“ for the

SU(2) and U(]) factors respectively. and the corresponding gauge
coupling constants g and g’ The left-handed fermion fields

SU)x U(1). with gauge bosons H L

u
¢, = |, land |’

{ dl’

of the 1" fermion famuly transform as

doublets under SU(2). where dl' = Z, i

Kobayashi-Maskawa mixing matnx **
SU(2) singlets

ud) and 1 s the

The right-handed fields are
In the minimal model there arg three fermion fami-

lies and a single complex Higgs doublet ¢ = ‘3}0

After spontancous symmetry breaking the Lagrangian 1s
gm H

L= T |1 Y
I

_172

v

Y1 —75)(‘/"15“’ TN,

__ £

i} .
eZa¥, 4 V0,7 (D
; foM dcosf !

! - 1.
IEV, l#([ u
f,; =1tan~ l(g"/(z) 1s the weak angle ¢, = gsinfi;; 1s the positron
electric charge. and 1 = Bcosfly - H sinfly; s the (massless)
photon field #'~ = (H '7111 27\ 72 and

Z = -Bsimfy + W- cosﬁ” are the massive charged and neutral
weak boson fields. respectively 7' and 7'~ are the weak 1sospin
raising and lowering operators  The vector and axial couplings are

1

1= ty () qusmz()”

11 = 15,(0) (2)

where 3, (1) 15 the weak 1sospin of fermion +( - 1/2 for u, and v,.
—1/2 for d, and ¢,) and g, 1s the charge of y, n umts of ¢

The secgnd term in _S’, represents the charged-current weak
interaction = For example the coupling of a H’ 10 an electron and
a neutrino 1s

—_— [u TR0 M oY - A0 )(]
’\’smf?” (3)

For momenta small compared 10 /y; the second term reduces to
the effective four-fermion interaction with the Fermi constant given
(at tree level, 1e, lowesl order in perturbation theory) by

! V2=¢%/8 \I” C'P violaton 1s incorporated in the Standard
Modcl by a single observable phase in 1, The third term 1n .f,
describes clectromagnetic interactions (Q{ED and the last 1s the
weak neutral-current interaction

In Eq (1). m, 1s the mass of the +/" fermion ¥, For the quarks
these are thc current masses. which for the light quarks are
esumated? o be m, ~S6x11 MeV, iy =99=11MeV
mg=199+33 MeV, and m_~135=005 GeV (these are running
masscs evaluated at | (u\/) For the heavier quarks niy, ~35 GeV,
and n1, > 0(50) GeV

H IS the physical ncutral Higgs scalar which 1s the only remain-
ing part of ¢ after spontaneous symmetry breaking The Yukawa
couphing of H 1o . which 1s flavor diagonal 1n the minimal
model. is gm, /2 ”u The /1 mass 1s not predicted by the model
Expcnmcmal limuts are given in the Stable Particles section  In
nonminimal models there are additional charged and neutral scalar
Higgs pamclcs“

th

Renormahization and radiative corrections The Standard Model
has three parameters (not counting U” and the fermion masses
and mixings) A paruculdrI\ useful set 1 (a) the fine structure
constant «=1/137036.% determied from electron magnetic
moment anomaly (g - 2). (b) the Fernn constant, (4, =

1 16637x 1073 GeV <. determined from the muon hfeume for-
mula (including lepton mass and (O («) radiative corrections)

S
G m m
_ F ; 2 2
b= JNETIS IR U I R ) PR )
s I927r 27 L4 T m,
8 m?
s
x|1-— x|+ (4)
m-= .\IE,

and (¢) smzﬂu . determined from nc’ulral-currcnl processes and the
W and Z masses The value of sin=f; depends on the renormali-
zation prescription A very uscful schcmc(’ 15 to take the tree-level
formula sin=f;; =1 Vg /,\I% as the definition of the renormal-
1zed sin=fly; to all orders 1n perturbation lheor\‘I Alternatively, one
can take Y/, rather than sin"fl;; as the third fundamental parame-
ter  This wall be useful when very precise values of 1/, are deter-
mined at SLC and LEP
Experiments are now at such a level of precision that complete
O{«) radiattve corrections must be applied  These corrections are
conveniently divided into two classes
1 QED diagrams involving the emission of real photons or the
exchange of virtual photons 1n loops, but not including
vacuum polarization diagrams These graphs yield finite and
gauge-invariant contributions to observable processes  How-
ever, they are dependent on energles, experimental cuts ete .
and must be calculated individually for each experniment
2 Electroweak corrections. includingyy v7./ZZ.and B i
vacuum polanzation diagrams, as well as vertex corrections,
box graphs. etc . involving virtual H s and Z°s  Many of
these corrections are absorbed into the renormalized Fermi
constant defined 1n Ref 4 Others modify the tree-level
expresstons for neutral-current amphtudes in several ways 5
In addition, the tree-level expressions for 1y, and V , are
modified

A
0
My = 3
smﬂ” (b Ay :=
My
M, = —— (5
z cosfly )

where . 10 (mree/ \'F’ (:' )”2 =37 281 GeV The radiative correc-
uon parameter Ar s prudmcd to be 00713 = 00013 for

m, =45 GeV and M, = 100 GeV. while Ar — 0 for m, ~245 GeV
If M , 15 regarded as fundamental. then

L= 1= (6)
MZ( - )

to |~

,
sin-fly,

1s a derived parameter, and V= llzcos{)”

Cross section and asymmetry formulas [t 15 convenient to write
the four-fermion interactions relevant to p-hadron. ve, and e-
hadron processes 1n a form that 1s valid 1n an arbitrary gauge
theory (assuming massless left-handed ncutrinos)  One has
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5

__?uHadron — Vw

Crp
Bk
V2

x {z[e,_u 4,70 ¥, = g )G (0 =20, ]} ™
t

Gp_
—geve . _ L Moy . " > C
g \:uln (-5 )u“(’ (g -89 )( (8)

(for v,e 0r7(,('. the charged-current contribution must be
inciuded). and

_ geeHadron _ Gp
\2
XE[(M""J 5(71 ‘7“‘41 * (‘2/".’“‘@"“75% ] (9)
i

The Standard Model expressions for € gl g{' i~ and (‘U are
given in Table |

Table | Standard model expressions for the neutral-current

parameters for v-hadron ve and c-hadron processes  1f radiative

corrections areagnored p=a =1 A =0 At O(x). p o = 100074,
= 09902, >\4 — —00031,A, ~ -00026. and

)\ =1/2 }\ 35%10 =45GeV My, -

1
sin= 0” = () ’3 and <Q » = 20 GeV?
x =09897 and P

I3

A;\
100 GeV,

For ve scattering,
=1 0054 (at \Q y = 0) For atomic panty

=09793 and Al_q — 09948 For the SLAC polanzed

. L
3 for ",

violation Pey

electron cxperiment, p(', 0970 4, —0993 5, =0993 and
5 q ¢ ey
Nog = I 03 after incorporating additional QED) corrections
Quanuty  Siandard Model Expression
ANC 2
€, (1) /)M( _{ 3h. S0 0” N
NG
61_(11) Pon LT ﬂ“ ’Adll
€p i) /)“,\( %l\ sin= ﬂ” “Arl
NCp
epld) AN EIRECLE /)” “Agr|
¢ 1 2
eq /'m,l' 3¢ :A”,Sln iy ]
1
g4 /’,.(,[ 3]
. ‘ |
Cru /;‘,ql— 3 - ; “/sln (}” |
. T
Cra Pegls  3regsn0y |
. ]
(Zu /}(’ql 5 + 2 g SN I)” l
(.Id C 2u

At present the most precise determinations ()fsmzl)“ are from
deep inelastic neutrino scancrm% from (approximately) 1soscalar
targets The ratio R =a ,(7“ of neutral- 10 charged-current
Cross sections has bccn madsurcd to 1% accuracy by the CDHS’
and CHARMS collaborations so it 1S |mporlanl 1o obtain theoreu-
cal uprcssmns for R Jand R__ a;\ (as functions of
sin” 0” ) to nomparablc accuracx #orlunalcl\ most of the uncer-
tainties from the strong interactions and neutrino spectra cancel in
the ratio

A simple zero' _order approximation 1s

2 hd
R = gi+gq

v
-
R =gl SR (10)
vk
where
R} 2 hj f R 5 4
g = e )y - ld)y ~ 5 - sinhy ¢ oAy
g,% E(R(l()z"'(R((I)Z': %—smd()” (rn
e, C

and' = a ML i1s the ratio of v and v charged-current cross sec-

vy
tions. which can be measured directly |ln the slmpIL parton
model, 1gnoring hadron energy cuts. 'N(— <)l - —c) where

€~0 12515 the rauo of the fraction of the nucleon's momentum
carried by antiquarks to that carnied by quarks | In practice,
Eq (10) must be corrected for quark mixing. the v and ¢ scas. ¢ -
quark threshold cffects (which mainly affect aCC ~ these turn out
to be the largest theoretical uncertainty ), nonisoscalar target effects,
i -7 propagator differences. and radiative corrections (which lower
the extracted value of smzﬂu by ~0009) Details of the neutrino
spectra, expenimental cuts, v and QZ dependence of structure func-
uons, and longitudinal structure functions enter only at the level of
these corrections and therefore lead to vers small uncertamnties
Altogether. the theoretical uncertainty s Asmzfl” ~=0005 which
would be very hard to improve in the future

The laboratory cross section for u [ u“c or uu(» —- l’ e elastic
scattering 15

da

-~ 2 .
P
dh 2r
s s ) Rl hi Y 1 1'”
ol EE A R e A C A S R S e )—--- (12)
"
where the upper (lower) sign refers to t/u(Vu) and = £, /I-.’V

IWthh runs from 0 to (1 + m(,/?.l-.'VJ 'I 15 the ratio of the kinetic

energy of the recoil electron 1o the incident v or v energy  For

1;", >> m,, this vields a total cross section
hi
Gprm  F
Flely , v, 3 A (3
P I Y N S I (i 3)
a I [(3] -‘&',) 3(.§1 "'.Q.‘)
The most accurate leptonic measurements® 10 ofsmzﬂ” are from

therao R = a  jo_
Y
tainties cancel  Radiative corrections, which are small compared 10
l
the precision of present experiments, increase the extracted sin=fl

by =0 002

in which many of the syvstemauc uncer-
¢

The cross sections for v, e and 1—'(,(' may be obtained

from Eq (12) by replacing ¢f | by ¢f , + 1 where the 115 due 1o
the charged-current contribution
The SLAC polanized-clectron cxpcrlmem” measured the
parity-violating asymmetry
o -0

1 = ﬁ (14)
R™7L
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where o g ; 15 the cross section for the deep-inelastic scattering of a
night- or left-handed electron ¢ 1.V = ¢X In the quark parton
model

4 1-( -
—aptas — 15)
o ' e Q2 (

2 -
where Q<>0 15 the momentum transfer and 1 1s the fractional
energy transter from the electron to the hadrons  For the deuteron
or other 1soscalar target one has neglecting the s quark and anti-
quarks.

3, 3G,

. 1,. 3 S
a, = — () = — ——( = + =sIn” 24 )
| 5\ 2rar lu 30 Id 5\ 2o 3 3 M
3G 9(;
F - l,. /‘ 1
Uy = —=—(( - =Chy) = -(sln“ﬂ =) (16)
: 5\ 2w o2t 5\ 2ma 4

Radiative corrections lower the extracted value of snnzl!” by
~0005

Experiments measuring atomic parity violauon' = are now quite
precise. and the uncertainties associated with atomic wave func-
tions are relatively small (especially for cesium)  For heavy atoms
one determines the “weak charge™

Oy =

12

=€, Q7 =Ny 4 C (7 =20

=Z(1-4sin’8,) v (17)

Radiative corrections increase the extracted smzﬂu by ~0008
The forward-backward asymmetry fore "¢~ —¢(. ¢ =y or 7,18

defined as

Tpg — 0

F B (18)

FB
Op - 0op

where a (g g) s the cross section for ¢ 7 to travel forward (back-
ward) with respect to the ¢~ direction 15 and R. the to1al cross
section relative to pure QED are given by

R =F,

g = 3Fy/4F . (19)

Fi=1=2x0 1 cosbp + xgh €2+ 49201 2« 113

Fy= =2xpA 4 cosby +axg 44110 (20)
where
M,r,
tanép = — 7 7
5
Mz -5
o = —F My
0 2\V2ra 5 5 - 172 @n
(’"2 -5y + /nzl’z

and Vs 1s the CM energy Eq (20)1s vahd at tree level [f the
data are radiatively corrected for QED cffects (as descnibed above).
then the remaining electroweak corrections can be 1nc0rp0ralcd13
(1n an approximation adequate for exising PEP and PETRA data)
by replacing X0 by x(s) = XO(‘ Yo/ Gls ). whcrc ((s) 1s the running
QED coupling Numenically, u/u(s) ~ 1 a,f3, s evaluated
for m, <100 GeV  Formulas for ¢ *¢~ — hadrons may be found n
Ref 14

AULSLC and LEP. 1,4 fore™e —=¢'¢ atthe Z pole will be
measured to high precision  Similarly, the left-night asymmetry
a -
LR 22
7L TR

g =

where o (o) 15 the cross section for a lefi- (nght)-handed incident
clectron, will be measured very precisely at SLC and possnbl\ at

LEP At tree level and negiecting terms of order (r,/ \I,) one
has
ne - 172P)

dpp ~ ?17( . ’I’

g =2, (23)
where I’l, 1s the imitial ¢ ~ polanizauon and

IRL
n, T —C M T (24)

112 102

The high-precision measurements will require careful apphcation of
both QED and clectroweak radiative corrections' to Eq (23)

Neutral-current experimental results sm’ﬂ” and cquivalently,

M , have been determined from the H and / masses and from a
variety of neutral-current processes spanning a very wide Q range
The results,’ shown 1n Table 2, are in impressive agreement with
cach other, indicating the quanttative success of the Standard
Model The best fit 10 all data yvields smzﬂu =0230=00048
which corresponds 10 M , =92 0=07 GeV. where the errors (as
well as those given below for other neutral-current parameters)
include full stausucal. systematc, and theoretical uncertainties

Table 2 Determination of sm:()” and ¥, (in GeV) from various
reactions The central values ot all fits assume m, =45GeV and
M, = 100 GeVn the radiative corrections Where two errors are
shown the first 1s experimental and the second (i1n square brackets)
1s theoretical, computed assuming 3 fermion families

m, <100 GeV and M;; <1 TeV  In the other cases the theoreucal
and experimental uncertainties are combined When m, s allowed
10 bc totally arbitrary. the fits 10 all data yield

sin” (f” —0229+0007and M, — 918209 GeV Thc cxisting

¢ ¢ data do not vield a useful determination of sin= 29 w atPEP
and PETRA cnergies the asymmetries are nearly an absotute pred-
iction of the model. and all values of sin” ﬂ y fromOl1004dgivea
good description of the data (The ¢ "¢ asymmetnies are nearly
independent of my as well )

Reacuon sin-0 " v,

Decp inelastic (1soscalar) 0233=0003=[0005] 916-04x[038]

vp =P 021020033 950252
uﬂp—-u“p 02100033 950=52
vy e 0223:0018 +]0002] 93027

Ve e 022300180 002] 930=27
w.z 02280007 {0002 92311

Atomic parity violation 02090018+ {0014] 951:39
SLAC eD 022100150013 933+27

uC 025-008 896+97

All data 023000048 92007
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The radiative corrections are sensitive to the 1sospin breaking
associated with a large m, Consistency of the snnzﬂu values
derived from the various reactions requires m, <180 GeV at
90% CL for M, < 100 GeV with a shghtly weaker hmit for larger
M;;  Simlar himits hold for the mass sphitings between fourth-
generation quarks or leptons

The measured values of My and Y/, are given in Table 3
They are in excellent agreement with the predictions of the Stan-
dard Model when full radiative corrections (1o both the H and /
mass formulas and to deep inclastic scatiering) are included. but
disagree significantly when the corrections are excluded

Table 3 The ¥ and Z masses (in GeV)  The first uncertaintics
are mainly statistical and the second are energy calibration uncer-
tamties that are 100% correlated between My and M, for cach
group Thc last two rows are predictions of the Standard Model,
using sm'ﬂ” determened from deep inclastic scattering, with and
without radiative corrections, respectively

Group Ay v,
UA2 (Ref 15) 802+x08=13 915212217
UAI (Ref 16) 8357140=27 930:14:30
UAL + UA2 combined 809+14 919+18
Prediction with radiative 802-11 916=09
corrections
Prediction without radiative 759+10 871=07

corrections

W and 7 decays The partial decay width for gauge bosons to
decay 1nto massless fermions /5 1s

Gy u,,
W *—>("V ) = ——=—— =~ 230 Mc¢V
6\ 2
+ i (('I"”l:: B 4 25
B Y wudy = —= 0 1T 2 =717 0 1 Mev (25)
6\ 2 / Y
G U
NZ gy = —'= % [1"3‘ 1'3]
6\ 2
170 MeV(vv) 854 MeV(c "¢ ")
305 MeV(ue) 394 MeV(dd)
a (M)
For leptons € =1 while for quarks (' = 3[1 ~ — | where the

315 due 1o color and the factor 1n parentheses 1s a QCD correc-
von 7 Corrections 10 Eq (25) for massive fermions arc given in
Ref 17 Here the numerical values assume smz()u =0 230.

My =809 GeV.and Y, =919 GeV Expressing the widths in

terms of (}FM,% 7 incorporates the bulk of the clectroweak radia-

titve corrections 17

small effects

The remaining corrections introduce neghgibly

For 3-fermion families the total widths are

I, ~(258-255) GeV

Iy ~(252-212)GeV., (26)

where the range corresponds to 71, vanying from 45 GeV to very
large values. and the other fermion masses have been neglected

Dewviations from the Standard Model The H and / masses and
neutral-current data can be used to search for and set imits on
deviations from the Standard Model  For example the relation in
Eq (5) between My and V/, 1s modified if there are Higgs multi-
plets with weak isospin -1 /2 with significant vacuum expectation
values In order to calculate to higher orders in such theories one
must define a set of four fundamental renormahized parameters It
15 convement 1o take these as e Gp W, and My since My and
M, are directhy measurable  Then sin~ ﬂ” and g can be con-
sidered dependent parameters defined by

(27)

sm:ﬂ” = ~l§ \IE, (1-21)

and
p = MM jeos™ ) (28)

Provided that the new physics which vields p =1 15 a small per-
turbation which does not significantly affect the radiative correc-
uons, p can be regarded as a phenomenological parameter which
multiphes (7 1in Eqs (7)-(3)Yand (21) (Also the expression for
M, in Eq (5)sdivided by \ p. the Ay formula 1s unchanged )
The allowed regions in the o — sm fly; plane are shown in Fig |
and a global fit to all data \lC]dS

sm'H” = 022900064

p — 099800086, (29)

remarkably close to unity Qustifying the neglect of p | in the radi-

anve corrections)

15 — r__\_l \'__ s T —
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Fig 1 The allowed regions 1n sinf e at 90% CL for various
reactions
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Most of the parameters relevant to v-hadron. ve. ¢-hadron and
e "¢~ processes arc now determined uniquely and precisely from
the data 1in “model independent™ fits (1  fits which allow for an
arbitrary clectroweak gauge theory) The values for the parameters
defined 1n Eq (7)--(9) are given 1n Table 4 along with the predic-
tions of the Standard Model for smzf?,, = 0230 The agreement 1s
cxcellent The e* e results are difficult 1o present 1n a model-
independent way because Z-propagator effects are non-negligible at
PETRA and PEP energies  However, assuming ¢-u-7 umiversahty,
the lepton asymmetries imply 1€ ——=0511=0013. in good agree-
ment with the Standard Model prediction —1/2 The vector cou-
phing 1s not well determined by existing ¢ * ¢~ data values of 1 ¢
from —0 3 to 0 3 are allowed

Table 4 Values of the model-independent neutral-current parame-
lcr%, compared with the Standard Model predicuion for

sinf;; =0230 There s a second gf ( solution. given approxi-
mately by ¢f <= g¢. which s chminated by ¢ ' ¢ data under the
assumption that the neutral current 1s dominated by the exchange
of a single 7 Hl 1 =L or R 1sdefined as tan ™~ l[él(ll)x'(l((/)]

Experimental Standard Model
Quantity Value Prediction Corrclation
€ () 0339+0017 0345
EL(d) -0429+0014 -0427
eplu) -0172+0014 -0152
egld)  —0011:008) 0076
¢ 02996+ 00044 0301
gA 00298+00038 0029
6, 247:0004 246
)
fip 46504 518
g -0498=0027 -0 503 008
g5 -0044 0036 -0045
Cip  -0249-0071 0191 098 088
Crg 03810064 0 340 0 88
Coy—3Cay 0192037 0039
* This section prepared April 1988 by P Langacker For addi-

nonal discussion see P Langacker, “Standard Model of Elec-
troweak Interactions,” DESY 87-153 (1987)

*e

s

10
11
12

14
15
16
17

Constraints on I are discussed 1n the section on the
Kobayashi-Maskawa mixing matrix

« 15 dependent upon the encrgy scale of the process in which 1t
1s measured  This value 1s appropniate for low energy At
energies of order M/ the value 1/128 1s apphicable

An alternative 1s to_use the modified minimal subtraction
(4/S) quantity sm'()” (). where wois convemiently chosen to
be My for electroweak processes  The two defimtions are
related by sin=fyy (M) = Clon, My s where
C=09907 for m, - 45 GeV, My =100 GeV
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THE KOBAYASHI-MASKAWA MIXING MATRIX*

In the Standard Model with SU(2)xU(1) as the gauge group of
clectroweak interactions, both the quarks and leptons are assigned
to be left-handed doublets and right-handed singlets  The quark
mass eigenstates are not the same as the weak cigenstates. and the
matrix Lonnunng them has become known as the Kobayashi-
Maskawa' (K-M) matnx. since an explicit parametrization in the
six-quark case was first given by them in 1973 1t generalizes the
four-quark case, whcrc the matrix 1s parametrized by a single angle.
the Cabibbo dnglL

By convention, the three charge 2/3 quarks (. ¢ and 1) are
unmixed, and all the mixing 1s expressed in terms of a 3% 3 unitary

matnx I operating on the charge — 173 quarks (d. s and b)
d’ ! iud ' iu\' } 'ulv d
M } 5'1/ ! cs ! ch S (1)
b Vi Vs Y b

The values of individual K-M matrix elements can in principle all
be determined from weak decays of the relevant quarks. or. 1n
some cases. from deep inelastic neutrino scattering  Using the con-
straints discussed below together with unitanty, and assuming only
three generations. the 90% confidence himits on the magnitude of
the elements of the complete matnix are

09748 10 09761 0217 1o 0223 0003 100010
0217 100223 0973310 09754 0030 to 0062 (2)
0001 100023 0029 10 0062 09980 to 09995

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

There are several parametnzations of the K-M matrnix  In view
of the need for a “'standard™ parametrization in the literature we
advocate the form

—10;

12003 $12¢3 $13¢

164,

16
TS126237C5235 130 CpaCa3 T 083838 Sa3cyy | (3)

€303

1001

S12823 C20a35 3¢ 12523 ‘|:“:3«"|3"m
in the notation of Haran and Leurer> for a form generalizable to an
arbitrary number of “generations™ and also proposed by Fritzsch
and Plankl * The choice of rotation angles follows that of Maiani 5
and the placement of the phase follows that of Wolfenstein 6 The
three-"generation™ form was proposed carher by Chau and Keung
Here ¢, = cos()” and s, = sinfl, . with s and ; being “genera-
uon™ labels ¢, 7= 123 Inthe'hmit fy3 = # 3 = 0 the third
generation decouples. and the situation reduces 10 the usual
Cabibbo mixing oflhc first two generations with fl| 5 idenufied with
the Cabibbo angk The real angles #) 5. fi53 A3 can all be made
to he in the first quadrant by an appropnate rcdcﬁnmon of quark
field phases Then all 5, and ¢,, are posiive, and
[Pl =503 110 =513 and 18,1 = 50y as
dewviates from untty only 1n the fifth decimal place (from expen-
mental measurement of s 3). 117, 1 =55 11,1 = 5 and
1,1 = 537 10 an excellent appro\lmauon The phase 65 lies 1n
the range 0=<4,4-22m. with nonzero values generally hrcakmg cp
invanance for the weak interactions  This parametrnization can be
casily generalized to the n-generation case where there are
n(n—1)/2 angles and (n — 1)(n# —2)/2 phases 34 The range of
matnix elements in Eq (2) corresponds to 90% CL hmits on the
angles of 5|5 = 02170223 533=0030-0062 and 55 =
00030010

Kobayashi and Maskawa! originally chose a parametrization
involving the four angles #,. 5. A3 &

9

d’ ) f1¢3 BRI EK] d
st = ]sea cpeary savset® cpeasyrsace [ s ] @)
b’ 5152 L‘]Ys(‘:“(mﬁ:‘(’[é Cpsasy = age’? h

whcrc ¢, = cosfl, and s, = sinfl for; — 1.2.3 1In the imut

= 03 - 0. lhlS rcduus 10 lhc usual Cabibbo mixing with
ld:.nuﬁcd (up to a sign) with the Cabibbo angle = Shghtly dnﬂlrcnl
forms of the Kobayashi-Maskawa parametrization are found n the
hiterature  The K-M matrix used in the 1982 Review of Parncle
Propertics 15 obtained by letung s | — —+, and 4—é + 7 1 the
matrix given above An alternative® 1s 1o change Eq (4) by
sy but leave 4 unchanged With this change in s, the angle

| becomes the usual Cabibbo angle. with the “correct™ sign (1 ¢
d = dcosfl) + ssinfl)in the kit #y = iy = 0 The angles # #,
fiy can. as bcf()rc all b( taken to lie 1n the first quadrant by dd)usl-
ing quark field phases  Since all these parametnizations are referred
to as “the” Kobayashi-Maskawa form. some care about which one
1s being used 1s needed when the quadrant in which 4 lies 1s under
discussion

Other parametrizations. mentioned above are due 10 Mailam
to Chau and Kcung.7 and 10 Wolfenstein ® The latter emphasizes
the relative sizes of the matrix elements by expressing them in
powers of the Cabibbo angle  Sull other parametnizations” have
come 1nto the hiterature 1n connection with attempts to define
“maximal C'P violation * No physics can depend on which of the
above parametrizations (or any other) 1s used as long as a single
onc 1s used consistently and care 15 taken to be sure that no other
choice of phases 1s in conflict

Our present knowledge of the matnix elements comes from the
tfollowing sources

(l? Nuclear beta decay when compared to muon decay.
gives 0

1,4 = 09747 = 00011 (5

)I—b

S

This includes refinements over the past few years in which leading
log radiative corrections have been summed using the renormaliza-
ton group and structure-dependent O(«) terms analyzed and
esumated'? (thereby lo»\cnng the value of | Vi I'} and. more
lmportanll\ the order Z o~ Coulomb corrections have been
revised!! 1o bring the ft-values from low- and high-Z Fermi transi-
tons 1nto better agreement (thereby ralsmg the value of |1 wd 1)
(2) Analysis of A5 decays \lclds

(1,1 — 0219 + 00023 (6)

The 1sospin violation between A%y and & Lx decays has been taken
nto account bringing the \dlucs of I'I” s f extracted from these
two decayvs into agreement at the 1% Iucl of accuracy The
analysis of hyperon decay data has larger theoretical uncertainties
because of first-order SU(3) symmetry-breaking effects in the axial-
vector couplings, bul due account of symmetry breaking gives a
consistent value'? 0f 02200001 =0 003 We av crage these two
results 10 obtain

|lm| = 02197+ 00019 (N

{3) The magmitude of |1, | may be deduced from neutrino
and antneutrino production of charm off valence @ quarks When
the dimuon production cross sections of the CDHS group'4 are
supplemented by more recent measurements of the seomileptonic
branching fractions and the production cross sections |n nc-utrmo
reactions of various charmed hadron species. the value'?

1 41 ~021-2003 (8)

1s extracted
(4) Values of |1 | from neutrino production of charm are
dependent on assumptions about the strange-quark density in the
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parton sea  The most conservative assumption that the strange-
quark sea does not exceed the value corrcspondmg to an SU(3)
symmetric sea leads to a lower bound 4 11 s | -059 Itis more
advantageous to proceed analogously to the mclhod used for
extracting | lml from K4 decav. namely we compare the expen-
mental value for the “Idlh of 1D, 3 decay with the expression”™ that
follows from the standard weak mlcracuon amphtude

0D = Ke*v) = L2020 12asacioltsee hy (9)
Here /'+ (rp py)” s the form factor for 13 decay which 1s the
analogue of f +((p,\ L) ) for A 4 decay 1ts vanaton has been
taken 1nto account with 1hc parametrization
My rf o = MUZM“mmu—*MMIMmmm

the D a form and mass consistent with Mark-111 measurements '’
1718

C ombmmg data on branching ratios for /7, decays with accu-
rate \a]ucsl forr . and TDO gives the value
(0780 10% 10 see " for (D — ke "v,) Therefore

RO = 051-007 (10)

With sufficient conﬁdcncg; in a theoreucal calculation of |/ l_) .
a value of | b | follows -0 2! but even with the very conservative
assumption that | 1 ()] < 1t follows that

br 1 =>066 (1)

The constraint of unitarity when there are only three generations
gives a much tighter bound (see below)

(5) The ratio 117,717, | can be obtained from the semileptonic
decay of B mesons by fitting to the lepton energy spectrum as a
sum of contributions involving » — 1 and h — ¢ The relative
overatl phase space factor between the two processes 1s calculated
from the usual four-fermion interaction with one massive fermion
(¢ quark or « quark) in the final state  The value of this factor
depends on the quark masses but 1s roughly one-half The lack of
observation of the higher momentum leptons characterisuc of

h —u (7, as compared 10 b — (7( has resulted thus far only In
upper himits uhnch dePcnd on the lepton energy spectrum assumed
for cach decay - 22 [sing the lepton momentum region near
the end-point for b ~¢ (u, and taking the calcutation= 3 otﬂlhc lep-
ton spectrum that gives the least restrictive limit results in~

[0/l pl <020 (12)

~\ Iowcr bound on 11 Ml can be established from the obserya-
ton?® of exclusive barvonic B decays into ppw and pp rw which
involve b — u + du at the quark level A chain of assumptions on
the relative phase space. the fraction of the quark-level process
which hadronizes into baryonic channels and the fraction of those
that occur m the observed modes 1s required  No other channels
that reflect b — 1 at the quark level have been observed = 26 Given
the branching fractions of the two observed modes a reasonable
lower hmit 1523

b /1) >007 (13)
{6) The magmtude of I, 1tself can be determined 1f the meas-

ured semileptonic bottom hadron partial width 1s assumed to be
that of a » quark decaying through the usual I -4 interaction
BF(b = cfv,)  Gimy

19273

F(/)—»(‘(F{) = F(m, ,’mb)l lthl2 (14)

Th
where 7, 15 the b Iifeume and FOn /i) s the phase space factor
chosen as 045 Using an average scmllcplomc branching fraction
BF measured 1n the continuum of2T 12 1+08% (which from

Eq (12)1s BF(h - ¢ (u,) to within 10%). a world-average bottom
hadron hfeume28 of (1'18+0 14)x10 2 sec. and my, between 4 8
and 52 GeV., we get

[1,,1 -~ 00460010 (15

Most of the error quoted 1in Eq (15)1s not from the experimental
uncertainty in the value of the A Lifeume but in the theoretical
uncertainties 1n choosing a value of m, and (n the use of the quark
model to represent inclusively semileptonic decays which at Jeast
for the B meson are dominated by a few exclusive channels We
have made the error bars larger than they are sometimes stated 10
refleet these uncertainties  They include the central values obtained
for 11 h | by using a model tor the exclusive final states in sem-
\l\pmmx B decay and extracung 1, 1 from the absolute width for
one or more of them =1 329

The results for three generations of quarks, from Eqs (3). (7).
(8). (11).¢12) (13). and (15} plus unitanty arc summarized in the
matnx in Eq (2) The ranges given there are different from those
givenan Eqs (3) (13) (because of the inclusion of unitanty) but
are consistent with the one-standard-desiation errors on the input
matrix clements

The data do not preclude there betng more than three genera-
tions  Moreover, the entries deduced from unnanty might be
altered when the K-M matnx s expanded to accommodate more
generabions  Conversely, the known entries restrict the possible
values of addinonal elements if the matnix 1s expanded to account
for additional generattons  For example unitanty and the known
clements of the first row require that any addinonal element in the
first row have a magmitude 17, 152007 When there are more
than three generations, the allowed ranges (at 90% C Ly of the
matrix elements connecting the first three generations are

09729 10 09760 0217 to 0223 0003 10 0010
0162 10 0230 065 10 098 0030 to 0062
0 0Lls 0 w7l 0 o 09995 (16)

where we have used unutarity (for the expanded matrin) and
Eqgs (3). (7). (8). (11).(12) (13), and (13)

Further information on_the angles requeres theoretical assump-
vons  For example. B, - B, mixing. 1 1t onginates from short-
distance contributions to MV, dominated by bo\ diagrams invols-
ing virtual 1 quarks. gives information on 1, 1 / once hadronic
matrix clements and the ¢ quark mass are known A simular
comment holds for !, 1, -and B, —Ii mixing

C'P-violating processes will m»olw Ihc phasc in the K-M
matrix. assuming that the obscrved CP violation 1s solehy related 10
a nonzero value of this phase  This allows additional constraints to
be brought to bear  More specifically. a necessary and sufficient
condition for ¢ £ violation with three generations can be formu-
lated in a parametrization-independent manner in terms of the
determinant of the commutator of the mass matnces for the charge

2¢ /3 and charge —¢ 3 quarks Mopa 1olating rates or differences
of rates all are proportional 102 single quanuty which 1s the pro-
duct of factors s |55 3523¢ |2¢ H‘ 2355, !0 the exphait paramcmm-

tion of Refs 3 and 4. and 1s \]\7\ 3¢ I‘ 2 335 10 that of Ref

While hadronic matrix elements whose values are 1mprum|}
known now enter. the constraints from (P violation in the neutral
kaon system are ught enough that there may be no solution at all
for certain quark masses. values of the phase, etc -

Prepared Apnil 1988 by FJ Giman, K Klemknecht, and
B Renk
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QUARK MODEL*

A QUANTUM NUMBERS

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

Quark type (flavor)

Quantum number d " s ( b !
o — clectric ch IR
¢ T cecnecharee LSS TR TR TS TS
1 1
I, 1s0spin z-component | - o | + 3 0 0 0 0
S strangeness 0 0 -1 0 0 0
C — charm 0 0 [Vl I 0 0
B --- bottomness 0 0 0 01 -1 0
T — topness 0 0 0 0 0| ~1

With these conventions any flavor carried by a charged meson has
the same sign as the charge ¢ g. the strangeness S of the K™ 1s +1
and the bottomness B of the B™ 15 - !

B. MESONS

Nearly all known mesons can be understood as bound states of
a quark ¢ and an antiquark g° (the flavors of ¢ and ¢ may be dif-
ferent) If the orbnal angular momentum of the gq~ state 1s L then
the parity P = (- l) A state ¢¢ of a quark and 1ts own anu-
quark |s also an eigenstate of charge conjugation with ¢

l) 8] »\hcrc the spin S =0or 1 The L = 0 states are the
pseudoscalars JP =07, and the vectors. /