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NOTE

All the information in this booklet is extracted
from the “Review of Particle Properties,” Rev.
Mod. Phys. 56, No. 2, Part II (April 1984). The
reader should refer to that publication for explana-
tions and discussions of the items appearing here,
and for more extensive information. In particular,
the Review contains complete “Data Card List-
ings,” showing all the data (with references) used in
the computation of the values given in the Tables
of Particle Properties; also presented in the Listings
are data from searches for particles not appearing
in the Tables, such as unestablished heavy leptons
and weak gauge bosons, quarks, and other unseen
or unconfirmed particles. In addition, there are an
introductory text and numerous “mini-reviews”
which contain, e.g., explanations of nomenclature,
comments on the handling of inconsistent data, dis-
cussions of individual particles, summaries of
partial-wave-analysis results, etc.

Instructions for ordering a copy of the “Review
of Particle Properties™ are given on the inside back
cover of this booklet.



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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PHYSICAL CONSTANTS*"

Quantity . Symbol, equation Value Uncerv (ppm)
speed of light ¢ x 2,997 924 58(1.2)x 1010 cm ™! (see note™) 0.004
Planck constant ; ) o 6.626 176(36)x10~ T erg s 54
Planck constant, reduced h=h2r 4, *1.054 588 7(5)%x10" erg s 54

. K : - 6.582 l73(l7)x10 2 Mev 3 26 -
electron charge magnitude e 4.803 242(14)x10™ 29
) s ‘= 1.602 189 2(46)x10' "9 coulomb 29,
copversion constant he oo - “ 197.328°58(51) MeV fm 36
conversion constant b el (e t T 0,389 385 7(20) GeV? mbam 5.2-
clectron mass . m, . . 0.511 003 4(14) MeV/c? = 9.109 534(4T)x 10" 28 ¢ 28,51
protonmass  *x cmy o« G 938279 6(27) MeV/ct - 1.672 648 5(86)x 10-15 28,5.1
. Y UL iR = 1,007 276 470(11) amu = 1836.151 52(70)m, « 0011, 0.38
deuteron mass | Tmgl oo v 1875.628 O(53) MeV/c? N 28"
atomic mass unit (amu) (mass C'2 atom)/12 = (1 g)/N, 931:501 6(26) MeV/c? = 1.660 565 5(86)x 107%g ~ 28,51
fine structure constant Ta 32 e £ 1/137.036 04(11) § 4 0.82
classical-électron radius® « /mgc?, - 2.817 938 O(70) fm. ~25
electron Compton wavelength - A‘ h/mec = o =1 3.861 590 5(64)x10™ ! cm 1.6
Bohnnd.lus(mnm-oc) C Y ag = hlm? = ra” . 0529 17105(44)><10_3cm 0.82.
Rydberg energy : v th,u m,e‘/zn - meczoi/z “13.605 804(36) eV - 26
Thomn cross Section - ‘ vT =8rcd/y | 0.665 244 8(33) barn .* 49
Bohr magneton ug = eh/2me p 5.788 378 5(95)x 10”13 MeV gauss ™! 16
nuclear magneton . ay = eh/2myc 3.152 451 5(53)x10718 MeV pauss ! L7
electron cyclotron frequency/field /B =e/mg 1.758 804 7(49)x 107 rad s ! gaugs ™1 28
proton cyclotron frequency/field ?d/a = e/myc 9.578 756(28)x 103 rad s~ gauss -t 2.8




gravitational constant Gy 6.672 0(41)x10"8 em3 g1 572 615
 grav. acceleration, sea level, 45* lat. g e - . = 980.62cms ™2 . e = e
Fermi coupling constant Gg/(heP ¢ 0. 1166 372)x1073 GeV 2 17
Avogadro aumber Lo Ng - 6.022 msanxlo” ol - - AR ¥ e
Boltzmann constant k 1380 662(44)x10™ ! crg X! 32
= 8.617 3s(zs)><10 eV X! 2
molar volume, ideal gas at STP NAk(273 15 K} csl atmosphere) 22 413.83(70) cm? mol ™ 3
Stefan-Boltzmann constant - 724/ 5.670 32(71)x10 S erg s~ ! em~2 K¢ 125
x = 3.141 592 653 589 793 238 ©=2718281828459045235 vy = 0.577 215 664 901-532 861

lin = 2.54cm 1 aewton = 10° dyne ., lcoulomb = 1.991 924 58x10° esu ) tropical year ~ 3.155 69 x107 s
1A= 10"%cm 1 joule = 107 erg Vtesla = | Ihsh(yw-9460528xll)"

1fm = 1073 ¢ TeV = 1.602 189 2%10 " erg 1 am: = £.013 zs ><m6 dyne/cm? | pirsec = 3.261 633 b;htxw
tham = 107 ¥ em?  1ev/ie? - 1.782676x10" D g - 0'C = 213.5K 1 astro. unit = 1.495 979 x10!

* Revised 1984 by Barry N. Taylor, based mainly on the 1973 Léast-Squares Adjustment of the Fundam:nul Constants,” by E.R. Cohen and B.N.
Taylor, J. Phys. Chem. Ref. Data 2, 663 (1973). The figures in parentheses give the I inties in the last digits of the main
numbers; the uncertainties in parts per million (ppm) are given in the last column. The uncertainties of the output values of a least-squares adjust-
ment are in general correlated, and the laws of error propagation must be used in calculating additional quantities.

The set of constants resulting from the 1973 adjustment of Cohen and Taylor has been recommended for international use by CODATA (Com-

mittee on Data for Science and Technology), and is the most up-to-date, generally accepted set currently available. Since the publication of the 1973
adjustment, new experiments have yiclded better values for some of the constants: N, = 6.022 097 8(6:!)x107'J mol ™! (1.04 ppm); —1 2137035
963(15) (0.11 ppm); and mplm, 1836.152 470(79) (0.043 ppm). However, sinoe a change in the measured value of one constant usually leads to
changes in the adjusted values of others, one must be cautious in using together the values from the 1973 adjustment and the results of more recent
expenments,

A new adji of the fund. 1 is planned for completion in 1984.

** In October 1983, the Confirence Géntrale des Poids et Mesures adopted a pew definition of the meter. The meter is the length of the path trav-
cled by light in vacuum during a time interval of 1/299 792 458 s. Thus \he speed of light is deﬁned 7S be 299 792 458 m/s. For a discussion of this
change, see B.W. Petley, Nature 303, 373 (1983). . s. -




TABLES OF PARTICLE PROPERTIES

April 1984.
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(Closing date for data: Jan. 1, 1984)

Reprinted from Reviews of Modern Physics, Vol. §6, No. 2, Part I (April 1984) '

.. Stable Partlcle Table

For additi P see Addendum to this table.

Quantities in italics are new or have changed by more than one (old) standard deviation since April 1982.

Particle  1CQUP)C? Mine? ’ Mean life ¥ Partial decay mode -
(MeV) (sec) por
or Mode . Fraction ? P
max
(cm) ) (MeV/c)
GAUGE BOSONS

Y T 0I(17)- (<3x10733) J— stable



w 80800 [<7Gev _— ( seen ) 40400
2700
z 92900 I'<8.5GeV ete” ( seen ) 46450
+ 1600 ptuT o seen ) 46450
- weak gauge boson searches )
LEPTONS -
Ve J=1  (<0000046)7  stable stable
[ 3xl(}8mv (MeV))
(3
e Jui 0.5110034 siable stable
. 10.0000014 (>2x10%%y)
I I=3 0( <0.50) stable stable
(>1.1x10°m_ (MeV)) -
ll“ -
o : p-em (or p* —echg conj)
» J=i 105.65932 2.19709x1078  ~w (100 i3 53
£0,00029 £0.00005 te Ty q 14 2 04 )% 53
cr=6.5867x10% ey, (<5 y6] 53
e“wete” q 22 % L5 Ix1073 53
ey (<17 yx10710 3
eete” (<19 10”2 53
eyy . (<84 1079 53




Stable Particle Table (cont’d)

Pardcle  19QP)CT Mass? Mean life Partial decay mode
(MeV) . (sec) B por
, o Mode Fractlon Poas
- (cm) (MeV/c)
[ I=1 <164 o o
3." 7= (or7* -schg. conj)
T J-% 17842 ' (3.4+0.5)x10™13 uw (185 £ 1.1 )% 889
: +3.2 cr=0.010 ew (165 09 % 892
' hadron™ neutrals  ( 48.J x 20 )% S=11°
3(hadron*) neutrals ( 17.0 £ 13 )% S=12*
. . S(hadron*) neutrals (<14 )%
. t|3(hadron* (5 =4 ™
e e e - 3(hadron*p(>1y) (12 =z 4 - %] -
troy (103 = 12 % 887
- - - A e TP = e (221 224 % == - ~- 726
’ K™y ( 13£05 ™ 824
K~ neutrals ( small 1%]
Ko (892w (17207 % 669
K*™(1430) (<09 % 323
= o% ( 54 £ L7 ) 718
e~ chgd.parts.

. +u” chgdparts. (<4 %



By (<5.5 <1074 889

ey (<6.4 w10~ . 892

Wty (<49 x10™4 876

e~utu” (<33 yx10~4 836

pTete” (<44 x1074 889

e"ete” (<4.0 ) x1074 - 892

ux® (<82 )x10~4 884

e x® (<21 . x1073 837

KO (<10 . x1073 819

- e K° (<13 . Ix1073 823
- u o (<4.4 yx1074 (/7

A . e p° (<37 1074 726

- for trinos and lepton mixing
- v bounds from astrophysics and cosmology
— heavy lepton searches

NONSTRANGE MESONS ¢

. 7+_1 (or #~ —»chg. conj.)
©26030x1078  uty 100% :

=* 1707)  139.5673 : 30
e .. £00007 +0.0023 ety - . 1.23220.024)x107% $=20* 70 _
cr=780.4 ity € 124 025 )x1074 730

m_,—m , =33.5080 ety q 56 x 07 )x1078) 10
+0.0008 etyn® ( 1.033:0.034)x1078 5

. ctucte (<5 Ix1072 70

v u*, (<15 <1073 30

+ (<8 %1073 30

ot




Stable Particle Table (cont’d)

Partice  16QPYC? Mass® Mean life ¥ Partial decay mode
(MeV) (sec) . por
L cr Mode Fraction ? . pm‘
(cm) (MeV/9)
2 1m0+ 1349630 0.83x10~16 vy ( 98.802, 0,030)% 67
’ +0.0038 +0.06 S=18 yete” ( 1198 1% 67
or=25x10"5 vy <3.8 yx10~7 67
T m,-mg-46043 T T " eteTete” T (324~ w107 67
£0.0037 - rey (<4 )x10~% 67
e - - cte” (18 % 07 Hx10~7 - 67~
w (<24 x10~3 67
ute” +puet (<7 x10~8 26
n 0t(07)+ 5483 T~=(0.88+£0.12)keV vr (390 £ 0.8 )% 274
0.6 Neutral decays 3x° (318 £ 08 )% S=L1* 180
S=14° (709£0.7% 2%y (0.10 + 0.02 )% 258
0 (237205 % 175
txTy ( 491 0.13 )% : 236
eteTy (- 050+ 0.12 )% 274
wtuy ( 31 2 04 )x1074 253
ete” (<3 x10~4 274
atum ( 65 21 )x10~¢ 253
Charged decays  xz"ete” ( 0.13x 0.13 )%- 236
29.120.7%  xtx" (<021 » . C236
f*n':zy (<6 x10~4 175



+

(continued next page)

**x (<0.15 % 236
S xete” (<5 Ix10~3 258
. wptu (<5 )x10™6 21
*utuy (<3 )x107% 211
STRANGE MESONS ¢ ¢
K+_l {or K~ -»chg. conj.)
K* 10 493667 1.2371x10°8  u%y ( 6351 0.16 )% 236
+0.015 £0.0026 S=1.9* x*#° (21172 015 Y% 205
cr=370.9 wtetn” ( 559% 003 % S=1.1* 128
w00 ( 173 005 Y% S=14° 133
=ty ( 3.08% 0.10 )% S=19° 215
My ¢ ~Mygg=—4.01 Oty ( 4.82% 005 Y S=1.1° 228
+013 vy § 58 x 35 )x1073 236
S=11 xtx0y &€ 275+ 0.16 )x10™¢ 205
. xtetxTy 4 1.0 = 04 )Hx107¢ 125
Outyy o <6 yx10™3 215
wO%etuy & 37 = L4 Ix10~4) 228
xlety ( L8¥3 x0T 207
~*xTetp ( 390% 0.15 )x1073 203
tate v C(<t2 . )x1078 203 -
~xuty ( 14 x09 )xi0~3 151
txte v (<30 x10~¢ 151
ety ( 1.54x 007 )x10~3 247
etpy (SD+)" ( 152+ 023 )x1073 247
etyy (SD-)F (<L6 x1074 247
’ T s



Stable Particle Table (cont’d)

Partide  1SQP)C?  Mass? Mean life *

Partial decay mode i
(MeV) (sec) R por

or Mode Fraction Poae

tem) ‘ MeV/e)

) K*—j (or K™ —»chg. conj.) . B

K* (continued) rrete” ( 2705 )x1077 227

z etet (<1 ©)x1078 227

rtutu” (<24 %1076 177

wtyy o <8 *1076 227

 yyy <10 x10~4 27

o (<14 10”7 227

€ r¥etut (<7 x10~2 214

e ut (<5 x10~9 214

etuw (<6 x1073 247

wtow (<6 )x10~6 236

utrete” (n =3 )xw0”? 236

‘. wvetet (<20 x10~8 336

o etvete (2 2 x10~7 247

. e 4 ewe. .= — “+” - (<4 ~ )x10_3 < 236

. W L (<33 x1073 . 36

ey, (<3 )x10~3 228

K) o) e :
K +0.13 SO%KSHMSO%KLQM

S=1L1*

oL



300 0892310710 £ty (68.61, ggq )% 206

+0.0022 0 (3139 w STLIY g

cr=2.675 tixta Ty 4 1852 010 )x1073] 206

wtu” (<32 10”7 225

ete” (<34 )x10~4 249

4 (<4 . x10~4 249

=t x"a® (<8.5 %1073 133

%% (<31 3x1075 139

307 5.183x1078 x0n° (215 £ 1.0 )% S=17* 139
+0.040 a7 a0 (12.39+ 020 Y% S=1.3* 133

cr=1554 =u¥y (270 £ 04 Y% S=14* 216

- ey (387 £ 05 M S=L5* 229

my “mg_ = 0.5349x10'0 A sec™! atg” (. 0.203£0005)% S=1.1* 206
L +0.0022 «'x° iz 0.094£0.018)% S=15* 209
- -12 t[mery 13+ 08 )% 229
oz X107 MeY [1r+1'_7 C 4 441 032 )x1073) 206

o : Oy (<24 <104 231

’ w o, (,49 04 x1074 249

- . . - } ew. o H<6_. _, x107¢ o238,
et (91 £ 19 )x107? 225

. . . N A ( 28 %28 1077 L. 225

ptu” (<12 Ix10~6 . m

ete” (<20 x10~7 v 249

etey (L7209 10”3 . 249

g e ) z%ete (<23, x1076 231
R rtrTete” (<9 1076 206
PrEe®y ( 62 =20 1073 207

' S ipatom) vt > (* L0S: 0.1 )x10”7

it



T Stable Particle Table - (cont’d)

(43

Particle  1GUP)C2  Mass® Mean life ¥ Partial decay mode -
(MeV) (sec) por

or Mode Fraction P

(cm) (MeV/c)

CHARMED NONSTRANGE MESONS ¢

D*’j {or D™ —chg. conj.)
D* 100 18694 (9.2*19x1071 ¢ anything (1923 %

+0.6° cr=0.028 K~ anything (16 4

Klany +Klany (48 = 15 )%

K* anything ( 60 £33 )%

mps—mpe= 4.7 7 anything k(<13 »
0.3 wty (<2 ). T 932
. s N LSEAE (46 £ L1 )% S=13° 845
K-xtxta® ( 267% )’é % 816
- K-atrtate™ (<4 % 772"
R 0 (1805 )% 862
Korta® (13 £8 )% 845
Kortxtx ( 84 35 )% 814
K ( 045% 0.30 )% 792
K*K-x* (<06 % 744
Ktata™ (<023 » - 845
**x° (<0.5 % 925
LAE At (<04 »w 908



CR

H[{Keoxt (<37 ™) 714

Do—l (or p° —»chg. conj.)

107 186e7 (4.4 T3Hx10713  ¢* anything (s3:3 ™
+0.6 cr=0.013 K™ anythi (44 =10 % S=13*
Koany+ K%any (33 =+ 10 )%
m_-m | <65x10710 Mev¢ K* anything L8 23
D} D n anything =~ (<13 1%
: K=t : ( 24 £ 04 W 861
r - ' K-r*x® (9328 ) ) 844
by - ¢ - T KoatatxT (46 £ 14 Y% S=12*" 812
avermge | <058 Kox* nx° (seen - ) 815
Kox°® (2211 % 860
_ Kortx™ (42 %08 842
POk D) 16 tx” ( 79°% 38 )x10™¢ 922
T(D'>Kx). g e LAt al of (<1.0 % 880
K¥K™ (27 + 08 )x1073] 791
IIUEIE RSP ST I () St ( 34 £ 14- % m
PE°>D ey anything) _ o0t Reox® (42 m m
* T %»u® anything) =  ~ - S ) (72t 9w 679
K% (ortd 677
' K#o0 (07:gf 423
N Kx*p0 391 ™ 613
K *x (<23 o 685
. KA} (<08 ] 198

€L



" Stable Particle Table (cont’d)

Partice ICQGPYC? Mass? Mean life ¥ . Partial decay mode
MeV) (sec) . » por
cr Mode Fraction Prax
. e (cm) . (MeV/c).
"o ST CHARMED STRANGE MESON ¢
ﬁ (or F~ —schg. conj.) - ,
F*  oo)ms to7im (9tix107  grt ( seen ) 713
Tox6 f cr=0.006 mt ( possibly seen ) 903
Pracar o ( possibly seen ) 857
PZarar s ( possibly seen ) 679
o - ( possibly seen ), 411
' BOTTOM MESONS 4 ] ’
B+ﬂ (or B~ —schg. conj.} *

BT loo)n sm08 Blat (42242 )% 2303
Ty +30 D ntet ( 48 £ 30 % 2243
! B | (or B® =chg. conj)

Lo
Qg 300" 52742 Dixts (B x99 2208
B +28 D (2619 % 253

vi



=0
B*, BB . (14£4)x10™13 ¢y hadrons (130 £ 13 %
? cr=0.042 u*v hadrons (124 £ 35 %~
(pot separated) .. D° anything (80 228 Y% .
K anything ( seen )
h Vo p anything { 316 )%
e A anything (>22 )%
e*e” anything (<08 Y%
_ u'u” anything (<07 ). .
’ NONSTRANGE BARYONS ¢ )
P idh 932196 stable (>10°2)7  stable
£0.0027 T -
' N |gpl —lacl < 10 z'|qe| r
n Ld*) 93951 898+ 16 pe’7, 100% 12
2*2 . o P
-'10.0027 er=2.7x1013 pw (chgnoncons.) (<9 )><l0,_‘24 . 13
—my=— 1293323 yin < 10~2)q|" i
4"?’ * £0.000016 al l_q“l !q‘l .
STRANGENESS —1 BARYONS ¢
A - odhH  1seo 2602x10710  pr (642 o0 100
- iafte £0.05 £0020 S=16* nx’ ' (35893 - 104
' S=1.2¢ cr=1.89 pey ( 837x 0.14 )x10~* 163
. o PV . { 1.57% 035 )x10~* 13t
m, —mg0=—76.86 T et s T ey, Tl M8 2 14 )x1074) 100
£0.08

-13



Stable Particle Table (cont’d)

9l

Partice  1°UPYCY Mass® Mean life ¥ Partial decay mode
" (MeV) (sec) g - por
- e . S, - . Mode - . . . Fraction® - pmc~.
. . Clmy. o . . (MeV/c)
st 1D 18936 0.800x10- 10 pad (5164 0 I 189
+0.06 +0.004 net (48.36% 030 ) 185
S=1.8* cr=2.40 Py . 120% 013 )x1073  S=1.2% 225
. 7 tinrty q 45 £ 0.5 )x1074] 185
Ae:v ( 20 =05 )xlO': - 7n
My — My _=—7.97 + g+ ety (<3.0 )x107 202
U o7 L@l _ gy pety (<5 Ix1076 224
S=13* ME" ") pete” - (<7 )x1076 25
$0 167 1s2ds 58x1070  © " Ay . 100% 74
T £0.08 +13 Aete™ K545 x10™3 74
cr=1.7%10"% Ayy | (<3 % 74
> 13hH 19734 1.482x10710  px- 100% 193
1005 0011 S=13*  ne”w ( 1.022£0.034)x10™3 230
cr=4.44 oy ( 45 + 04 )x107* 210
Ae"y ( 5.74x 027 )x1073 7
mz0—mg—=-4.88 Hor"y q 46 = 06 )Hx1074) 193

+0.06



STRANGENESS —2 BARYONS ¢

E:o

o ——

1,145

11+)5 13149
2 06
-

o

Lelys
Ldtys 32132
2 +0.13

2.90x10710

+0.10
cr=8.69
ST
T
Te

- -

1.641x10~10

+0.016
cr=4.92

PN

135

A, 100% ’
Ay, (05 05 )% 184
=0, (<7 % 17
pr (<36 %1073 299
peTy | (<13 7 ™ )x1073 323
ey T T TT(RITTTT Tkt e
LIty T (<09 yx1073 112
heyT (<11” THxio=¥ T Tes”
Zuty (<09 )x1073 49
pu’v (<1.3 =103 309
. e t+ -
Ax~ * 100% 139
Ae7v ( 55+ 06 )x107% s=20* 190
e~y ( 87 % 17 )x1073 123
ATy (35 = 35 )x10™% 163
0ty T (<8 T Tyx1074 10
T (<19 )x1073 303
ey 7" T (<32 1073 - oare
ax v (<it5 % 313
Ty (<12 x1073 118
prm (<4 xi10~4 223
prTe Ty V(<4 )x10~4 304
pr Ty (<4 yx10~4 250
Py . (<23 yx10™3 6

Ll



‘Stable Particle Table (cont’d)

Partice  IGGPYC? Mam? Mean life ® Partial decay mode
(MeV) (sec) por
or Mode Fraction P
MAX
(em) (MeV/c)
STRANGENESS -3 BARYON ¢ )
Q- 34 1671245 0.819x10~10  AK- (686 L3 )% 211
+0.32 +£0.027 Dx (234 £ 1.3 )% 294
cr=2.46 Z°x° ( 80 £ 08 % 290
ey {~1 )% 319
Z%(1530)x (~2 x10™3
Ax (<13 )x10~3 449
27y (<3.i x10~3 314
NONSTRANGE CHARMED BARYON ¢
AT odh? 2m20 23t59x10™13 et (22210 % 820
¢ £3.1 cr=0.007 pK° CLL20T )% 870
S=1.8* ’ pKOx+x™ ( <4, seen % 751
. A anythi (33 £29 % -
.. tax* ( 0605 861
\ Axtxte” ( <3.,scen % 804
x ( seen ) 822

8l



048 030 X%
045+ 027 %
seen )}
45 £ 1.7 )%
18+ 09 %
L1 £ 08 %]

681
706
575

- A*
~A?
- top badron searches
- free quark scarches

-» magnetic monopole scarches
searches

- axion

~ other stable particle searches
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anpenoum o Stable Particle Table

oz

Magnetic Moment

ef 1001159652209 —E2
+.000 000 000 031 2m,c
4 Decay parameters ¥
. p=0.752£0003 1= —006 2015 S=i.1*
M7 1001165924 = EP > 09959 8~ 0755:0009  h= 101006
£.000 000 009 4 _
o 0122010 8 =0.029+0.037 7~ 0.006+0.080
7 Michel parameter |8a/8y |=0.91203 Bay = 180729

p=07220.15 18s/8v| <029 |gr/ay| <014  |gp/ay| <025

1., © Mo’de:" * Left-right asymmetry Sextant asymmetry  Quadrant liymin‘;l'ry o T

EX A teth0 e (012EAT% (0.19+0.16)% (=0.17£0.17)% .

wtx7y. . (0.882.400% £=0.0471:0.062 S=1.5*

" Slope parameters for K — 3x"”
K
Ktwrtxtxr™ g=—0215+.004
K™ —wx"n"x" gu—0.217+.007
: KEan%%%% g= 0.607+.030
o —am KQertr ™20 g= 0.670+.014
See Data Card Listings
for quadratic coefficients.

0

Form factors for K, decays *
Ay = 0.029+0.004

Se=1.4¢ .

So2se K;,{ {fs/f.] = 0.125+0.044 K&{ Hg/fe ) <0.04

o1y |fp/fy| =0.2250.14 |fp/fe | <023

S=16* « [ Ay =0.032£0.008 S=2.3%~ Ay = 0.034£0.005 S=2.3%.

K51 A= 00040007 5-2.3¢ Kg,{

u}{ A
|fp/fy ] = 0.02:£0.12

Ifp/fe] =012 £ 012

Ay = 0.0300+0.0016 S»1.2*

Ag = 0.025+0.006 S=2.3*

AS = —AQin K decay
Rex = 0.009t.020 S=1.4*
Imx = ~0.004+.026 S=11*

CP-violation parameters 7/ : .

14— | =(22742.022)x1073 | ngo|=(2.33.08)x10"3 S=1.1%
G4 =(d46£ 127 ¢ Ppg=(5425)° ' Re en(1.621+0.088)x10~3
| 7492 <012 Inool 301 T 7 32(0.330£.012)%




M-u,ued::

’ Deciy parameters ©

S=1.2%

moment Measured Derived . Coupling Constant Ratios
(eh/2mc) . a P(degree) ¥ A(degree)
" N 1 o
| opt v 27928456 " ° . . Lo
! +.0000011 .
n! —1.91304184 | pe v . 8A/8y=—1.254£0.006
" £.00000088 . ‘ ) $Av=(180.11£0.17y
Al 0613 pr~  0.64220013 (-6.523.5).0.76 (7.7xd.1)
AL 2,004 nx®  0.646£0.044
PN | pev 8a/8y=—0.694+0.025 §=1.3*
+ 7 2379 pr® -0979:0016 (361347 017 (187x6)
+.020 nrt +0068:0.013 (167£20 097 (-731(3% .
py -0.72:0.29 S=1.1*
®- Lo nx” -0.068:0008 (10£15¢ 098 (24911 . .
+.05 ne”y .t |847/8y ] =0:372£0.050 S=1.9*
S=1.5* Ae"v By/BA=0.01 2010 S=1.5% gy\/Bs=2.4%1.7
w0 - —1250 Ar® -0.413£0022 (21£12¢ 085 (8 1D .
=t x 014 5=20* : )
e —L8S. Ar” -0.43410015 (216) 090 (184x12)
Rad $.75, S=14* S=1.1* - : .
. Ae™y . . Ba/8y=—0.25x00s ., . .
Q AK™ ~0.10£0.38

¥4
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Stable Particle Table (cont'd)

Indicates an entry in the Stable Particle Data Card Listings not entered in the Stable Particle Table.
S = Scale factor = V?/(N-l), where N = gumber of experiments. S should be ==l IfS > l we have enlarued the ervor of the mean, Ji. I.C-.

§X —» S6%. This convention is still inadequate, since if § >> 1 the the rea)
probably even greater than Sdx. See the Introduction, and ideograms in Stable Pamcle Dma Card Listings.
Square brackets indicate sub ions of some previ decay mode(s). Reactions in one set of brackets may overlap with reactions

in another set of brackets. Aradixtivemodemchusf-»upyisasnbm;cﬁonofiupamlmode:-;w.

The strangeness S, charm C, and bottomness (beauty) B of the hadrons which appear in the Table are as follows:
Mesons S C B Mesons s (o} B Baryons S [og B
r,z 0 0o o F* +1 o+l 0 P o .0 o0
K*K° +1 [ F- -1 -1 0 AZ -1 (]
K~K? -1 0o 0 B*, B° 0 0+l z . -2 0 0
D*.D? 0+ 0 B, B° 0 0 -1 Q- -3 0o 0
b~ D° o -1 0 ) Ay 0 1 0

Quoted upper timits correspond 10 a 90% confidence level. Masses, mean lives, and partial rates evaluated assuming equality for particles and
antiparticles. See Conservation Laws Section for further details.

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

99% confidence level. See footnote in Stable Particle Data Card Listings.

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

Theoretical value; see also Stable Particte Data Card Listi

The direct emission branching fraction is (1.56.35)x107°,

Suucmdcpcndent part with positive (SD+) and negative (SD-) photon helicity.

The Ks - wx and K"-» xx branching fractions are from our branching fraction and rate fits and do not include results of K'- l(s interference
experiments. The = rate results are combined with the interference results (o obtain the 94|

and |mgg| values given in lhe addendum,

. The stronger limit <2x10™9 of Clark ct al., Phys. Rev. Lett. 26, 1667 (1971) is nat listed because of possible (bu( unknown) systematic errors.

See Stadle Particle Data Card Listings.
‘This is a weighted average of D* (44%) and D (56%) branching fractiona.

(44



¢. DY - D} limits inferred from limit on D =+ D® + 4~ anything.

mFmasdemunedﬁomeode SeenouonconﬂmnsmenmuJumSmblePamchamCudmm Quanmmnumbusshuwnm

b

= ErAax

favored but not yet established.

Quantum nllmbels not measured. Values shown are quark model predictions.

Except for the neutral-current d ¥ modes (¢*¢~ anythi only data from T(10575) decays are used. Behrends et al. {[Phys. Rev. Lett. 50, 881
(1983)] csunm.e the T(10575) -» BB~ and 1(1057%) — branching fractions to be 602 and 40:2%,

Partial mean life for p — ¢*x° mode. For antiprotons the best mean life Iunu, inferred from observation ofcomnc rayps, is 5 > 107 yrs, the
cosmic ray storage ume

. Limit from li A Iq..!-lqpl 19,1 . .

Pfor 2, JP for 9~ andﬂ’ and.lforA"nolyelmenS\ued. alnushmmqnarkmod:lptedtmons." .

. For limits on electric dipole moment, see Conservation Laws Section. Forbidden by P and T invariance.

|8a/By| defined by g2 = |CA12+|CA12 8% = |Cy|2+]Cy|?, and Z[ETp] [VI(Ci+Clys]; ¢ defined by
m¢-—Re(CACv+CACV)/gAgv For more details, see Data Card Listings.
Value assumes p = &, P is muon longitudinal polarization from » decay. In standard V-A theory, P =landp =b=3/
33-%
m2

e

The definition of the slope parameter of the Dalitz plat is as follows [see also note in Data Card Listings): |M|z =1+g

For definitions of form factors f¢, fs,nndfpudhneandependenm X, and Ag of £4(t) and foft), see note in K+ section of Data Card Listings.
The definition for the CP vi is as follows [sec also note in Data Card Listings]:

O_pxty™ AK? ~ 2°
poe = Inyo et 'M—K%%:“) 0= [0l e¥0 = %j?

g

po DO TOEe) ac,ﬂu-,o)ﬂ’vwl o - TGO vk
TR Tz * ™0 e d TR

The definition of these quantities is as follows {for more details and sign convention, see note in Data Card Listings|:
an ASLPISR g /i"Pring gy, 6y, B defined by (Bl v,(6y-8479+ Buna/mp )}, |B)

Is(2+ (012
- i /—? id,
-._Izsllizl—*l',llﬁ;—“‘ 7= Vi-a'easp  duy defined by ga/gy = {8a/8vle AV
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.iM'eson Table

April 1984
In addigion to the entries in the Meson Table, the Meson Data Card Listings contain all
substantial claims for meson resonances. See Contents of Meson Data Card Listings at end of this Table.

" Quantities in italics dre nﬁ or have changed by more than one (old) stindard deviation since April 1982.

- »

ot % N
Full Partial decay mode  *
: ‘;%*:'“K'* 15 (JP)Cn Mass Width . por »
T (/D] B | .M r * Mode * Fraction(%)
1A Al estab. (MeV)  (MeV) : [Upper Limits (%) are 90% CL) (Mev/c)
: ~ 7 NONSTRANGE MESONS
xt 1707 139.57 0.0 :
£ ) 1349 ' 795 ev* T . See Stable Particle Table .
) , ) " £055 eV, .

g ¥ T oheT+ 5488 0.83 keV Neutral 709 . See Stable

- ] £06 - +0.12keV ' * Charged ©o2m1 Particle Table °

vz



£7. .

§770)  1TaT)= 769F  is4t xr =~ 100 358
+3% x5t 0.046 +0.005 N
o . pru” 0.0067 £0.0012 370
ete”, . 0.0046:+:9.0002 384
. wy e o 189
M and I from neutral mode. For upper limits, see footnote ¢
«(783) 0T(17)- 7826 9.9 xtr 0 '89.94£0.5 327
. ... 202 +03 Oy 87205 380
S=1.1* ) xtn” 14102 366
. -~ wutu 0.010£0.002 349
ete” - 0.0067 1%00045-1.2‘ 391
iad 199
For upper limits, see footnote f
70s8)  0*(0T)+¥ 95757 0.29 e 653216 231
+025 005 v 30.0£1.6 170
oy . 28%05 159
11 . T 19402 479
P 0.009 +0.002 467
RS . - For upper limits, see footnote'g - . *
S(975) - 0tOh+ 975 33 -r . 1823 o 467
orS* +4 +6 KK 22+3 s
. S=14* . 5
‘SeenoteonnandKK S wave. -
“a0s0F  1Dohe  9df 54 - seen 320
+2 - KK - > seen

=14



P

0

1 -
NI e I9UPYC,  Mass  Width por ,
P 1 7T ER M r Mode Fraction(%) Poax .

— [ H [wA —estab. (MeV)  (MeV) [Upper limits (%) are 90% CL] (MeV/c)
#1020)  0~(1T)- 1019.5 4.22 K¥K™ - 493110 S=13* 127
: 0.1 +0.13 K Kg ‘347410 S=1.3* 110
S=1.2¢ ; **x x° (inck pr) 14807 S=1.2% 462
m 12102 S=14* 362
Oy 0.1410.05 501
ete” 0.031+0.001 510
whu” 0.025 £0.003 499
Eal 0.0210.01 490
For upper limits, see footnote i
H(11%0) 0-(YH-— 1190 320 o seen - 327
60 +50
Seen in one experiment only. ]
B(1235) 1*(*Y)- 1234 50, . . only mode seen 350
: 108 210 [D/S amplitude ratio  0.29+0.05]
- For upper limits, see footnote j
TR otehs 1274 178 xr 8431 1.2 622
+s8 2208 ¥ 2x” 29£04 S=12* 559
kKK 2902 398,

Meson Table (cont'd)

Fualt Partial decay mode

- R 0.00150.0002 637

214



*tx 20 seen 562

. For upper limits, see footnote k
AM270)  1-ahs 1275F it - o dominant 389
or A +30 +45 w(TT)g —omve <0. 599
“buss) et 1283 6 T KKx 1123 302
: A - 4916 82
o 36x7) 236
4 (prob. prm)} 07 564
«1300)  Q*O")+ ~1300  200-600 ™ ~%0 635
KK 7 ~10 418
.o m possibly seen 348

See note on »x and KK Swavet :
x(1300) 1707)+ 13003 200600 ”~ seen 407
100 T _aave seen 612

Not a weli-established resonance. .

Ax(1320) 12"+ 1318 110 o 70.1£2.2 419
P B g 145+1.2 534
- N wry : . 106 £2.5 361
. KK , 492038 434
. e : <2 (CL=97%) 286
xy "0.27£0.06 652
' r 0.0007 +0.0002 659
E(1420F QY1)+ 1418 52 KK« (incl. K*K+KK*)  seen 423
x l()g * 105 . mr possibly seen 565
- {6+ possibly seen] 348

(24



Meson Table (cont d)

P! ’a . .
i 3‘ i b Full Partal decay mode

N e  IBQPC,  Mass  Widih _ bar -,

SR M r Mode Fraction(%)

ACTH7AIRC| —estab. (MeV)  (MeV) [Upper limits (%)mDO%CL] (MeV/c)

w1440 oY)+ 1440 76 KKr (incl. K'R+KK" _ seen 441

2108 £108 - seen 579

: t[or seen | 366

f(1525) - 0*2h+ 1525 KK dominant 578

58 1108 " possibly seen 750

Yy 0.0011+0.0002 763

TAI600) . LRI ' 15908 2608 4r(mcl ortam AU270)) 6078 733

orp 20 x100% 23+A 783

x*x + KK 912 3717

- 7£2 669

KK 1205 623

cte” 0.00310.001 795

«(1670) 0°(37)= 1668 166 3% seen’ 806

.t +5 +15 1[/nr seen) 648

! S=1.1* 3 seen 740

e e f[unr-r(prob Bx) seen] |, 616

A680F  1-(27)+ 160] 2508 fr 53+5 336

or Ay 308 x50 o 346 656

8z



L (T T)s _gave 9x5 813
- L K*K + K*K 4+ 14 459
i B For upper limits, see footnote ¢ - >
$(1680) QT(17)— 1685 1508 K*K '+ K*K dorhinant 466
org’ 108 23 7 seen 624
AR R _seen 683
[ ete™ ' - seen 842
- . r"’w';r" . possibly ‘seen 814
2(1680)  1*(37T)— 1691 2007 2 23.8%1.3. 834
53+, 220 4 (incl. 77p,pp,Ayxom) T0.9£1:9; 787
. .. . KR~ (incl. K*K+KK*)  38x12- 625
.- - KK 11,5803 S=13* 684
JF, M, and T from the 2 and KK modes. . -
61690y  0*@N+ 1690 180 m_ seen 643
= +30 +50 KK: . seen , 683
< o(1850)  0T(7)- 1853 96 KK _ seen 784
o T k0 232 KK + K*K . _ seen - 601
- Theo30y  grehE 2007 0 2200 r 1742 1004
= ooz12 £30 KK 07284 " 883
pensy - ¥
237029800  0*0T)x 2981 <20 mtaT secn 1426
> 16 2Axta7) seen 1458
£ K*K™rtws seen 1343
- op seen 1158

62
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Meson Table (cont’d)

Partial decay mode

Fraction(%)
[Upper limits (%) are 90% CL). (MeV/c)

|I°l

b

Decay modes into stable hadrons

1[2(1*1‘)1°

xta~

=t xK K"
At
tx KYK™
ppxta~
2xtx7)
3xtrT)

utix* s~

2z
Axtx KK
t’, .

Z7E

Full
NP R 19GPC,  Mass  Width
e M r Mode
AT AR —estab. (MeV)  (MeV)
IY(B100) 0(17)— 30969 0.063 ete”
£0.1 +0.009 whe

badrons + radiative

37205 1496 t{or
29107 1433 wnt2x -
1.2+0.3 1368 oA, SO
09403 . 1345 wrr
0.72£023 - - 1407 K*(892)K*9(1430)+c.c.
0.53+0.06 1107 K*K*¥(892)
0420.1 1517 aélZSS)r:
0.4102 1466 *0892)+c.c.
0.380.36 1106
0.32£0.08 818 m*r
031£0.13 1320 D
0.2620.07 1440 ¢KK

0.24£0.26 988 wpp

7412
74¢1.2
8512

1.22+0.12
0.85+0.34
0.84+0.45
0.68+0.19
0.67£0.26
0.34+0.05
0.29+0.07
0.27 £0.06
0.23+0.08
0.21£0.09
0.18£0.06
0.18 £0.08
0.16+0.03

Decay modes into hadronic resonances

S=1.2*

1548
1545

1449
1392
1126
1435

1373
1298
1370
1143

. 1368

596
1176
768

oe



PP 0.23+0.04
g 0.22+0.02
por~ or poxt 0.21 £0.02
o 0.18£009
LA . 0.16x0.06
=2° 0.13£0.04
AA 0.11£0.02
ppr° 0.110.01
2AK*K") 0.07+0.03
KK~ 0.022 +£0.008

A 0.011.£0.005
AT < 0.015
K?({ < 0.009]

Radiative decay modes
1[72(1":‘) 0.49£0.17
seen
7;(1440)——1](1(1 0.42£0.12"
0.36+£0.05

: 1f 0.15£0.04
) - 0.086+0.009 ,
0 0.007 +£0.005 '

948
1232
1174
1231
1033

988
1074
1176
1131
1468
1542
1032
1466

1517
1344
1214
1400
1286
1500
1546

«wKK * 0.16+0.10

o - 0.10+0.06
$£7(1525) © o 0.037+0.013
45075) 0.026 x0.006
< 043
K"’Afuo)x”(mo) < 0.29
($430)+c.c. < 0.2
x*x' (1430) < 0.2
¢21 2~ < 0.15
o - < 0.13
K*%(892)K*%(892) < 0.05
of S <0037
wf’(1525) T <0016
Radiative decay modes (cont’d)
1 (2980) seen
~¥8(1690) seen
yyrx seen
D(1285) < 0.6
y . < 0.05
+¥i1(1525) < 0.03
P . < 0.01
3y < 0.006]

1265
1320
871
1184
1263
606

1158
1159
1318
1192
1261
1037
1003

114
1087
1487
1283
1548
1173
1232
1548

34



Meson Table (cont’d)

LAREE Full Partial decay mode .

w e e, 1QPC,  Mass 1 Width pnr-
et M r Mode Fraction(%) w?
ATTTH A<} ——estab.  (MeV) - (MeV) [Upper llmlls (%) are 90% CL] (MeV/c)
x(3415)  0*O*)+. 34150 - « 2(1r #7) (incl. wmp) 43109 1679
. Tozle 1r+1r K*K™ (incl. 7KK*) 3.420.9 1580
R 3(7 ) 1.7£06 1633
- 09102 1702
71/443100) 0803 303
K* K~ 0.810.2 1635
pprtr” 0.6+0.2 1320

. For upper limits, see footnote o
x(3510)  Q*(1hy 35100 71/¢(3100) ) 28+3 389
N 206, 3(1r =) 2409 1683
A 2(1r #7) (incl. wxp) 1.820.5 1727
I " K¥K™ (incl. 7KK* 1.0£0.4 1632
. LA 0.15+0.10 1381
‘, For i upper limits, see footnote p

x(3555)  Q*Q*)+ 35558 11/?(31 15518 429
+0.6 - As"x") Gncl wwp) 2305 1750
' 2tx K*K™ (incl. #KK*) 2.0+0.5 - 1656
- Hn*n™) 12208 1706
' ' *tx"op 0.3510.14 1410

(4>



xtz” 0.20£0.11 1772
K*K™ - 0.16+0.12 1708

- For upper limits, see footnote'q
W(3685) QT(1T)-  3686.0 0.215 ete” 0.9£0.1 1843
10.1 0,040 ptu” 0.8+0.2 1840

. hadrons + radiative 98.110.3
M55 ~ Mygaion) = 589-06£0.13 ;

Radiative decay modes - Decay modes into hadrons
Hyx3a15) - 82£14 " 261 HIwta~ - 3312 ‘477
¥x(3510) 80113 172 31ax® 1742 "481
Yx(3555) 74113 128 \ 282069 -196
Yn((2980) 0.43£0.26 638 + ArTr )t 03520.15 1799
wé3590) 02t01.3 9t = x"KYK™ . 0.1610.04 1726
s <0.5 (CL=95%) 1841 mnf L 0:10£0.03 528
™ <0.02 1802 pprta” 0.08+0.02 1491
o <0.02. 1719 K‘°$89Z)K'1r++cc. 0.067:£0.025 1674
1440)+7KKr  <0.012" 1562 (x"w") 0.05+0.01 1817
Y1440+ ! :Sr+1r— 0,042 £0.015 1751
> ) 0.019£0.005 1586
. ataT) 0.015£0.010 1774
* KK~ 0.010£0.007° 1776
tr” 0.008 +0.005 1838
Pra .- <01 1760
A : <0.04] "1467

€€



Meson Table (cont’d)

P 1
palia MRS ) Full Partial decay mode
N e I90PC,  Mass  Wida por,
lolE M r Mode Fraction(%)
AT ALY ——_estab. (MeV)  (MeV) : [Upper limits (%) are 90% CL) (MeV/c)
W3770) = 37170 25 ete” 0.0011 0.0002 1885
. +3 +3 DD dominant 242
Moy T Pyasas) = 5 91*82_‘ : .
W4030) - (1T)— 40307 ‘52 cte™ 0.0014+0.0004 2015
58 110 hadroas dominant ’
. t[DR seen 752
DD* + D*D seen 559
D*D* seen) 177
W(4160) a7)- 4159 78 ete” 0.0010+0.0004 2079
© £20 +20 hadrons * dominant
W4415) a-)- 4415 43 ete” 0.0010£0.0003S=1.4* 2207
+6 + 20§ thadrons dominant
T(9460) (17)~ 9460.0 0.0443 wtu” 29205 4729
or 1(1S) 103 +0.0066 ete” 25405 4730
S=1.6* : Ear 34208 4381
Xp (9875 31, M 98729 +1(9460) seen - 404
or xp1 0) *58

ve



Mp10575) ~ Mi(9460) = A1113:4

"b(””)l, ()+ 98945 Y1(9460) 3211 425
or xy(1°Py) £33 . . -
X®915) (O 9IS YT(9460) 200+44 444
or xp(1 3Py, - 224
710025  (17)— 100234  0.0296 utp” 1918 5011
of 7(28) £0.3  20.0047 ete” 16103 5012
i N9460)rx 195%17 476
- - 563.3£0.4 (9875) 1514 149
10025 9460) R
i Pimoozs) ” Paiseety . Yxp(9895) 5.9+14 128
Txyp(9915) 61xl4 108
T (10255 ()+ 102537 YT(9460) seen 763
or x,(2%P,)Y $34, Y1(10025) seen 228
x(10270)  ()+ 102710 Y1(9460) seen 79
or xp(23Py) *2.4 ) +1(10025) seen 245
W10355)  (10)= 103855 0.0177 ete” 20£07 5178
or 1(3S) : 05 +0.0051 wtum 33+20 5177
'(‘(9460):“: Sixld 814
: - -895.5+.6 T(10028)yx*x 33 177
- - 10335, ~T(9460) - - o .
LT Ptesss) ~ oy . (10235) 7.6+35 122
N : (10255) 156142 101
: X, {10270) 127£4.1 84
(10575)°  (i7)— 10573 14 ete” 0.0017 £0.0007 5286
or 1(4S) x4 3

-1



: . Meson Table (cont’d)  ~

'o i % . P i Full Partial decay mode
Tl T 160RC, Mass  Wideh v
B 7 I e M r Mode °* Fraction(%) b
t ﬂH/D ;A o| — estab. (MeV)  (MeV) [Upper limits (%) are 90% CL| (MeV/c)
STRANGE MESONS
K /207y 49367 : N )
K - 497.67 X See Stable Particle Table ‘ ,
K*892) 1207 8921 513 Kr ~ 100 288
: 204 £1.0 Ky . 0101001 309
S-14*  S=LI* Knx < 0.05 216
M and T from charged mode; m® — m* = 6.7+ 1.2 MeV.
Qu280) 120*% 12108 %08 T Ke 4226 4s
orQ * 1o§ +208 (1350 284
, - . K*(892)r 165 298
Ko, 112
Ke 312
x(1350)  1/2(0%) ~1350  ~250 Kr seen 574
See note on K S wave. )
Q(1400)  L201%) 1406 184 K*(892)r 94+6" 403
orQ, *10 +9 Kp o 313 299
‘ Ke - 2%2

o . o Ko . 11 285

9€
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-

-

Kr

618

K%1430) 1224 14258 1000 448£23 S-27
U L 53 %10 K*(892)x 24520 S=LI1* - 417
: ., . K¥89w 130226 7 'S=L1* 366
Ko 88+1.0 S=1.2* 324
s Kw 421 7310
. Kn . 52§ 485
. Ky 0.2420.05 627
Lm0 12027 ~1m08  ~200% K*(1430)r * dominant " 286
. K*(892)r seen 651
N Kf seén
) K¢ seen 816
See note on L(1770).% ‘ )
K*(1780% 1/2G37) 1780 160 Kar large 796
orK* L w8 z20d 1[Kp large 620
: B H{K*(892)r large 657
) Kr A7x 815
See note on K*(1780).F - o '
K*(2060) 1/2(4%) 20608  2103- Ka 7x1 966
- “x308 T 1408 K*892)yr seen ~809
' . - oK seen 751
. wKr seen 744
Not a well-established resonance. K*(892)yraw 775

-
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Meson Table (cont’d)

P ol v |4 Fall’ . Partial decay mode
e 0P, Mass Wit E por
~ o] s < M r Mode Fraction(%) pm-b
APRIE Q| —estab. (MeV)  (MeV) - [Upper limits (%) are 90% CL] (MeV/c)
- . i . s
CHARMED, NONSTRANGE MESONS
p* 1/2(07) 18694 :
D° 1864.7 See Stable Particle TaPle
D**(2010) 1/2(17) 2010.1 <20 -D°x* 6411 39
o 0.7 D*«° 2819 38
: Dty 87 136
Moes ~ Mpo= 145.410.2 MeV .
D*0(2010) 1/217) 20072 < § D0 5515 a4
) +2.1 Doy 45215 : 137
CHARMED, STRANGE MESON
F* 007) 1971 See Stable Particle Table ]
BOTTOM, NONSTRANGE MESON B
B* 1/207) 5271, ' Particle Tablé
B°_ . o , 5274 . Seesu?ble e Table
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1
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a
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LR X g_g\
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EEREEE Bl

Indicates an entry in the Meson Data Card Listings not entered in the Meson Table. We do not regard these as enabhshed resonances. All the
entries in the Listings can be found in the Table of Contents of the Meson Data Card Listings i these

See Meson Data Card Listings. .

Quoted error includes scale factor S = z/(N ) See footnote lo Stable Particle Table.

Square brackets indicate a iop of the p d) decay mode(s).

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

T'M is approximately the half-width of the resonance when plotted against M2,
For decay modes into & 3 particles, Prngy i8 the maximum momentum that any of the particles i m the final state can have. The momenta have
been calculated by using the avenyd central mass values, without taking into account the widths of the resonances.

Bole position (M — il'/2)

Thz e’ ¢ branching fraction i u fmm ete wxtx” expenmem.s only The wp mwrfcrenee is then due to wp mixing only, and is expected to be
small See note in the Meson Data Card Listings. The p*u™ b fraction is d from 3 eachpossxblyw:thlubsmunal
wp mmfmee The error reflects this uncertainty; see notes in the Meson Data Card Listings. If ep umvcmllty holds, [(e® — u*p™) = I(°
- e*e”) % 0.99785.

. Empirical limits on fractions for otber decay modes of p(770) are x ¥ < 0.8% (CL-Bd%), tatxTaT < 0.15%, xtxt ro < 0.2% (Cb-u%)

Empirical limits on fractions for other decay modes of w(783) are x *x 1<5%.11'y< l%,qi-nculrl.l(!)( 1. Sis,u 'S <002‘l\

. Empirical I.umt.s on fractions for other decay modes of vf(958) are 22" < 2% (CL=84%), x*x " x° < 5% (CL-M% rtrTxT < 1%
5

(Cb-95%);°1r rx ~a < m(cp-sm 6x < 1%, x x"ete” < 0.6%, 2% e < 1.3% (CL=84%), ne*e™ < 1.1%, 2% < 4%, g n <l
X 10~ <6x1073,

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

Empirical limits on fractions for other decay modes of ¢(1020) are x*x ™y < 0.7%, wy < 5% (CL=84%), oy < 2% (Cb-&d%). 220720 < 1%
(CL=95%), 2¢% 25~ < 0.1%.

Empirical limits on fractions for other decay modes of B(1235) are xx < 15%, KK < 2% (CL~84%), 4« < 50% (CL~84%), ¢ < 1.5% (CL~84%),
7 < 25%, (KK)E20 < 8%, KgKgr® < 2%, KgKyrE < 6%.

Empirical limits (CL=95%) on fractions for other y modes of {1270} are qwr < 1%, KOK 7% + c.c. < 0.4%, mm < 2%.

Empirical lmms on fractions for other decay modes of A(1680) are v < 10%, $x < IU%

Includes npr x 7 and excludes ppn, ppw, PoTT- . '

Sce E(1420) mini-review. !

Empirical limits on fractions for other decay modes of x(3415) are 27 < 0.17%, pf < 0.11%.

Empirical limits on fractions for othet decay modes of x(3510) are (x* £~ and K¥K™) < 0.2%, vy < 0.16%, pp < 0.13%.

Empirical limits on fractions for other decay modes of x(3555) are 27 < 006%, P < 0.10%, J/grtz~x% < 1.5%.

Spectroscopic labeling for these states is th I, pending

6€



- Meson Table (cont’d)

Contents of Meson Data Card Listings

Non-strange (S = 0; C.B = ()

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

entry 1S0P)c, entry 1CgPc, entry 1°uhc, entry 1Py
x 1707+ w (1670) 0°(37)- | - e*e” (1100—2200) (17) K 12007)
n 007 )+ A (1680) 1-(27)+ | — NN (1200—3600) K* (892) 1/207)
p  (770) tY(T)- ¢ (1680) 07 (17)- | = X (1900—3600) Q (1280) 1)
@ (783) 07(17)- g (1690) 17G37)- 7 (2980) ot 4+ x (1350) 1/2(0%)
n(958). 0%(07)+ 6 (1690) 07( )+ IV (3100) 0-(17)- Q (1400) 1/20*)
S (979 0* 0N+ [ -n (700 * x  (3415) 0t + | - K (1400) 1/2(07)
5 (980) 1(0H+ [ =S (1730) 0*(0*)+ X ‘ (3510) otaty+ K* (1430) 1/22%)
é (1020) 0°(17)= |~ x (1770) 17(07)+ x  (3559) 0+2%)+ —~ L (1580) 1/2(27)
H (1190 070%)- | = f (1810 -, (3590) + | - x* 650 17207)

oteh)+

oy



B (1235)
- g5 (1240)
-5 (1250)
£ (1270)
A (1270)
-9 (1275)

D (1285

¢ (1300
7 {1300)
A, (1320)
£ (1420)
t (‘l440)
£ (1525)
- D (1530)
e (1600)

0

1rah)-
0*Oh+
1*17y-
oteH)+
1=(1hy+
0+ (O7)+
0*’(1*)+
0O+
17(07)+
1-@2%)+

01+
07+

ot@h)+
0t(1t)+

RS

-

- S

- &
- A
- A
-0
- €
- ¢
-8
-0
-
—-+p
- &

- I

(1850)
(1935)
(2030)
(2040) -
(2050)
(2100) °
2150)
(2150)
(2220)
(2240)
(2250

(2300)

(2350)
{2450)

" @510) ¢

0

ot@*y+
1-@%H)+

1735+ |

1727)+
)=
oteh)+
0 (M

0*(2+)+
1737y~
0t@t)+

R |

17(6%)
0*(6™)

(3685)
@3770)
(4030
(4160)
(4415)
(9460)
(9875)
(9895)
9915)
(10025)
(10235

" (10255)

{10270)

(10355). -

(10575)

NN U o

- (7=
-
an-

)=

an-
(G
)+
)+
17—
)+
€ )+
«»
a)-
an)-

L .(1770) 1227)

K* (1780) _1/2037)
- K (1830) 1/2(07)

K* (2060) 1/2(4*)
- K (2250) 1/227)
- K (2320) 1723%)
- K (2500) 1/2(47)

Charmed (|C| = 1)

D 1/2(07)
D* (2010) 1/2(17)
F 0 (0

—~ F* (2140)

Bottom (Beauty) ({B| = 1)

B

" — Exotics

(84



Baryon Table
April 1984
1";; following short list gives the name, the ninal mass, the b (wh.eré known), and the status of

each of the Baryon States in the Data Card Listings. States with 3- or 4-star status are included in the Baryon Table
below; the others are omitted because the évidence for the existence of the effect and/or for its interpretation as a reso-
pance is open to question. & .

N(939) P11 =% A(1232) P33 *** Z(1780)P01 * 2(1193) P11 *** Z(131g) P11 s+ =~ *
N(1440) P11 "**** A(1550) P31 * Z0(1865) D03 * 2(1385) P13 ***  E(1530) PI3 s
N(1520) DI3 **** A(1600) P33 **  ZI(19%0)P13 * 2(1480) * E(1630) .
N(I535)S11  ****  A(1620) S31 **** ° 21(2150) . 2(1560) »  Z(1680) -
N(1540) P13 * A(1700) D33 == Z1(2500) "  * (1580) DI3 **  E(1820) 13 *=*
N(1650) S11  **=  A(1900) S31 *** 2(1620) SI1 **  E(1940) -
N(1675)DIS **** A(1905) F35 **** A(1116) POl *** 3(1660) P11 ***  E(2030) | - *=*
N(1680) F15  *s*» A(1910) P31 **** A(1405) SO1 **** 3(1670) DI3 *** E(2120) .
N(1700) DI3 *=*  A(1920) P33 *=  A(1520) D03 **** I(1690) ~ **  E(2250) -
N(1710) P11 *=*  A(1930) D35 *=*  A(1600) P01 *=* Z(1750) S11 ** E2370) 1 **
N(1720) P13 ***  A(1940) D33 * A(1670) SO1 === " Z1770) PLL *  E(2500) .
N(I990) FI7 **  A(1950) F37 ***= A(1690) D03 *s**  3I(1775) Dis *s+ * .
NQOOO)FIS *  A(2150)S31 *  A(1800)SO1 ***  X(i840) P13 »  (1672) P03 o=
N(2080) D13 **  A(2200)G3? * AG800)POI *=  Z(SB)PII 4 op e
N(2090) S11  * A(2300) H39 **  A(1820) FO5 *e* we €

2(1915) F15

(44



NQIO) P11 * A(2350) D35 * A(1830) DOS ****  2(1940) D13 Z (2450 -
N(2190) G17 - *++*  A(2390) F37 * A(1890) PO3  ****  (2000) S11 .* L :
N(2200) D15 **  A(2400) G39 **  A(2000) § Z(030) F17 e A(2460) *
N(2220) HI9 **** A(2420) H311 ****  A(2020) FO7 * £(2070) F15  * AGSO)
N(2250) G19 - **** A(2750) 1313 **  A(2100) GO7 **** I(2080) P13 ** LA
N(2600) 1111 ***  A(2950) K315 **  AQ2I10) FOS **  £(2100) G17 * " Dibaryons
N@700) K113 *  A(~3000) AQ325 D03 * Z(2250) s+ NN(Q2170) ID2**
N(~3000) A(2350) = 3(2455) = NN(2250) 3F3 **
A(2585) “  ¥(2620) NN .
2(3000) . AN(2130) 351 **
2(3170) *  EN® .
wses Good, clear, and unmistakable. '
haad Good, but in need of clarification or not absolutely certain.
- . Not established; needs confirmation.
L

Evidence weak; could disappear.

{24



Baryon Table (cont'd)

d e Partial decay modes
¢ Mass Fall —_— e
» Pheam (GeV/0) Ty width T Fraction 8 p*
Partice®  IQDILyP); o manKi(mb) (MeV) (MeV) Mode/ (%) (MeV/c)

- S=0 I=1/2 NUCLEON RESONANCES (N)

p - 12072%y 938.3 See Stable Particle Table
n S ) 9396

N(440)  1/20/27)P;  p-061 1800t  120t0 Nxr 5070 397
=310 1480 350 Nn 818 t
(200) Nrx  ~30 342
ax 1228 143
£ S
) . ! Ne ~ 5 t
N(1520)  1/23/2)Dj; p=074  1510t0 1000 Ne 5060 . 456
0=235 1530 140 Nn ~01 " 149
. . (25) Nex 3550 410
; o 15-25% 228
. e [ Np 15-25 ] t
) R R Ne <S5 t
Nas$3%) . 1/20/27);, p=076 152010 1000 Nr 3550 467
. : 7=225 1560 250 Nn ~35 182

(150) Nrx ~ 5 422



A ~ 1% 2492

o [Np ~3 ] -t

. Ne te~ 2 -t

TN(16s0) 1720/27)S}; p=096  “1620to 100 to N« 5565 547
=164 1680 200 Np ~1.5 346

(150) ' AK ~ 8 161

K 310 t

Nwx ~30 511

am 4-15q* 34

[ Np ~20 ] t

Ne <5 1

N(1675) - 1/2(5/27)Dys p=101 1660 to 120 10 Nx 30-40 563
g=154 1690 180 Np ~1 374

(155) AK ~0.1 209

Nrr 55-70 529

Ax 50657 364

. Np ~5 t

N(1680) 112(5/2"')1-‘;5 ‘p=101 1670 to 110to0 Nm 55-65 567
g=152 1690 140° Ny - <1 379

7 hs (125) AK not seen 218

f ' Nax ' ~40 532

’ ar ~129* 369

N [ Np ~10 ] g

Ne ~20 +

14



Baryon Table (cont’d)

ov

¢ Mass?  Full® _Purtial decay modes
Pheam (CeV/0) Ty width T Fraction® p”
Patice®  I0DIL,0,; o=axX’(mb) (Mev)  (MeV) | Mode/ (%) (MeV/o)
N(1700) 1/2(3/27)Dy3 p=105 1670 to 70 to Nz 812 580
: . o=145 1730 120 Nn ~4 400
(100) AK ~02 250
Nrx  ~85 547"
ar 15407 385
ElEI
. Ne <40 t
N17T10)  1/202%)P]; p=107 1680t 90 to Nr = 1020  $87
o142 1740 130 Nnp ~25 410
(110) AK ~15 264
K . 210 138
Nax >50 554
ar 10259 393
, [Np 25-65] 48
: Ne . 1540 t
N(1720)  1/23/21)P;  p=109  16%0t 12510  N=x 1020 594
o=139 1800 250 Ny ~35 420

(200) AK ~5 278
K- 2.5 162



~70

561

Nrx
ar ~20-* 401
- Np 4510 ] 104
3 Ne ~20 t
INQI%)  1/20/27)Gy;  p=207 2120010 20010 Nr ~14 888
g=621 2230 500 Nn, ~3 7%
o (350) AK ~03 M2
TNe20)  1/29/2MH,  p=214 215010 300to Nr  ~18 905
\ o =597 2300 500 Ny ~05 811
. ' (400) AK ~02 132
N@250)  1/29/27)Gjy p=221  2130t0  200to Nr ~10 . 923
q=574 2270 500 Ny ~2 8
: » (300) AK ~03 754
N@2600)  1/2(11/27)f;,; p=312 250t - >300 Nr ~5 126

27100 (400)

a=136

Ly



Baryon Table (cont’d)

¢ Mass d Full ¢ Partial decay modes
Pheam ©GV/0) " it Fraction® p”
Paticle?  1GPIL,0); o=drkl@mb) (MeV)  (MeV)  Mode/ (%) (MeV/o)

S«0 I=3/2 DELTA RESONANCES (4)

©a(1232)  3/23/2%)Py, p=030- 1230t 110to - - Nr - 994. . 227
o=948 1234 120 Ny 0.6 259

- L (115)
~a(620)  3/2(1/27)8y, p=09r1 1600 to 120 to N 25-35 526
=177 1650 160 Nrr ~70 488
. . (140) ar . 35507 318
. . Np <40 t
A(1700)  3/2(3/27)D3;  p=1.05 1630 to 190 to Nx 10:20 580
¢ =145 1740 300 Nun ~85 547
! (250) . [ar <50°7° 1385
Np ~40 t
A(1900)  3/2(1/27)S3;  p=144 1850t0  130'to N 6-12 710
: G=9.71 2000 300 ZK ~10 410

(150) )

A(1905)  3/2(5/2%)F 44 p=145 1890 to 250 to N~ 8-15 713
=962 1920 400 K <3+ 4l

(300 Nrz ~80 687



-

113222

137

10-307°

A 542
Np ~60 421
a(1910) . 3/2(1/2*)P;; . p-146 1850t0 20010 Nx 20-25 716
o =954 1950 330 ZK 2-20 42)
(220) Nxx >40 691
: ar small] * 545
. Ne <40 426
A1920)  3/23/2%)P;;  p=148  1860t0 19010 Nr 1420 72
a=9.38 2160 300 K ~5 431
. (@50
A(1930)  3/2(5/27)Djy  p-150 1890t  150t0 N« 414 729
o=921 1960 350 K <10 44
(250)
A(1950)  3/27/2%)Fj;  p=154 19100 200to Nx 3545 741
" o =891 1960 340 K <1 460
(240 Nar ~60 716
- arx ~40* 574
Np ~208 469
44200  3/2(11/2M)Hy,; p=264  2380t0 30010 Nrx 515 1023
o =468 2450 500
(300)

(34



- Baryon Table (cont’d)

d e Partial decay modes
c Mass Full —_—
. P M K (Gev/e) M width I’ Fracion§ p*
Particie ¢ 1(J/ )Ll"_u o = 4xX2(mb) (MeV) (MeV) Mode %) (MeV/o)

S=—1 I=0 LAMBDA RESONANCES (A) '

0s

A o(1/2%) 1115.6 See Stable Particle Table

A(1405)  0(1/27)8g, Below 1405 40%107 r 100 152
K™p +5f
threshold

A(1520)  0(3/27)Dg; p~0395 15195 15.6%1.0° NK 45+1 . 244
o =823 110 : x 21 267

Arr 10x1 252
Zrx 0.9x0.1 152
Ay 0.8+0.2 351

A(1600)  o(1/2%)Pg, p=058 156010 s0t0 . NK 1530 343

a =416 1700 250 = 1060 336

: (150)
AI670)  0(1/27)Sg, p=074 166010 2510 NK 1525 414
=285 1680 50 o 2060 393

(35) An 15-35 64



H

1685 to

A(1690)  0(3/27)Dgy p=0.78 50t0 NK 2030 433
: o =261 1695 70 Ir 2040 409

- (60) Arx ~25 415

. : Zax ~20 350

A(1800)  O(1/27)Sg; p=101 172010 200to NK 2540 528
o =175 1850 400 T seen, 493

) - (300)  Z(1385)r seen 345

"~ NK*(892) seen Tt

A(1800)  0(1/2%)Pg, p=101 1750 to 50t0 + -NK'  20-50 528
=175 1850 250 Zn 1040 493

. (150  Z(1385)r seen 345

: . NK*%892)  30-60 't

A(1820)  O(5/2%)Fgs p=106 1815 to 70 to NK 5565 545
o =165 1825 %0 or 8-14 508

(80) (1385 510 362

A(1830)  0(5/27)Dys p=-108 1810 to 6010 NK 310 553
o o =160 1830 110 I 35.75 515

. 95). (1385 = >15 371

A1890)  0(3/2%)Pg, p=121 1850 to 60to NK 20-35 599
o =136 1910 + 200 Ir 310 559

o (100)  Z(1385)r seen 420

NK*(892)  seen 233

[X:1



Baryon Table (cont’d)

d e Partizl decay modes
¢ Mass Fall Sy
P Pb“m (GeV/e) M width I’ Fraction¥ p h
Partide ¢ 10P)LY,; o =4xXI (mb) (MeV) (MeV) Mode %) (Mev/o)
. AQRI00)  O(7/27)Goy p=168 2090 to 100 to NK 2535 751
o =868 2110 250 r ~5 704
(200) An <3 617
T EK <3 483
_Aw < 8 443
. NK*(892) 1020 514
AQUO)  0(5/2%)Egy p=170 2090 to 150 t0 NK 5-25 757
o =853 2140 250 r 1040 i
(200) Aw seen 455
1385y« seen 589
NK*(892)  10-60 524
Ta@s0) 092 p=229 2340 to0 100 to NK ~12, 915
o =585 2370 250 P ~10 867
(150)
- S«—1 I=1 SIGMA RESONANCES (Z)
z 11/2%) (+)1189.4 ) _ See Stable Particle Table .
(0)1192.5

(=)1197.3

[4°}



Z(1385)

351

13/2%)Pj;  Below  (+)13823x04 Ax 88x2 208
K™p S=1.6/ S=1.0/ Ir 12£2 127

threshold (0)1382.0+2.5  ~35

. S=1.6/

(-)1387.4£06  40+2

- S=2.2-  s-L¢f
2 z0660)  1(1/21)Py, p=0.72 1630 to 4010 NK 1030 405
0 =299 1690 200 ‘A seen 439
(100) pr3 seen 385
2(1670)  1(3/27)D{; p=074  1665t0 4010 NK 713 414
: 0 =285 1685 80 Aw 515 447
- (60) Ir 3060 393
T x750) 112708y p =091 1730 to 60 to NK. 1040 486
0 =207 1800 160 A seen 507
(90) Ix <8 455
. 2y 15-55 81
TE175)  15/27)Dys p-096 1770t0  105to NK 3743 508
. : 0 =190 1780 135 Ax 1420 525
, - (120) 2 25 44
(1385 812 324
- A(1520r 1723 198
= 21915 15/2V)Fg p=126 1900 to 80 to NK 515 618
0 =128 1935 160 Ar seen 622
(120) Zr seen 577
1385y <5 440

€9
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Baryon Table (cont’d)

¢ Mass?  Fall® __Partial decay modes

Poeam GeV/0) T width T . Fractin® p*
Particle ¢ I(JP)I{N o= 47X (mb) (MeV) (MeV) Mode (%) (MeV/c)

2(1940)  1(3/27)D}; p=132 1900 to 150 to NK <20 637
o . =121 1950 300 Ax seen 639
(220) zr seen 594
Z(1385)r seen 460
A(1520)m seen 354
4(1232)K seen 410
. NK*(892) - seen 320
220300  1(7/2M)F p=152 2025 to 15010 NK 17-23 702
=993 2040 200 Ax 17-23 700
(180y “Ix 510 657
: ZK <2 412
o~ . (1385 5-15 529
A(1520x 1020 430
AI23K 1020 498
NK*(8%2) < § 438
$(2250) 1(?) p=204 2210t0 60 to NK <10 851
o =676 2280 150 Ax seen 842
(100) P seen 803

1 4]



Mass d Full € Partial decay modes
. M widhT Fracton p”
Particle ¢ Iy )Lnb 2 (MeV) (MeV) Mode . (%) (MeV/c)
Sa—2 I=1/2 CASCADE RESONANCES () _
Z 1/2(1/2%) ) 013149 " See Stable Particle Table
. ] ] (-)1321.3 . L
21530 1/23/2)Py4 (0)1531.310531 9.120.5 Er 100 148
.. S=1.
- (-)1535.0+0.6 10.1£1.9
- ] ] i _ .
218200 - 1/203/2) 18 20t Ak ~45 396
o . +6! - K ~10 306
- Er small 413
21530 ~45 231
- ) i — ;
H2030) /A7) 202 16713 AR ~20 587
. . : +6f K ~80 524
. B « small 573
= . E(1530)% small 418
= OTHER BARYONS
= o3/2%) 1672.4 See Stable Particle Table
ISy 0q/2%) 2282 See Stable Particle Table

)]



Baryon Table (cont’d)

-+ Each arrow in the left-hand margin indicates there is an entry in the Data Card Listings for a baryon that is not well

o

enough established (status less than 3 stars) to be included here. There is a short list of a// the baryons in the List-
ings, whatever their status, at the front of this Table.

. ‘This mode is energetically forbidden when the nominal mass of the decaying resonance (and of any resonance in the

final state) is used, but is in fact allowed due to the nonzero widths of the resonance(s).
The modes in brackets are subreactions of the N=x mode.
The nominal mass here (in MeV) is used for identification. See column 4 for the actual mass.

When there is more than one baryon with the same quantum numbers, one prime is attached to the spectroscopic
symbol for the first of them (e.g., Sjl), two primes to the second, etc.

The ities here are calculated using the inal mass of column 1.

Usuaily a conservatively large range of masscs rather than a statistical average of the various determinations of the
mass is given. In these cases, the mass determinations are nearly entirely fmm vanous phase-sluﬂ analyses of more
or less the same data. It is thus not appropriate to treat the determi as or to
average them together. The masses, widths, and branching fractions in this Table are Breit-Wigner parameters. The
Data Card Listings also include pole parameters where they are available,

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

For information on the Ny decay modes, see the Note on N and A& Resonances in the Listings.

9s



Most of the inelastic branching fractions come from panial-wave analyses, and these determine Vxx', where x and
x’ are the elastic and inelastic branching fractions, not x’ directly. Thus any uncertainty (and it is often consider-
able) in x carries over into X’. When x’ so determined is really poorly known, we hem simply note that the mode is
seen. The values of Vax’ afe given in the Data Card Listings.

. For a 2-body decay mode, this is the momentum of the decay products in the rest frame of the decaying particle.
For a mode with more than two decay d this is the i any of the prod can have in
this frame. The nominal mass of cohmm 1 is used, as is the nominal mass of any resonance in the final state.

i. The error given here is only an educated guess.- It is larger than the error on the welshted average of the published

values (the error on this average is given in the Listings).

The etror given here has been scaled up by the “S factor™ (see the * footnote to the Stable Particle Table for how S
is defined) because the various measurements disagree more seriously than one would expect from statistics.

[4-}
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SU(3) ISOSCALAR FACTORS

The most ly used i lar factors, cor ding to the
singlet, octet, and decuplet content of 8 ® 8 and 10 ® 8, are
displayed at the right. The notation uses particle names to identify
the coefficients, so that the pattern of relative couplings can be seen
at a glance. We illustrate the use of the coefficients by example; see
J.J de Swart, Rev. Mod Phys. 38, 916 (1963) for detailed explana-
tion and phase conventions. )

AV is understood over every integer in the matrices; the
exponent % is a reminder of this. For example, in de Swart’s nota-
tion the £ —» 0K element of our 10 —» 10 ® § matrix reads

10 8| 10} _-Ve
0-2 Ki1¥r-1 VoYl ..
Intramultiplet relative decay strengths can be read directly from

our matrices. Thus, the partial widths for 4 - (Nw)j.3,, and 0*
— (EK)jg are in the ratio

N EKy9 12 (phase space factors)
—_——— = =2 factors) .
 NA=(Nm).39) 6 .
Supplying isospin Clebsch-Gordan coeffici one obtains, e.g.,

O~ .2%0) _ 1/2 12 _3
A" = pr®) 2/3 X 3 X ps.f. 3 X p.s.f.

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

N(Z*»Ex) ~ [— \/’2_5_0'81 + \/%_sz]z

The relation between 8,8, (With de Swart’s normalization) and the
standard D,F couplings appearing in the interaction Lagrangian,

. &= - VIDTH(BB|+M)+ VZFTr(B,B]_M),

V6

5 . V30
D=-—""g, F= 2481

40
Thus, '
I(Z* - Ex) ~ (1 —2a)?
where « = D/(D+F).
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SU(N) MULTIPLETS AND YOUNG DIAGRAMS

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

(1) Maultiplet labels — An SU(n) multiplet is uniquely identified
by a string of (n—1) nonnegative integers: (@,8,7, - - - ). Any such
set of integers specifies a multiplet. For an SU(2) multiplet such as
an isospin multiplet, the single integer « is the number of steps
from one end of the muitiplet to the other (i.e., it is one fewer than
the number of particles in the multiplet). In SU(3), the two
integers a and 8 are the numbers of steps across the top and bot-
tom levels of the muitiplet diagram. Thus the labels for the SU(3)
octet and decuplet

o] pe—3—+
b1+ § .
=0
are (1,1) and (3,0). For larger n, the interpretation of the integers
in terms of the geometry of the multiplets, which exist in an (n-1)-
dimensional space, is not so readily apparent.

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

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

+1
N =12
1

In SU(3), N = N(a,8) is
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N = fatl) B+ (@ 2 -
1 1 2 v i
In SU(4), N ~ N(a,.ﬂ;y) is

N= i_l (B+l) (7+1) (a48+2) (B+y+2) (a+}3+7+3)

) 2 2 '
Note that there is no factor with (a+'y+2) only a consecutive
sequence of the label integers appears in any factor. One more’
example should make t.he pancrn clear for any SU(n). In SU(S),
=N(a,,v.9) is

(d+1) (ﬂ+1) (‘7+l) @+J (a+ﬂ+ll (ﬁﬂfiZl

(1+6+2) (a+ﬂ+7+3) (ﬂ+~/+6+3) (a+ﬂgju
3 4

Multiplets that are conjugate to one another obviously have the
same number of particles, but so can other multiplets. For exam-
ple, the SU(4) multiplets (3,0,0) and (1,1,0) each have 20 particles. .
(3) Young diagrams — A Young diagram consists of an array of
boxes (or some other symbol) arranged in one or more lefi-justified
rows, with each row being at least as long as the row beneath. The
correspond between a di and a multiplet label is: The
top row juts out a boxes to the right past the end of the second
row, the second row juts out § boxes to the right past the end of
the third row, etc. A diagram in SU(n) has at most n rows. There '
can be any ber of Jeted” col of n boxes buttressing -
the left of a diagram; these don 1 affect the label. Thus in SU(3) the

Tog g P

represent the multiplets (1,0), (0,1), (0,0), (1,1), and (3,0). In'any
SU(n), the quark multiplet is represented by ‘a single box, thé anti-
quark multiplet by a column of (n—1) boxes, and a smg]et bya
completed column of n boxes.

(4) Coupling multiplets together — The following recipe tells
how to find the multiplets that occur in coupling two multiplets
together. To couple together more than two multiplets, first couple
two, then couple the third with each of the multiplets obtained
from the first two, etc. ' .
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First a definition: A sequence of the letters a,b.¢.... is admissible
if at any point in the sequence at least as many a’s have been
reached as s, at least as many b’s have been reached as ¢'s, etc.
Thus abed and aabeb are admissible sequences and abb and ach are
not. Now the recipe:

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

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

(¢) Use the b’s to further enl. the di Iready obtained.
subject to the same rules. Thmw away any diagram in wlnch the
sequence of letters formed by reading right to left in the first row,
then the second row, etc., is not admissible.

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

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

ez -
B%]aa @@?aa@ag\gegga@?a@@%

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

wheq, l)-(2,2)e(30)e(03)e(1 ne(, 1)@(00),
or in terms of numbers of particles,
888~=279100 1098086 1.

The product of the numbers of the left is equal to the sum on the
right. (See the section on the Nonrelativistic Quark Model for
recults for 3-quark systems.)

R
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TESTS OF CONSERVATION LAWS*
INTRODUCTION; . -

w3 L4 ™

In response to the current interest in tests of conservation laws,
we have made a list of experimental limits on all weak and elec-
tromagnetic decays, mass differences,’and moments, whose obser-
vation would violate conservation laws. The list is in two parts, .
“Number Conservation Laws,” i.e., lepton, baryon, hadronic fla-
vor, and charge conservation, and *“Discrete Space Time Sym-
metries,” i.e. C, P, T, CP, and CPT. The references for these data
can be found in the Stable Particle Section of the Data Card List-
ings in this Revww A dlscussmn of t.hese tests follows RN

CONSERVAT[ON OF L'EP'I‘ON NUMBERS

Present experimental evidence and the standard electroweak

theory are i with the absolute conservation of three *
separate lepton bers: el ber L., muon number L‘-".
and 1. ber L. Searches for viotations are of the following .
types: O I N

8) AL = 2 for-one type of lepton. ' The best limit coines from the
search for neutrinoless double beta decay (Z,A) —»
(Z+2A)+¢” +e”. The best laboratory limit is t; > 2102 yr
for 76Ge |E Bellom et al.,, Phys, Lett. lZlB 72 (1983)]

b) Conversion of one lepmn type to other. For purely lep
processes, the best limit is on u -» ey. For semileptonic processes,
the best limit comes from the coherent conversion process in a
muonic atom u~ + (Z,A) = ¢~ +(Z,A). Of special interest.is the
case in which the hadronic flavor also changes, as in K; — p¥e¥,
Limits on the conversion of 7 into € or u are found in 7 decay and
are much less strmgem that those for u — ¢ convemon

c) Converslon of one type of lepton into another type of anﬁ.lep-
n. The case most studied is 4~ + (Z,A) =» et +(Z_ _ZA)

d) Relation to ucntrino mass. If neutrinos have masses then it is
expected even in the standard electroweak theory that separate lep-
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ton numbers are not conserved. -With small neutrino masses this

would be observed first in neutrino oscillations which have been

the subject of extensive experimental searches. If the AL = 2 type

of violation occurs, it ls expected that neutrinos wm havea -
mass of the j type.

CONSERVATION OF HADRONIC FLAVORS . ..

The conversion of quarks of a given charge, (d,s,b) or (u,c,1),
into one another is forbidden in strong and electromagnetic interac~
tions by the conservation of had, flavors: S { ), C .
(charm), B (b ), and T ( ). The weak interactions
violate these conservation laws as a result of the Cabibbo or
Kobayashi-Maskawa mixing (see Appendix III in the pl
Review of Particle Properties). ' The way in which these conserva-
tion laws are violated is tested as follows:

2) AS = AQ rule. In the semil ic decay of strange parti-
cles, the strangeness change equals the change in chaige of the
hadrons. Tests come from limits on decay rates such as =t —»
ne*v and from a detailed analysis of K; - wev, which yields the

x. A corresponding rule for charm decays is AC = AQ.

b) Change of flavor by 2 units. In the smndard model this
occurs only in second-order weak i The one
for which this has been measured is the AS = 2 K% K? muung,
which i 1s du'ecﬂy measured by m(Ks) - m(K;). A lirhit on the AC
=2 DY-B° D” mixing provides a limit on |m(D°) m(D)].

<) Flavor-changi l-currents. In the standard model the
neutral-current interactions do not change flavor.  The low rate of
Ky = p*e™ puts limits on such interactions; the nonzero value for
this rate is attributed to a combination of the weak and electromag-
netic  interactions. The best test should come from a Limit on K*
— x4y, which occurs in the standard model only as a second-
order weak process with a branching ﬁacuon of 10710 1 011,
Limits for charm-ch or by inging neutral currents are
much less stringent. ° '
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CPT INVARIANCE

General principles of relativistic field theory require invariance
under the combined transformation CPT. The simplest tests of
CPT invariance are the equality of the masses and lifetimes of a
particle and its antiparticle. The best 1 test comes from a limit on
the mass difference between KO and KU. Any such mass difference
contributes to the CP-violating parameter €.’ In fact € can be
explained by a CPT- ving but CP-violating mixing of K° and
KY, which yields a prediction that ¢, _ = 44°, . while a K° — K9
mass difference would yield ¢, _ = 44° + 90". It is thus possible
to deduce that | m(K® - m(K‘i}| < 1074 m(Kg) - m(x,)| <
3x10719¢V. Also, an upper limit on | m(D%—m(D
derived from the bound |m(D°)—m( )| <0.65x107 MeV
(inferred from bound on D° - D -+ u anything), given an input
value of, or bound on, the CP-violation parameter ¢ for D°~D?

L

CPANDTINVARIANCE

3
- R

Given CPT invariance, CP violation and T violation are’ .
equivalent. So far the only evidence for CP or T violation comes
from the measurements of 7., _, 1y, and the semileptonic decay
charge asymmetry for K;. Other searches for CP or T violation'
should be divided into (a) those that involve weak interactions or

parity violation, and (b) those that involve processes allowed by the
strong or el i In class (a) the most ‘sensi-
tive is probably the sem:h for an electric dipole moment of the ,
neutron, which requires both P and T violation to be nonzero:
Class (b) searches involve looking for C or T violation in strong.or
electromagnetic processes. Examples are the search for C violation
in n decay, believed to be an electromagnetic process, and the
search for T violation in a ber of nuclear and el agneti

mcuona . . ’

L

Pmpared Apnl 1984 by R.E. Shrock, T.G. Tnppe, and
L. Wolfenstein,



Number Conservation Laws

. Quantiy@ " . Value®) * T
o vey v > : " - a ue’ ) . Conservation Law Tested
pes e e, <5x 1072 # : " Lepto:
hes/CIN R " < L7x 10710 - n family numberi¢,4)
e etaysal ot C L <l9x1070 L mnmywmw(d)
B Sgy €7 Spy/all’ ;<84x w0 -7 Ve W’ :
S, REDb et e L . _n
™t ~y/(“e "“°)bmmd . =9Ge e
~e*y/all B A A
~eya . | <64ax 107 ' e
e SN <49x 1074 v o
_"‘ee/au ; i . o <33x10‘ . S v : ', i
- etete Jall? . . Coa t<44x107 4 ! M -
Sssea o sc Fcaox1074 s e Y
pg Y h P 5 rk82x 10~4 A . . ” L .
- utK%/a ; . <2ix1073 ’ L . -
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-—e+p°/'all T - L <44 x1074 R s ey
x>ty all SR , | <37x1074 N o 3
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oscillatons and epton mixing eiects
in particle deeays
# Sy et Sln/uu
W7 Ty > ¢* Sh{gpe/an
*b/all

- rs;,/nll
mtnnolm double beta decay
T, /BR(p-—e tx% 7
munumeforn-—ntmns.
¢ mean life
n—-pV/pe V.

Re x from K° -, wey

Im x from K° -+ xey

K* -»i*_‘qr"e'v/nll.
*uTvrall’ | .

z* -—ne*v/nll t

—npgtysal
- M""’)/(E'-'nl_;)
Pize v/ull
o wzpte/dl

- - pe "y /all

“SpuTy/all
E” wney/all

0y /all |

- pr e v/all

—~pr uv/all

‘<32x%1073

See Data Card Listings
<9x10"10 -
<3x10710

<15x 1073
1x108.
<Tx107 %

<33 x 10736)

‘<3%1073€)

SeeData(k!dmey
<1 x 1032 years
> 1.0 year
>2xl022ym
<9x107%
0.009£0.020
-ooouoozs
<1.2x 107
<3.x 107 6'
<5x 1076
<3x 1073 .
<0.04 -
<9x 1074
<9x1074
<13x1073
<13x1073

<15x1072

c<ax1074

<4x1074
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.
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Number Conservation Laws (cont’d)

Quantity'?) Value®) Conservation Law Tested

D pr/all <36x1073 AS=2 forbidden(®)

2 wnr/all <19 %1073 . 4
-pr x /all <4x 1074 4 -

0" > AxT /all” <3rx1073 4 .
my_ - mg, (3.521£0014) x 10" 12Mev  ~ .

(D°->l—)°->K+r )/ (@D = Kx) <0.16 ac=2 forbidden“)

(D° -+ D° -+ 4~ anything)/(D° - u* anything) < 0.044'

|mbo mDo| (from previous limit) < 6.5 x 10710 Mev ) .

KO w*u™ 7al ©0.1x19)x10™7 noﬂavchng.ncut.nmU)
~ete” /all <20 x 10~ L -
- utuy/al (2.8+2.8)x1077 [ A
-~ eteTy/all . (1.7£09)x10” s A

. 2%ty /all . <12x10 LA A A
" #%*e /all <23x1075 LA A A
-.rre*e/au <9x1076 L

K s p*p /all <32% 1077 LA A A
—~cte” /all <34x1074 LA

K* & x¥ete” /all @7203x10" -7 LA
~xtutu/all <24x1078 LA AN AN
-zt /all <14x1077 LA I N

B -» ¢*e~ anything/all <8x1073 - LA

e u¥u” anything/all < %1073

s e
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Discrete Space Time Symmetries

) Quantity@ < Value®) . Symmetry Tested or Violated -
7% yyy/all <38x 1077 - c
(ete )y o~ yyy/all (5 = 3) x 10740 c .
n-+ete” x%/all <5%x 1073 C (single photon process)
s utu"x%/all <5x1078 C (single photon process)
n > wtx"2° parameters:, .. i
lefi-right asymmetry (12 £ 1.7 x 1073 o
sextant asymmetry (1.9 £ 1.6) x 1073 c.
quadmntasymmetry (-17 ¢ l7)x 1073 c
g tx Ty paramcters.
lef-right asymmetry (88 £ 40)x 1073 c
beta (D-wave) 0.047 x 0.062 C
nsxtx" /all : <1.5%x10” P'and CP
¢ electric dipole moment <3x10"#ecom T and P
4 electric dipole moment (3.7 + 3. 4) x 10" ecm Tand P
p electric dipole moment <4x1072 ecm Tand P
1 electric dipole moment @3x239x 10“25 ecm Tand P
A electric dipole moment <1.5% 10" ¥ecm Tand P
o/afomp v . © 0122010 T -
8’/ a from x - ewy -0.029 + 0.037 T
Im ¢ in K:S decay (from transverse u pol ) -0.017 £ 0.025 T
Im¢in K3 decay (from transverse x pol.) -0.020 x 0.022° T

te



i?imte Space Time Symmetries (cont’d)

Quantity(@) Value®) Symmetry Tested or Violated

#@,) — day) forn (180.11 + 0.17y T (0 ° 6r 180°)
n 3-vector corr! coeff. " ~0.0007 + 0.0014 T
K% - x¥x%x™ rate difference / average 0.07 + 0.12)% CpP-
K* - 220 rate difference / average (~0.03  0.55)% CP
K* 1*« 'y rate difference / average 09 +33)% " CP «
K-»3r% slope (g*—g )/sum (0.7 £ 0.5% CP "«
|'7+-D| -I‘(Ks—nr T wo)/l‘(K?_-—-tr 7 1% <012 CP.
17000] 2 = r(xs..aw“')/r(x\g-.n“) <01 cP
Charge asymm. jin Kla-. P AL 0.0011 x 0.0008 CP
K° - @ F Y = uTw )/ sum (0319 = 0.038)% CP (violated)

- (t2"y — e"nty)/sum (0.333 = 0.014)% CP (violated)
|nm| = [AK -» P7%/AKY —» 7%r%)] (2.33 £ 0.08) x 1073 CP (violated)
(74| = JAKL > 72 ) AKE = 7 77)| (2.274 £ 0.022) x 1073 CP (violated) . . .
¢4+~ phase of ny_ (44.6 + 1.2y CP (violated) .
¢oo: Phase of 7. (54 5 CP (violated)
Re € (1.621 + 0.088) x lO 3 CP (violated)
(ge+ gc_)/avcrage (22 + 6.4) x 107 CPT _
& 4+~ § _)/average "+ (26116)x108 CPT :
Gty - ul.}‘/average (-1 Nx 1073 cPr : -

cL



1r+ - o~ mass difference / average 2+35)x lO 4 CPT

* — K~ mass difference / average (-06 + 1.8)x 10~ 4. CPT K
IK® — K°| mass difference / average <6x10719 © CPT LT Rl
p — P mass difference /average ©  ° T +ax1073 : CPT . B
A — A mass difference /average | T+£7x1076 CPT T o,
2~ — E* mass difference / average (L2 x 1074 . . CPT A .
@~ - @ mass difference / average . (-4 + 6)x 10 4 CPT : .
#* ~ 4™ mean life difference / average 3+ 8)x10~ C CPT B X
x* — x~ mean life difference / average 5+ 7)x10~ 4 : CPT :
K* = K7 _mean life difference / average (1.1, £ 0.9) x 10~ 3 N CPT e,
A A mean life difference / average ‘ 4485 %1072 . CPT .

- z* mean life d:ﬂ'erenee/average (0.02 £ 0.18) - CPT f
Kt — u*v rate difference / average ; (-054+041)% . . CPT R
K* —» 7% 20 rate difference /average ’ 0.8 £ 1.2)% B cpT® L
a. anchmg fractions are descnbed bya shonband notation, e.g., “u” =»e 'y/a.ll“ means T(u* +etv)/ I‘(;t+ - all)
b. Limits are given at 90% confidence level while errors are given as + 1 standard deviation.
c. Test of additive vs. multiplicative lepton family pumber conservation. X . .
d. Lepton family number conservation means separate conservation of nber, u-number, and 7- b .
e. These limits are derived from the analysis of neutrino oscillation experiments. . ’ .7 .
f. Violation of total lepton numbeér conservation also lmphes violation of lepton family number conservauon T
8. Can be violated in nd-order weak i ions. . =
h. Onhoposmomum data are from Liu and Roberts, Phys. Rev. Lett. 16, 67 (1966). ™ B
i. Neglecting ph 1s. See, eg, A. Pais and S.B. Treiman, Phys. Rev D12, 2744 (1975). L .

€L
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KINEMATICS, DECAYS, AND SCATTERING
A. LORENTZ TRANSFORMATIONS

The energy E and three-momentum P of a particle form a four-
vector p = (E, f). Viewed from a second frame with velocity
¥ = B¢z relative to the original frame, the components of p are (E’,
"), where

E = 1E - fvp,,
P, = o, — B1E,

Py = PPy =Dy,
and where y'= (1 ~ B"’_)" 1/2 1 follows that the scalar product of
two momenta, p,p; = E|E; — B, ‘P,, is invariant, that is, frame
. independent.
Ifﬁmakesananglcﬂwnhthez-axxs, thcnii’makuanangleO’

with the z-axis, )
/ /_FZ
s
8 z . 8 2
where ' :

tang = —IBlsind__

, . |B] cos8 ~ByE
In particular, if the unprimed frame is the center of mass and the
primed frame is the lab, and if the veloclty of the center of mass in
the lab frame is ﬁ Z, we use 8§ = —B above to find (denoting

= IFea) , -

sinfy

Pem
wnf, = 4——————a—— .
lab 'y.pcm cosf., + ﬂ"y‘E
If 5 > Pem/Ecm, the parucle is neoessanly moving forward in
thelaband - ) ) .

1

. P, .
L .;m = DN ‘
T Vi V6 b/
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Wedenotep, = p,’ = || sinf, Then given a fixed p_, and

E . 85, for example, in a two-to-two scattering process, as .,
varies from 0 to 27 the lab momenturn describes an ellipse:

0= F B 22
Y4 P -
B. DECAYS
. B.1.a Two-body kinematics:

P PM

L - pz:mz
In the rest frame of the decaying particle,
' E Mzwlmllz-'mzz - b
1T M L

: : 12
18] [M? - (m; + my?]{M? — (my - m,)?]
! am? '
B.1.b Two-body partial decay rate: If # is the Lorentz invariant
matrix element (see Section D below), the partial decay rate in the
rest frame of the decaying particle is

B, do
ar = -1 | vk |_ll2_ s
2 M
where dQ is the differential solid angle in the rest frame of the
decaying particle.

B.2.a Three-body kinematics: )
: - p,m

P.M
Py

PyMy
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Wedenote . . R
_ - 2 7= 2 . “
Py =Py +py, miy = piy, e . .
Then
mlz2+m223+m123=M2+m12+m22+m32. :

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

kM

mf = (P-py)*> = M?+ m] ~ 2ME; . ,

. N
B.2.b Dalitz plot: If the orientation of the decaying particle is
ignored, there are two kmemntxc wvariables, which may be chosen to
be mlzz and m . For fixed mlz, the range ofm123 is determined by
letting B; be pamllel or antiparallel to Ps- In the rest ﬁ-ame of

. (py + py), the energy of pamcle 3 is E3 - (M2 mlzz - m3)/(2ml >
and that of particle 1 is liI = (mf +m} —m$)/(2m,,). Thus fora
given mi5,

: 2

e - 555 | VVE - VB
. 2

i = €5+ E37 - [ V/ER -l V5]

L

{

S e i

2
13

)
N
t
!
1
+
I
]
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The scatter plot in mf, dnd m is Glled a Dalitz plot.- Phase
space density is uniform across the plot See below.

B.2.c Three-body phase spuee Fuuns the energies E, and E, of
two of the ﬁnal state particles in the M rest frame determines the
relative ori ion of the three ing particles. Their momenta
may then be regarded as a rigid body whose orientation with
respect to the jnitial particlé is specified by the Euler angles a, 8,
and 7. The partial decay raté in the M rest frame is

2m) 3 2
dar = '(Ts)ﬁ"’ |#|? dE, dE; dardcos By
If the angles are integrated out, we have the Dalitz plot form,
2m) 3 2 . emn’3, 242 2
ar = G 14 dE cE =1§id—3 |41 dmpydmd,

An altemauvc expressnon is * ,
P

ar = ‘—L— w’ w.l 1B dm.zdnld%,

where
172
5] _ {m12 (“‘|+m2)2][mlz (m, ~ m2)2]
1 )
4m|2 o
o dr a . e L
is the momentum of particle 1 in the rest-frame ofmy ., -
ST, L
G M2 - g + mg (M2 - (my, - myP) .
1331 = 2 .
4M -

is the momentum of parucle 3 in the M rest frame, dﬂl is the solid
angle element for particle 1'in the 1-2 rest frame, and do; is the
solid angle element for pamcle 3in the M rest frame.

B3 n-body phase space: U

s
L7 Lo Pamy T
P,.m, S

PasM,
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The partial decay rate in the M rest frame is
22)4 -
ar = G5 1412 8, @y ng),

- where' " “ . L rey
n v

48 (Ppyy- -+ ,pg) = 0%P -
L4 ( P | p,,) .(. l_Elp,)|l_'ll (2"),25
In particular, .

B
dwz@.pl,pz)e(zwr" "dnl, ' s

where ]ﬁ 1 | is the momemum of particle 1 in the M rest frame and
dﬂl is the solid angle element in the same frame.

Phase space for n particles can be related to that for n—1 by
mung particles 1 and 2 as a single system of momentum p;, =
p; +p; and mass squared m,zz Plzz Thus

d2,(P;pp,py, - - .I?n) d"n_l(l’:l’lz, Py "7 Py)

Xd&,(p13:Py Py (2m) dmf, .

. SCATTERING

ThmughoutSecnonC,wesct h=lc=] Usehc=1973
MeV fenm, and (Ac)? = 0.3894 GeVZ mb fof conversions.

C.1 Panhl waves: The amplitude in the center of mass for elastic
scattering of spinless parucles may be written in a panml wave
expansion

f(k'g)=—z(2(+l)a,l>,(oos0), _' ) o

whm k is the c.m. momentum, 8 is the cm. sumenng anslc, a,

(e % 12,0 < ne. < 1, and 8, is the phase shift of the £tb
partial wave. For purely elastic scattering, 7, = 1. The differential *
cross section is

L2 = |fk0)2.
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The optical theorem is - PN . P

Ot = A Im K 0) '

and the cross section in the. ¢! partial wave is

"4 426 +1
a,u;’zi(u+1)|a,|2<—ﬂkz—l.

The partial-wave litude a, can be di ,,"‘ yed in an Argand plot.

EFCERE

. et )

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

A = -37Vs k0),

S0 . .

1
e { t=_ y
%ot " s )

where s and t are the center-of-mass energy squared and momen-
tum transfer squared, respectively (see Section'C.3.2). -

C.2 Resonances: The Breit-Wigner form for a, with a resonance at
c.m. energy Ep, elastic width Ty, and total width I is i

1
3rel
8, = T s
i
ER-E- 'z'rtot
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where E is the c.m. energy. This gives a circle in the Argand plot
with center ix, /2 and radius x,;/2, where x, = I'y/Ty,,. The quan-
tity X,y is called the elasticity. The amplitude hasa pole at E =

Eg —ilyq/2. "

Re A

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

2
2] +1 T BinBoutTiot
oyl = @D PPl
(2;1 + 1)5282+ 1) k2 (E—ER)2+I‘{‘L‘/4

where k is the c.m. momentum, E is the c.m. energy, and B;, and
By, are the branching fractions of the into the

and exit channels. The 2S + 1 factors are the multiplicities of the
incident spin states, so they are replaced by 2 for photons, etc.

C.3.a Two-body scattering kinematics:

Py.My P3:My

'pzxmz; - P p;zxm4."

In the center of mass, _

s+m12~m22

By = b2
lem 2Vs
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172
[s = (my + myY)s - (m; - my)?)
Plem = 4s
_ Puap™
Vi’

where V5 is the total c.m. energy. The Lorentz invariant Mandel-
stam variables are

s = (o +py)° = (p3+ Py’
= m} +2EE, — 28, P, + m2
i 152 1Pyt my,
t=(p; -y = (p; Dy’
= m? - 2EE, + 25,8, + m}
i 153 1Py my,
u = (p, —py? = (py - Py
= m?~2EE, + 2P, s+ m2
1 154 1'F4 4
and they satisfy
s+t+u=mi+mf+mi+m}.
If ., is the c.m. scattering angle between particles 1 and 3, then
(denoting Py = |Byeml » P3em = [P3em|)
= Ejom ~ Esem)® ~ ®sem ~ Pacm)” — 4P1cmP3em it Oorn/2) -
For ﬂm =, —~t is 2 minimum.

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

do 1 1 2

= = —— | #]|%

dt * 6ams |41
Piem

In the center of mass,

do _ _ PiemP3em do
dg, dt -’

om T
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C.4 n-body differential cross sections:

Ppmy p1l’,m1j
UL
/ 7
P2m, P, .M,
In the c.m. or lab

4 2 .ga’ LT ’
B PR ¢/ ME. | LS P VR O

4\/(pypp? -~ mim}

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

Note that \/(®ypy)? - mfmf = Pyyapm; = Prom Vs -

C.5.a Leptoproduction kinematics:

q = k — K is the four-momentum transferred to the target.
Invariant quantities:

y=- % = E —F' is the lepton’s energy loss in the lab (in earlier
literature sometimes » = q-P). Here, E and E’
are the initial and final lepton energies in the
lab.

Q= —q? = 2EE - l‘él‘(’) - m,2 —m}, where m,gmg) is the lmual
(final) lepton mass. If EE’ 09/2)>> m(,
mgz, then

= 4EF’sin2(6/2), where 8 is the lepton’s scattering angle in the
1ab.



83

X = i In the parton model, x is the fraction of the target
My nucleon’s momentum carried by the struck
quark. See section on Quark Parton Model.

y= ;(Ll; = % is the fraction of the lepton’s energy lost in'the lab.
(P+q)2 = M2+2Mu—Q2 is the mass squared of the sys-
tem recoiling against the lepton.
-C.5.b Leptoproduction cross secti
& e o 2My e o d
dxdy dudQ2 E dQ, dF’ dxdQ?
C.5.b. Electroproduction structure functions: N
&% _ 8wa®E | 1+ (1 -, xF§m
dxdy_ Q‘ )

+ (1 - yXFE™ - 2xFSm) —'z—f‘éxyl-‘;m] .

Ff™(x, Q?) and F§™(x, Q?) are the (unpolarized) structure func-
txons, which are, m the naive parton model, independent of Q2

C5.b.ii Neutrino producth functi
2
4% GEME |
e A A AR
- (y—”;)ng .

e )
a2 G5ME — —
dy E— la-y-2xn g+ Yzizxr;'

-- {—)ﬁ}] .
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The structure functions F}” 7 are related to quark distributions in the
parton model (see section on Quark Parton Model). There are
separate F;'s for neutral- and charged-current processes.

C.6.a e*e” annihilation: For pomt.hke spm-l /2 fermions in the
c.m., the differential cross section for ete™ — £1 via single photon
annihilation i ls

% = —ﬁ [1 +cos20 +(1- Bz)smzﬂ]eo,
where § is the velocity of the final state fermion in the center of
mass, and where € is the charge of the fermion in units of the pro-
ton charge. For 8 —» 1,

ane? 5 _ 868 e nb
33 Q2 yGevd)

C.6.b e*e™ two-photon process: In the equivalent photon approxi-
mation, the cross section for e*e™ —» e*e X is related 1o the cross
section for yy - X by

Wty hemx® =T d0RD o, (w9),

e'e ~»¢
where N
)

ﬂ & Zm
2" 4m?
and

flw) = -‘-[(2 +wlend —21- w3+ w)] .
w w
For the production of a resonance of mass mp and spin J,

2
X m;
ofetem —ete R) = 2t 18T IR = vy) « sR)'

mps

C.7 Inclusive hadroni cti A particle’s momentum can be
parametrized by selecting a pamcular direction for the z-axis and
writing

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

m} = m?+pl+p2,
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"JE+ E+p, |© ’
y=it’n il =¢n |—=| = 1anh! 2 .
2% [ E~p, m, E

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

d s __d

d3 dydp,
Feynman’s x variable is defined to be

P, _ 2D, em ~ 2m ) sinhy.,

X = =

Prmax | Vs Vs

-2
For y., not small (e Yom 1)

my oy,
L em
s

=

and

— Vs :
Yemdmax lnm .

D. LORENTZ INVARIANT AMPLITUDES

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

(Pip31Sipypy) = 1-i2m)*%(p, +p, — ] — P}

#(D;02:P1 P2

X ,
(2E,)/2(2E,)V22E]) %(2E5)1 2

where the states are normalized so

r'|p) = enPeE - ).



86
C.M. ENERGY, MOMENTUM VS. BEAM MOMENTUM

EemiEem © Pp?Theam © Mp'beam®Tbeam = Mp8Pheam
PBEAM  women C. M. ENERGY----- -MOMENTUM IN C. H.-
(GEV/C) (GEV) . (GEV/C)

e Kp 33 '.P;:p "p  Kp PP
0.00 1.078 1.432 1.877 .000 .000 .000 .000
0.02 1.079 1 1.
0.04 1.083 1 1.
0.06 1.089 1 1.
.08 1.096 1 1.
0.10 1.105 1
0.12 1,116 1
0. 14 3.127 )
0.16 1.139 1
0.18 1.152 3
Q.20 1.121 1.165 1
0.22 1.137 1.178 1
g.24 1.154 1.192 1
0.26 1.170 1.206 3
0.28 1.186 1.219 1
0.30 1.201 1.233 1
0.32 1.217 1.247 1
0.34 1.232 1.261 1
0.36 1.207 1.2751
0.38 1.262 1.288 1
0.40 1.277 1.302 1
0.42 1.292 1.315 1
0.44 1,306 1.329 1
0.46 1.320 1.342 1
0.48 1.335 1.356 1
0.50 1.349 1.369 1
0.52 1.362 1.382 1
0.54 1.376 1.395 1
0.56 1.390 1.408 1
0.58 1.403 1,421 1
0.60 1.416 1.434 1
0.62 1.430 1,447 3
0.64 1.443 1,459 1
0.66 1.456 1.472 1
0.68 1.568 1.484 3
0.70 1.481 1.496 1.653 1.989 443 .439 .397 .330
0.72 1.494 1.509 1.662 1.995 .452 .448 406 .339
0.74 1.506 1.521 1.671 2.001 .461 .457 415 .347
0.76 1.519 1.533 1.681 2.007 .470 .4b5 .424 .355
0.78 1.531 1.585 1.690 2.013 .478 .474 .433 .364
0.80 1.543 1.557 1.699 2.019 .486 .4B2 .42 .372
0.82 1.555 1.569 1.709 2.025 .495 .490 .450 .380
0.84 1.567 1.580 1.718 2.031 .503 .499 .459 .388
9.86 1.579 1.592 1.728 2.037 .511 .507 .467 .396
0.88 1.591 1.608 1.737 2.043 519 .S15 .475 .404
0.90 1.603 1.615 1.747 2.050 .527 .523 .uBa .u12
0.92 1.615 1.627 1.756 2.056 .535 .531 .492 .420
0.94 1.626 1.638 1.765 2.062 .542 .538 .500 .u28
0.96 1.638 1.649 1.775 2.069 .550 .546 .508 .435
0.98 1.649 1.661 1.784 2.075 .558 .554 .515 .ud3



PBEAM  -=-—e-i C. M. ENERGY-== -~ -MOMENTUM IN C. M.-
(GEV) {GEV/C

SGF e xe e 'ﬁ;;p mp kP pp
1.00 1.660 1.672 1.794 2.082 .565 .561 .523 .451
1.05 1.688 1.699 1.817 2.098 .584 .580 .542 .70
110 1.716 1.726 1.840 2.115 .601 598 .561 .u88
1.15 1,743 1.75371.863 2.332 .619 .615 .579 .506
1.20 1.776 1.780 1.687 2.149 .636 .633 .597 .524
1.25 1.796 1.806'1.909 2.167 .653 .650 .614 .541
1.30 1.822 1.831 1.932 2.184 .669 .666 .631 .559
1.35 1.848 1.857 1.955 2,201 .686 .682 .648 .575
1.80 1.873.1.882 1.977 2.219 .701 .698 .664 .592
1.45 1.898 1.906 2.000 2.236 .717 .714 .680 .608
1.50 1.922 1.93) 2,022 2.254 .732 .729 .696 .624
1.56 1.947 1.955 2,04k 2,272 .747 .74U .72 .64D
1.60 1.970 1.978 2.065 2.289 .762 .759 .727 .656
1.65 1.994 2.002 2.087 2.307 .776 .773 .742 .6
1.70 2.018 2.025 2.109 2.325 .791 .788 .756 .686
1.75 2.041 2.048 2.130 2.342 .805 .802 .771 .701
1.80 2.064 2.071 2.151 2.360 .818 .816 .785 .716
1.85 2.086 2.093 2.172 2.378 .832 .829 .799 .730
1.90 2.109 2.115 2.193 2.395 .8i5 .843 .813 .7hy
1.95 2.131 2.137 2.213 2.413 .859 1856 .827 .758
2.0 2.153 2.159 2.234 2.430 .872 .869 .840 .T72
2.1 2.196 2.202 2.274 2.465 .897 .895 .866 .799
2.2 2.238 2.244 2,374 2,500 .922 .920 .B92 .B26
2.3 2.280 2.286 2.353 2.534 947 944 .917 .B52
2.4 2.320 2.326 2.392 2.568 .970 .968 .941 .B77
2.5 2.360 2.366 2.430 2.602 .99% .991 .965 .90t
2.6 2.400 2.305 2.468 2.636 1.02 1.01 .989 .926
2.7 2.439 2.444 2.505 2.669 1.04 1.04 1.01 .99
2.8 2,477 2.482 2.542 2.702 1.06 1.06 1.03 .972
2.9 2.514 2.520 2.578 2.735 1.08 1.08 1.06 .995
3.0 2.551 2.556 2.613 2.768 1.10 1.10 1.08 1.02
3.1 2.588 2.593 2.649 2.800 1.12 1.12 1.10 1.0¥%
3.2 2.624 2.629 2.683 2.832 1.%4 1,1471.12 1.06
3.3 2.660 2.664 2,718 2,863 1.16 1.16 1.14 1.08
3.4 2.695 2.699 2.752 2,895 1.18 1.18 1.16 1.10
3.5 2.729 2.734 2.785 2.926 1.20 1.20 1.18 1.12
3.6 2.763 2.768 2.818 2.957 1.22 1.22 1.20 .14
3.7 2.797 2.801 2.851 2.987 1.2% 1.24 1.22 1.16
3.8 2.830 2.835 2.884 3.018 1.26 1.26 1.24 1.18
3.9 2.8563 2.868 2.916 3.048 1.28 1.28 1.26 1.20
4.0 2.896 2.900 2.947 3.077 1.30 1.29 1.27 1.22
4.1 2,928 2.932 2.979 3.107 1.31 1.31 1.29 1.24
4.2 2.960 2.964 3.010 3.136 1.33 1.33 1.31 1.26
4.3 2.992 2.996 3.041 3.165 1.35 1.35 1.33 1.27
4.8 3.023 3.027 3.071 3.194 1.37 .36 1.34 1.29
4.5 3.054 3.058 3.101 3.223 1
4.6 3.084 3.088 3,131 3.251 1
4.7 3.115 3.118 3.16) 3.279 1
4.8 3.14% 3.148 3.100 3.307 1
4.9 3.174 3.178 3.220 3.335 1




PBEAM  -—w-- C. M. ENERGY----- -MOMENTUM IN C. M.-

(GEV/C) (GEV) (GEV/C)
Al V]
T8RP e xe ee ECP me xp o ep
5.0 3.204 3.207 3.248 3.363 1.46 1.46 1
5.5 3.347 3.350 3.389 3.497 1.54 1.54 1
6.0 3.484 3.487 3.524 3.627 1.62 1.611
6.5 3.616-3.619 3.655 3.753 1.69 1.69 1
7.0 3.744 3.747 3.781 3.875 1.75 1.75 1
7.5 3.867 3.870 3.902 3.993 1.82 1.82 1.
8.0 3.987 3.989 4.021 4.108 1.88 1.88 1.
8.5 4.103 4.105 4.135 U.220 1.9Y4 1.94 1.
9.0 4.215 4.218 L.247 4.329 2.00 2.00 7.
9.5 4.325 4,328 4.356 u.436 2.06 2.06 2.
10 4.432 4,435 4,462 4.580 2.32 2.12 2.
11 4.639 4.6U2 4.668 4.741 2,22 2.22 2.
12 4.837 4.839 4.864 4.934 2.33 2.33 2.
13 5.027-5.030 5.053 5.120 2.43 2.43 2,
14 5.211 5.213 5.236 5.300 2.52 2.52 2.
15 5.388 5.390 5.412 5.474 2,61 2.61 2.60 2.57
16 5.559 5.561 5.582 5.642 2.70 2.70 2.69 2,66
17 5.726 5.727 5.748 S5.806 2.79 2.79 2.78 2.75
18 5.887 5.889 5.909 5.965 2.87 2.87 2.86 2.83
19 6.044 6.046 6.066 6.120 2.95 2.95 2.94 2.91
20 6.198 6.199 6.218 6.272 3.03 3.03 3.02 2.99
25 6.913 6.915 5.932 6.979 3.39 3.39 3.38 3.36
3o 7.562 7.563 7.578 7.621 3.72 3.72 3.71 3.69
35 6.158 8,160 B.174 8.214 .03 k.02 4.02 4.00
40 8.715 8.716 B.729 8.766 4.31 4.33 4.30 4.28
45 9.237 9.238 9.25) 9.286 U.57 4.57 4.56 4.55
50 9.732 9.733 9.745 9.778 4.82 4.82 4.81 4.80
60 10.65 10.65 10.66 10.69 5.28 5.28 5.28 5.26
70 11.50 11.50 11.51 11.54 5.71 5.7) 5.7% 5.69
80 12.29 12.29 12.30 12.32 6.11 6.1% 6.10 6.09
90 13.03 13.03 13.064 13.06 6.48 6.48 6.48 6.46
100 13,73 13.73 13.74 13.76 6.83 6.83 6.83 6.82
200 .19.40 19.40 19.40 19.42 9.68 9.67 9.67 9.66
300 23.75 23.75 23.75 23.76 11.9 11.9 11.9 11.8
400 27.41 27.4) 27.42 27.83 13.7 13.7 13.7 13.
500 30.6% 30.65 30.65 30.66 15 15.3 15 5.

20000 193.7 193.7 7T 193.7 96 96.9 96

50000 306.3 306.3 306.3 306.3 153 153 153 153
100000 433.2 433.2 433.2 433.2 217 217 231 27
200000 612.6 612.6 612.6 612.6 306 306 306 306
500000 968.6 968.6 968.6 968.6 484 UBM uBy 48Y
1000000 1370 1370 1370 1370 685 685 685 685
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STANDARD MODEL
OF ELECTROWEAK INTERACTIONS

The couplings of the photon, W, and Z to fundamental fer-
mions are

W[eQA“+—ﬁ§—_T [T*‘w; + T‘W;]
m (T:; sin 9WQ]Z ]

T 6 )

for mixing effects defining &', ', and b’ see the
section on Cabibbo and Kobayashi-Maskawa
Mixing;

™ = -(l ~yg)x weak i isospin msmg operator (T act
2ori left-handed fermions);

Ty = —(1—75)x third component of weak isospin, (i.¢.,
l/zforve.v vf.u,c,!,
=1/2fore”, u™, 77, 4,5, b);

Q = electric charge operator; in units of proton charge;
O = weak mixing angle; ) A
A = _¢electromagnetic vector potential. .

‘Thus, for example, the Wey coupling is

[ e 1 —
[ V2sinfy ] [wu T UYWAY E(1_-,5)e]
and the ZuU coupling is
[W] Z “7“ [ +-v9-2sin ow]u.

The physical neutral ficlds A and Z are mixtures of W3, the pam:er
of W¥, and another field B:

A = Wysinfy +Boosfy , Z = Wqcosfy —Bsinfy, .
The SU(2) X U(1) gauge couplings g and g’ appear as
Y
W, T+¢B,75
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where electric charge Q, T3, and Y/2 are connected by
Q = T3+ Y/2. The couplings and mixing angle are related by
tanfy, = g'/g, sin by, = /g

In lowest order
M2 = xa ~ [37.3Gev]2
¥ Vasin20y Gy - U sindy )’

M2 = M /cos?y .

See Appeadix I of this Review (found only in complete version, not
in booklet) for more details.

Branching fractions of the W and Z are predicted to be
roughly

BR(W* - c*p,) = 0.08, BR(W* »ud) = 0.24,
BRZ-vp,) =006, BR(Z—+c*e”) = 0.03,
BR(Z - ul) - 0.0, BR(Z—+dd) = 0.13,etc.

and similarly for the other generations, assuming there is no
suppression for phase space even for the t quark. The total widths
are expected to be (with sin?fy = 0.21): T(W) = 2.8 GeV and
Z) = 2.8 GeV.

CABIBBO & KOBAYASHI-MASKAWA MIXING

The quark mass eigenstates are not the weak cigenstates. The
unitary matrix connecting them is known as the Kobayashi-
Mask matrix. It lizes to three ions the Cabibbo
mixing which includes only the first two generations. The K-M
matrix can be parametrized by three angles 4, 6,, and §; and a
phase ¢¥, as described in Appendix Il (found in the full Review of
Particle Properties, not in the data booklet). Independent of such a
parametrization we can write

¢ Vua Vus Yup

1= |V Vo Yo s

b Vg Ve Vol b
The primed quarks are the weak ei while the imed
ones are the mass ¢i| The ysis in A dix I1]leads to

an estimate of the K-M matrix:

09705 to 0.9770 021 10024 0. o 0.014
021 to0 024 0.971 to 0.973  0.036 to 0.070
0. to 0.024  0.036 to 0.069 0.997 to 0.999
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QUARK PARTON MODEL
FOR DEEP INELASTIC SCATTERING

In the naive parton mode], the number of quarks, q(x)dx, of
type q carrying a fraction between x and x+dx of the proton’s
momentum (in a frame in which it is large) is independent of the
Q2 of the scattering. (In more complete QCD models there is a
logarithmic dependence on Qz.) Thus deep inelastic leptoproduc-
tion probes u(x), d(x), u(x), etc. In particular, the structure func-
tions for scattering from a proton (see section on Kinematics,
Decays, and Scattering) are determined by these:

JFCC = 2x [d(x) + s(x) + T(x) +Ex))
xFCC = 21 [d(x) + s(x) — W(x) ~ Ax)]
FC = 2x [u(x) + ¢(x) + d(x) +F)]

XFEOC = 2x [u(x) + o(x) = d(x) ~5(x)]
Ffm-x}s (30 +3) 3 [d(x)+3(;)] +ee ] A-
FNC = 2p2x{ 1_ —smzﬂw -sm‘ ow] [u(x)+u(x)]
+ [3‘- - Lsin?oy + %gin‘ﬂw] [aw +E(x)]}
xFNC = 2p1x{[- - —sxnzaw] fuw-30]
+ [% - %sinzow] [aw- '&(x)]}
F, = 2xF; (in all cases. This is the Callan-Gross relation,
) and ignores parton transverse momentum.)
FINC o pNC :

Here p = Mw/(M oos20w) See section on the Standard Model
of El and Appendix I of this Review (found
only in complete version, not in booklet).
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NONRELATIVISTIC QUARK MODEL
A. QUANTUM NUMBERS - ’

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

Quark type (flavor)

Quantum number d u s c b 1

&— electric charge -13 +% -13 +% —13 : +§
%, — z-component of isospin -% +% 0 0 0 0
— strangeness 0 0 |-1 0 0 0
#— charm 0o oj+1] of o
% — bottomness 0 . V] 0 0f-1 0
F— topness 0 0 0 0 0| +1

With these conventions the strangeness .%of the K+ is +1 and the
bottomness & of the B* is +1. .

The G-parity operator is defined to be G = Ce_lﬂ’, where C is
the charge conjugation op: The with = E= F= T
= () are eigenstates of G. If a meson is also an eigenstate of the
charge conjugation operator with charge conjugation C, then G =
C(— 1), where I is its isospin; all the other particles in the same
isomultiplet have the same value of G: G(r %) = G(r% = —1,
Glo*) = G(p%) = +1, etc.

B. MESONS .

Nearly all known mesons can be understood as bound states of
a quark q and an antiquark @’ (the flavors of q and ¢’ may be dif-
ferent). If the orbital angular momentum of the qq’ state is L, then
the parity P = (—1)L*1. A state q7 of a quark and its own anti-
quark is also an eig of charge jugation with C =
(~DLYS, where the spin S = 0 or 1. The L = O states are the pseu-
doscalars, JP = 0™, and the vectors, JF = 17, See table below.




Standard quark model assignments for some of the known i
oversial. Note that only the states in the T, dd, §5, <, and bb columns and the neutral states m the I =1 column are

Some

ially for 0**, are contr-

ig s of charge conj C.

e s e e [ & [ R
sy |o™* na T K D F EN B .,

LTI é.© o K*892) | D*2010) n T

D H B(1235) Qs '

3y ot | sO75).¢ 8 K x(3415) . Xp(9875)
3p, |1tt | DU28SHE | A(1270) Q4 x(3510) X,(9895) '
%, |2t .1 Ay K*(1430) x(3555) Xp(9915) ’
'p, J27* A(1680)

3p, |1-- W3770)

3p, 27~ L(1770)

3py |37- w(1670) g K*(1780)

€6
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States in the “normal” spin-parity series, P = (— l)’, must, accord-
ing to the above, have S =] and hence CP = +1. Thus mesons .
with normal spin-parity and CP = —1 are forbidden in the q@
quark model. The J*™ = 0™~ state is forbidden as well. Mesons
with such JPC could existbbut would lie outside the qq’ model.
States with the same J* and additive quantum numbers can mix
(if they are eigenstates of charge conjugation, they must also have
the same value of C). Thus the physical JP = 1%, strangeness 5=
1 states, Q(1280) and QSMOO), are mixtures of Q, and Q. The
W(3770) is a mixture of °S; and 3D|. ‘The 1 and %’ are mixtures of
the SU(3) octet and singlet states.
For the pscudoscalar mesons, the Gell-Mann-Okubo formula is

2 Loam2 2
my 3(:th mZ),

assuming no octet-singlet mixing. However, the octet ng and
singlet 7; mix because of SU(3) breaking. The physical states 5 and
1 are given by .

n = ngcosfp — 7, sinfp -
= ﬂssinop+fll 00501: ;

These combinations di lize the m d matrix

2 M2

M2 — |Miz Mig
2 M2

Mig Mgy

where Mszs - %(4m12( - mf) . It follows that

M2, - m2

mzoP =88 T
2 _\m2
mz -~ Mgg

The sign of 6, is meaningful in the quark model. If
n = (Wi +dd +5)/V3

ng = (i +dd ~2%8)/ V6,

then the matrix element Mfs, which is due mostly to the Stmngc
quark mass, is negative. From the relation
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. M2 __m2
tanfp = 3 p) ’
Mis
we find 6p < 0.
For the vector mesons we replace x — p, K—+K*, 77—+ ¢, and

n’-»w,so

¢ = wgcos by —w, sin by

w = wgsinfy + w cosby .

For “ideal mixing,” ¢ = S5, tanfy, = 1/VZ, s0 by = 35.3°.
Experimentally, 8y is near 35, the sign being determined by a for-
mula anslogous to that for tanfp. Following this procedure we
find the mixing angles below. There are uncertainties of a few
degrees arising from electromagnetic mass splittings and uncertain-
ties in resonance masses.

Singlet-octet mixing for the pseudoscalar, vector, and tensor me-
sons. The sign conventions are as above. The value of 0q“d is.ob-
tained from the equations above, and §;,, is obtained by replacing
m?— m throughout, Of the two isosinglets, the mostly octet one is
listed first. .

JFC Nonet Members Oquad bin
0"t Ky -0 -23°
17 p, K%892), 6, @ 39° 36°
¥+ Ay K*(1430), 1, f 28° 26*
37" g(1690), K*(1780), ¢(1850), w(1670) 29° 28°
C. BARYONS )

All the established baryons are apparently 3<quark (qqq) states,
and each such state is an SU(3) color singlet, a completely antisym-
metric state of the three possible colors. Since the quarks are fer-
mions, the state function for any baryon must be antisymmetric
under interchange of any two of its quarks. Thus the state is sym-
metric under i hange of the labels other than color:
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|aaq)s = |color), X |space, spin, flavor)g, .

where the subscripts S and A indi sy y or anti: Y
under interchange of any two of the quarks. Note the contrast with
the state function for the three nucleons in >H or 3He:.

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

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

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

38303=10;08, 08,01,

(see the section on SU(n) Multiplets and Young Diagrams). Here
the subscripts indicate symmetric, mixed-symmetric, or antisym-
metric states under interchange of any two quarks. The figure
shows particle assignments in these multiplets. States Ag and A,
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that have the same spin and parity can mix; an example is the
mainly octet D3 A(1690) and mainly singlet D03 A(1520). The
formalism is the same as for n—7’ or ¢—w muunf (see above),
except that for baryons the mass M instead of M is used. The sec-
tion SU(3) Isoscalar Factors shows how relative decay rates in, say,
10+ 8 @ 8 decays may be calculated. A summary of results of fits
to the observed baryon masses and decay rates for the best-known
SU(3) multiplets is given in Appendix IT of our 1982 edition. 2

Flavor and spin may be combmed in a flavor-spin SU(6) in
which the six basic states are d1, dl, - - -, sl (1, | = spin up,
down). Then the baryons belons to the multiplets on the nght side
of

6868 6= 5650 70 © Ty @20,

These SU(6) multiplets decompose into flavor SU(3) mnluplets as
follows:

=410
=000 %80 A

-804,

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

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

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

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

3. AJ.G. Hey and R.L. Kelly, Phys. Reports 96, 71 (1983).
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PROBABILITY AND STATISTICS

A. PROBABILITY DISTRIBUTIONS AND CONFIDENCE
LEVELS .

We give here properties of the three probability distributions
most commonly used in high energy physics: normal (or Gaus-
sian), chi-squared (xz), and Poisson. We warn the reader that there
is no universal convention for the term “confidence level”; thus,
explicit definitions that correspond to common usage are given for
each distribution. It is explained below how confidence levels for
all three distributions may be d from the following figure.

CONFIDENCE LEVEL VS, x2 FOR g DEGREES OF FREEDOM
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A.1 Normal distribution
“The normal distribution with mean ¥ and standard deviation o
(variance o2) is:
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-(x—ﬂz/hzdx T

Plx)dx = o))

oV

The confidence level associated with an observed deviation 5 from
the mean is the probability that |x-X|> §, i.e.,

CL=2] &P,
T+s

@)

since the distribution is symmetric about X, The small figure in Eq.
(2) is drawn with § = 2¢. CLis yven by the ordinate of the

= | curve in the large figure a1 x = (8/0)%. The confidence
levelforé- 10 is 31.7%; 24, 4.6%; 30, 0.3%. The odds against
exceeding &, (1-CL)/CL, for 6 = 1¢ are 2.15:1; 20, 21:1; 30, 370:1;
40, 16,000:1; 50, 1,700,000:1. Relations between o and other meas-
ures of the width: probable error (CL = 0.5) = 0.670; mean abso-
lute deviation = 0.800; RMS devumon = g; half width at half max-
imum = 1.18q.

A2 x? digtribution o
The xz distribution for np, degrees of freedom is:

1 . 0P e 242 (220), 3

where h (for “half”) = np/2. The mean and variance are ny, and
2oy, respectively. In evaluating Eq. 8) one may use Snrlmgs
appraxtmalwn I(h) = 2.507 ¢ B 1@~ /21 + 0,0833/h), which
is accurate to + 0.1% for all h = 1/2. The confidence Ievel associ-
. ated with a given va.luc of np, and an observed value of x4 is the
probability of the x exceeding the observed value, ie.,

Py

R

Pap0Mx’ =

CL= xfgdxz Py ) @

The small figure in Eq. (4) is drawn with npy = 5 and CL = 10%.
CL is plotted as a function of x2 for several values of np, in the
large figure. For laige np, xz becomes normally distributed about
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np. Thus,
vy = 0¢ — np)/\/Zop

becomes normally distributed with ubit standard deviation and
mean zero. A better approximation is that x, not x?, becomes n
mally distributed; specifically

- Vo - /T
approaches normality with unit standard deviation and mean ze:
For small CL’s in pamculnr y, is much more accurate than y,.
Thus, for npy = SOandx = 80, the true CL = 0.45%, but y, is 3.
corresponding to & CL of 0.13%, while y, is 2.7 corresponding to
CL of‘ 0.35%.

A.S Poisson distribution B
The Poisson distribution with mean nis:

P_(n) (n =0,1,2,-").

The variance is equal to the mean. Confidence levels for Poisson
distributions are usually defined in terms of quantities called
“upper limits” as follows: The confidence level associated with &
given upper limit N and an observed value n of n is the probab
1tyt.hatn>n01fn—N ie., cL

CL = i Py(n)
n-no+l

ng
=1-3 Pyn) 0 AN 8 12
=0

The small figure in Eq. (8) is drawn with o, = 2 and CL = 90%.
useful relation between Poisson and x* confidence levels allows
to look up this quantity on the large figure. Specifically, the qua
? 1-CL is given by the ordinate of the npy = 2(ny+1) curve a
= 2N. Thus, 90% conﬁdence level upper limits for ng = 0, |
and 2 are given by half the x value corresponding to an ordinat
of 0.1 on the np, = 2, 4, and 6 curves, respectively; the values are

=23, 3.9, and 5.3.

Tables of confidence levels for all three of these distributions,

" the relation between Poisson and x2 confidence levels, and

numerous other useful tables and relations may be found in Ref.
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B. STATISTICS

Suppose one is p d with N ind dent data, y, o, and
it is desired to make some inference about the “true” value of the
quantity represented by these data. For this purpose we interpret
each datum y,, as a single sample point drawn randomly (and
independently of the other data) from a distribution having true
mean ¥, (which we wish to estimate) and variance g5, We do not
require that they be normally distributed.” (Identification of the
true oy with the o, datum is often an approximation which may
become seriously inaccurate when @, is an appreciable fraction of
¥p) Some methods of estimati ly used in high energy
physics are given below; see Ref. 2 for numerous applications. Sec-
tion B.1 deals with the case in which all y, are the same, e.g.,
several different measurements of the same quantity; Sec. B.2 deals
with the case in which ¥, = ¥(x,), where x,, represents some set of
independent variables, e.g., cross-section measurements at various
values of energy and angle, x; = {E,, Gn}

B.1 Single mean and variance estimates

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

W

s_1 X .
§== 3 y, and )
N n=1 .

R E -9 = [ -62] oo

are unbiased estimates of y and 472; the angular brackets denote an
average over the data. The variance of ¥ is o“/N. If the pamn
distribution is normal and N is large, the variance of 52 is 20% '/N.

(2) If the y,, are independent estimates of the same Y, and the o,
are known, then the weighted average

|
y== E}wnym an

where w,, = I/alf and w = 3 w,, is an appropriate unbiased esti-
mate of y. This choice of weighting factors in Eq. (11) minimizes
the variance of the estimate; the variance is 1/w.

B.2 Linear least-squares fit

We wish to determine the best fit of independent unbiased data
- Ypto,, measured at points x,,, to the form y(x) = Za;f(x), where
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'.he f; are Icnown, linearly independent funcuons (e.g., Legendre

t over the allowed range of x. The esti-
mates for the linear coefficients a; which minimize the sum of the
squared deviations are

g = EV Hapyg/o? T a2

Here V is the covariance matrix of the fitted parameters

Vi =& aXE; ~ ), ro 13)

where t.he overbar denotes the unknown true value; V is estimated -
by

e zt;<x,.)f,<x,,)/u ) )

The estimated variance of an mterpolnted or extrapolated value of
y at point x, § = Z if(x), is:

(9'—w2|m.= ij):_vﬁt;om;(x). s

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

8 = (8,5 —5,5,)/D, (16)
b = (5,5, ~$,S,/D,
where -
81 85 8y Seer sxy DRy vV W xyed, - AD
respectively, and
D =58, —S2.
The covariance matrix of the fitted parameters is: ]
[vn vab] -1 [sxx _sx] . a8)
Vab Vo) D |"Sx § .
The estimated variance of an mtcrpolated or extrapolated value of
y at pomt X is:
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2
TR i ) R Y (19
™5 "D s, |-
A least fit gives esti for the a; [Eq.(12)] with the smal-
lest vaniance, under the conditions that the ion of y in terms

of a;f; is the correct model and that the ¥y are independent,
unbiased measurements whose variances o are known.

C. ERROR PROPAGATION

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

o
Ta ﬂ{'})+ va TN ]-(v)-m'

-z 3V, [”—f] ["—f] Q@
m T nlyam M)y -

E.g., the mean and variance of a function of a single variable with
mean Yy and variance o“ are .

20)

T+ —;'vzf”(i) , 22

TP = 2GR @3
Note that these equations will usually be applied by subsmuung
measured quantities, {7} say, for the true means, {y}. If, as is often
the case, ¥, — ¥y, is of order ane then the second-order terms in
Eqs. (20) and (22) may be small compamd with the first-order
errors introduced by the substittion.

1. M. Abramowitz and I Stegun, eds., Handbaok of Mathematt-

- cal Functions (Dover, New York, 1972).

2. W.T. Eadie, D. Drijard, F.E. James, M. Roos, and B. Sadoulet,
-Statistical Methods in Experi ! Physics (North Holland,

" Amsterdam and London, 1971); S.L. Meyer, Daia Analysis for
Scientists and Engineers (John Wiley and Sons, Inc., New
York, 1975); A.G. Frodesen, O. Skjeggestad, and H. T¢fte, Pro-
bability and Statistics in Particle Physics (Universitetsforlaget,
Oslo, Norway, 1979).
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PARTICLE DETECTORS, ABSORBERS,
AND RANGES*

A. DETECTOR PARAMETERS

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

A.1 Scintillators: The photon yield in the frequency range of prac-
tical photomultiplier tubes is = 1% per 100 eV of charged particle
ionization energy loss in plastic scintillator! and = 1v/25eV in
NaLl:2

A.2 Cerenkov:> The half-angle 8, of the Cerenkov cone aperture in
terms of the velocity # and the index of refraction n is:

oo v (3] <[~ 5] ]
c=arccos ﬁ_n = ﬂn .
The threshold velocity is: 8, = 1/m; v, = 1/\/1 - B2. There-

fore, By, = 1/V25 + 52, where 8 = n~- 1., Values of § for various
commonly used gases are given as a function of pressure and
wavelength in Ref. 4; for values at atmospheric pressure, see the
Table of Atomic and Nuclear Properties, following.

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

N=—f[ ]21rdv==—ﬁf [W—W]zm’

= 500 sin?) /cm (visible spectrum) .
A3 Photon collection: In addition to the photon yield, one should

take into the light collection efficiency (5 10% for typical
1-cm-thick scintillator), the attenuation length (=1 to 4 m for typl-
cal scintillators); and the efficiency of the p -

plier cathode (<25%).
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A.4 Typical detector characteristics:

: Resolution  Dead
Detector Type Accuracy (rms) Time Time

Bubble chamber =+10to =150u = Ims &1/20s%
Streamer chamber +300u = 2u8 =100ms
Proportional chamber 3 + 300u2¢ = 50ns =200ns
Drift chamber +50 to 300u = 2 ns? =100 ns
Scintillator — =150ps = 10ns
Emulsion E3 — —_
Silicon strip +5u e e

a Muluple pulsing time.
b 300, is for 1 mm pitch.

¢ Delay line cathode readout can give + 150
pamllel to anode wire.
4 For two chambers.

€ Limited at present by noise and readout
time of attached electronics.

A.5 Shower detectors: We give below typical energy resolutions
(FWHM) for an incident electron in the 1 GeV range; E is in GeV.
For a fixed number of radlauon lengths, FWHM in the last three
d s would be expected to be gropomonal to V1t for t (= plate
thickness) > 0.2 radiation lengths.® For all detectors, operational
resolution may be up to 50% worse due to dead areas, non-
normally incident tracks, and other effects.

2%
Ee

Nal (20 rad. lengths):”

Lead glass (14 rad. lengths):3 -10—‘\/%—”“

Lead-liquid argon (15.75 rad. ]engths):6 16%
(42 cells: 1.1 mm lead, 2 mm liquid argon, VE
2.3 mm lead-G10, 2 mm liquid argon)

Lead-scintillator sandwich (12.5 rad, lengths)® 172

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

Proportional wire shower chamber (17 rad. lengths):lo i\/%

(36 cells: 0.474 rad. length type-metal + Al,
9.5 mm 80% Ar - 20% CH, gas)
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A.6 dE/dx resolution in Argon: Particle identification (relativistic,
Q = 1 incident particles) by dE/dx is dependent on the width of the
distribution:

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

FWHM [ﬁl ]
dx
most probable / _ 0.96N'o'46(lp)_0'32 ;
dE
dx 'most probable
N = no. samples, t = thickness per sample (cm), p = pressure
(atm.); most ly used chamber gases ( Xe) give
approximately the same resolution.
A.7.Proportional chamber wire instability: The limit on the voltage
V for a wire tension T, due to mechanical effects when the electros-
tatic repulsion of adj wires ds the restoring force of wire
tension, is given by (MSKA)lz

V<—s— 4meyT

where s, ¢, and C are the wire spacing, length, and capacitance per
unit length. An approximation to C for chamber half-gap t and
wire diameter d (good for s 5 1) gives!?

v 5911/2[l+ie [i]]
3 4 [ 04 n xd

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

A8 Proportional and drift chamber potentials: The potential dis-
tributions and fields in a proportional or drift chamber can usually
be calculated with good accuracy from the exact formula for the
potential around an array of parallel line charges q (coul/m) along z
and located at y = 0, x = 0, £5,+2s,...,

oo (2] (2]}

Errors from the of cathod hanical defects, TPC-type
edge effects, etc., are usually small and are beyond the scope of this
review.
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A.9 Silicon strip detectors: These are silicon diodes operated with
a reverse bias voltage V (typically 30-300 volts) sufficient 1o deplete
the sensitive volume of most mobile charge carriers (electrons and
holes). The active (depletion layer) thickness t is given in a simple
model by (MKSA)

= number of impurity centers/m3
= electron charge
= dielectric constant z 105 pF/m = 11 9 ‘0
= resistivity = 10-200 0-m
= majority charge carrier mobility
= 0.130.15 ml/volt-sec (clectrons)
= 0.045-0.06 m%/volt-sec (holes).

A minimum-ionizing particle has a Landau energy-loss distribution
with average energy loss 39 keV/100 um and full width at half- .
maximum of 0. 07ll/ﬂ keV, where t is the detector thickness in
microns and 8 = v, ine/C- The width is usually increased fusther by
electronic noise (¢ ~1-10 keV) and for thin layers by a Gaussian
contribution due to atomic effects [u ~ (0.3-0. 4)\/ keV] The -

where

T® maen

average energy required to prod an ¢l -hole pair is 3.62 eV,
from which one can estimate total charge of either sign released.
Silicon d 1 integrated ch d-particle fluxes of

up to ~10M4. 1018/m and still operate as efficient detectors.

B. COSMIC RAY FLUXES

The fluxes of particles of different types depend on the Iatitud‘e,
their energy, and the conditions of measurement. Some typical
sea-level values! for charged particles are given below:

1 flux per unit solid angle about vertical

direction crossing unit horizontal area .
perpendicular component of total flux crossing
unit horizontal area from above

J 2 total flux crossing unit horizontal area

. Total Hard Soft ..
Intensity, Component Component . N

1, Lix102  08x107  03x107° m™2sec™! sterad”!
Jp 18xt0?  13x102  0.5x10> m™2sec!
I, 24x102 17x10%0 0.7x10%7 m”Zsec™!
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Very approximately, about 75% of all particles at sea level are
penetrating, and are muons. The sea-level vertical fux ratio for
protons to muons (both charges together) is about 3%:% at 1 GeV/c,
decreasing to about %% at 10 GeV/c.

The muon flux at sea level has a mean energy of 2 GeV and a
differential spectrum falling as E™ 2 steepening smoothly to E™
above a few TeV. The angular distribution is oos20 changing to
secf at energies above a TeV, where 8 is the zenith angle at produc-
tion. The +— charge ratio is 1.25-1.30. The mean energy of
muons originating in the here is roughly 300 GeV at slant
depths = a few hundred meters. Beyond slant depths of ~10 km
water-equivalent, the muons are due primarily to in-the-earth neu-
trino interactions (roughly 1/8 interaction ton ! year “lforE >
300 MeV, ~ constant throughout the earth).!> Muons from
source amve with a mean energy of 20 GeV, and have a flux of
2x10”? m™2 sec™! sterad ! in the vertical direction and about
twice that in the horizontal,!6 down at least as far as the decpest
mines.

C. PASSAGE OF PARTICLES THROUGH MATTER

C.1 Energy loss rates for heavy charged projectiles: A heavy pro-
jectile (much more massive than an electron) of charge Z, e,
incident at speed Sc¢ (8 >> 1/137) through a slowing medium, dis-
sipates energy principally via interactions with the electrons of the
medium. The mean rate of such energy loss per unit path length x,
called the stopping power, is given by the Bethe-Bloch equation:!”

(2], 22 ()
dx Jige Amed 8

[[M]ﬁgzﬁ]{}

where D = 4N ,,12m,c? = 0.3070 MeV cm?/g (see Physical Con-
stants Table). Mean range and energy loss figures appear at the end
of this section.

Here, Z,, o4 and Amed are the charge and mass numbers of the
medmm and Pmed is the mass density of the medium; /, §, C, and »
are p Fi ly, the values of §, C,
a.nd v are negligibly small; the parameter I characterizes the binding
of the electrons of the medium. As a rule of thumb we may esti-
mate / for an idealized medium as I 16 (Zmed) eV when
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Z eq > 1. For realistic media the value of 7 will vary at the 10%
level from this estimate. Variations of this order occur due to
atomic effects such as completion of a shell, also due to chemical
binding, and even due to the phase of the substance. Hydrogen,
perhaps the most sensitive, has 7 of about 15 eV in the atomic
mode, rising to about 19.2 eV as H, gas and to 21.8 ¢V as H,
liquid.!® For many substances, the transition from gas to solid is -
accompanied by a 20-30% increase in I'8 we may approximately
treat media which are chemical mixtures or compounds by comput-

ing

£~§[g]

dx n=1 dx n
with (dE/dx), appropriate to the n't chemical constituent (using
pl(l',’gd as the partial density in the formula for dI-Z/dx).19 For many
chemical compounds, small corrections to this additivity rule may
be found in Ref. 18. . . .

The function & represents the density effect upon the energy loss
rate; it is non-negligible only for highly relativistic projectiles in
denser media.20 For ultra-relativistic projectiles, § approaches
2¢n7y + constant, where the value of the constant depends upon the
density of the medium as well as its chemical composition.

The function C represents shell corrections to the energy loss
rate.!” These effects are no ligible only for projectiles with
speeds not much faster than the speeds of the fastest electrons
bound in the medium.

The function » represents corrections due to higher order elec- -
trodynamics.21 These effects become important when | Z;, /8| is
comparable to 137. For relativistic unit-charge projectiles, {»| is
of the order of 1%; positively charged projectiles lose energy more
rapidly than do their charge conjugates.*"* )

For nonrelativistic projectiles, our formulae.above are inapplica-
ble. At the very slowest speeds, total energy loss rates are believed
to be proportional to 8, rising through a peak at projectile speeds
comparable to atomic speeds (8 on the order of ac), after having
passed through a smaller peak (due to elastic. Coulomb collisions
with the nuclei of the slowing medium23) at intermediate speeds.
For example, for protons in Si, dE/dx = 61.23 8 GeV/(gm cm‘z)
for 8 <0.005; the peak occurs at § = 0.0126 where dE/dx = 522
MeV/(gm cm_z). In some cases, energy loss rates depend signifi-
cantly upon the relation of the proi'ectile trajectory to the crystalline
structure of the slowing medium.? .

For relativistic projectiles, (dE/dx);,, falls rapidly with increas-




110

ing 8 until reachi d # = 0.96 (almost indepen-
dent of medium), followed by a slow rise. Because of the density
effect, the quantity in square brack pproaches ény +
for large +.
The quantity (dE/dx);, 8x is the mean total energy loss via

ions with el of the medium in a layer of thickness dx.
For any finite 5x, Poisson fluctuations can cause the actual energy
loss to deviate from the mean. For thin layers, the distribution is
broad and skewed, being peaked below (dE/dx)dx, and having a
long tail toward large en: losses.2 Only for a very thick layer
[(dE/dx)6x >> 2n1,ﬂ2 wnll the distribution of energy losses
become nearly Gaussian, The large fluctuations of the total energy
loss rate from the mean are due to a small number of collisions

- involving large energy fe The fl ions are greatly

reduced for the so-called restricted energy loss rate, described in
Section C.4.

C.2 Ionization yields: Physicists frequently relate lotal energy loss
to the number of ion pairs produced near the projectile’s track.

This relation b plicated for relativistic projectiles due to
the dering of getic knock-on el whose ranges exceed
the di ions of the fiducial volume. For a qualitative apprmsal
of the nonlocality of energy d ition by such modestly ic

knock-on electrons in various media, see Ref. 26. Fun.hermore, the
mean local eriergy dissipation per local icn pair produced, W, while
essentially constant for relativistic projectiles, increases at slow pro-
jectile speeds. The numerical value of W for gases can be
surprisingly sensitive to trace amounts of various contaminants.?’
Of course, in addition to the preceding effects, practical ionization
yields may be gneatly influenced by subsequent recombinations and
other factors.2

C.3 Energetic knock-on electrons: For a relativistic point-charge
projectile, the m-oductxon of high energy (kinetic energy T >> 1)
electrons is given by'

N =1p Zne Zine : A g
dTdx 2 Amed 8 Pmed 2

for I<< T < Tppgy » where
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2m, B2

Tonax = 7
m, m
142y =5 4 L
Mipe [ M;

nc

M, is the mass of the incident projectile, and all other quantities
except Fare as in Sec. C.1. F(x 1 for T << Tp,,,) is a factor
dependent upon the spin of the projectile.

For spin-0 projectiles,

T
Fe1-g-1—;
Tmﬂ

for spin-1/2 projectiles,

2
SIS S
ﬂTm, Tine + Mine®?

where T, is the kinetic energy of the projectile;
for electrons incident,

Fogqe| T _ 1 ;
d T(Tipe =T Tine

and for positrons incident,

RGPS
F=p21--T i R
d [l Tinc * [Tinc

For incident electrons, the indistinguishability of projectile and tar- -
get means that the range of T is-only up to T;;, /2. For additional
formulas see Ref. 30. Our formula is inaccurate for T close to 7;
for 2I 5 T 5 10, the 1/T2 dependence above b =T

3 gy 553

C.4 Rates of restricted energy loss for relativistic charged projec-
tiles: The variability of energy loss for heavy projectiles is due pri-
marily to the variability in the production of energetic knock-on
electrons. Bremsstrahlung and pair-production processes make this
variability even greater for electrons than for heavy particles as pro-
jectiles (see, e.g., the figure “Fractional Energy Loss for Electrons
and Posi in Lead,” following). If an instrument, such asa '
bubble chamber, is capable of isolating these high-energy-loss
interactions, then it is appropriate to consider the rate of energy
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loss excluding them, i.e., a restricted energy loss rate, The mean
energy loss rate via all collisions which have energy transfer T such
that T < Epp, << Ty is: !

(=) - 1p Tt (2=’
dx <Epnax 2 Amed 8

n [M‘]_ﬁZ_—s_i

n Zned

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

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

C.S Multiple scattering throngh small angles: As a charged particle
traverses a medium it is deflected by many small-angle elastic
scatterings. The bulk of this deflection is due to elastic Coulomb
scattering from the nuclei within the medium, hence the usual iden-
tification as multiple Coulomb scattering (note, however, that
strong interactions do contribute to the total multiple scattering for
hadronic projectiles). For both Coulomb and strong interactions,
the Central Limit Theorem provides little useful guidance in estab-
lishing the precise nature of the distribution of the total deflections
resulting from multiple scattering. The true distribution is roughly
Gaussian only for small deflection angles, while it shows much
greater probability for large-angle scatterings (2 a few 6, 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 G ian part b ligible) are more pro-
nounced for hadrons than for muons as projectiles. The large-angle
behavior of these distributions is best estimated by computing the
exact distribution for the vectorial sum of the largest deflections
based upon the true elastic scattering cross section of the projectile
against the inedium,:’2 or, when applicable, by interpolation from
tabular data.33 An easier alternative which may suffice for noncrit-
ical applications would be to use a Gaussian approximation with
the following width:

0. < 141 :;evzc chm[l + %10510 (L/LR] ](radianS),
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where p, 8, and Z; . are the momentum (in. MeV/c), velocity, and
charge number of the incident particle, and L/Ly is the thickness,
in mdumon lensths, of the scattering medium. Ly for certain
materials is given in the Table of Atoniic and Nuclear Properties of
Materials, followmg, See also Sec. C.7 below. The angle, o isa
fitto Mohere theory, accurate to about 5% for 10 3« L/lg <
10 except for very light elements or low velocxty where the error is
about 10 to 20%. In this Gaussian appro)umauon, 6 has the
meaning .

=__ rms
bo =oplane V2 Bspace

The nonprojected (space) and })rojected (plane) angular distribu-
tions are given approxi by the:G: ian forims:

1 exp | — _space - 4o,
210& ) 2

02

1 plane
. exp ;
Var 00 202

where 8 is the deflection angle.

Other quantities are sometimes used to descnbe the amount of
multiple Coulomb scattering: the auxiliary quantities Wplnne’
Yplane: and sphne (see the figure) obey .

daplnne’

sgms L ogms 1.,
phne \/' phne \/'3‘ 0

. -
y;lg;e = \/‘ L oplnne = W
rr

Yplane

\.\(Splune
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All the i sti in this section apply only in the limit’
of small oph“ and in the absence of large-angle scatters.

C.6 Longitudinal distribution of el gnetic sh A pho-
ton of energy E > 0.1 GeV converting in a semi-infinite medium
d an fic cascadé whose intensity initially

mcmam with depth and then falls off. The average number of e*
with kinetic energy above 1.5 MeV, ¢rossing a plane at a depth of L

- radiation lengths from the beginning of the medium, in a material
of atomxc number Z, calculated using the Monte Carlo program
F.GS can be fit by the empiricat formula3®

N = NoL% ™, ,

where N = 5.51 E(GeV) VZ b®*+!/T(a+1) and b = 0.634

~ 0.0021 Z. ForZ > 26, a =20 — Z/340 + (0.664 — Z/340)¢n E.
ForZ=13,a =177 — 0.52¢n E. The maximum intensity, N, ..,
occurs at the depth L = a/b. The maximum error of the fit occurs
in the vicinity of this depth and is less than 0.15 N,,,,. The

mteyalofthetml, NdLlsﬁttobenerﬂngS% The total
Sa/b

longitudinally projected e* path length, .[N' dL= 551 E VZ is

less than the total e* path length due primarily to multiple
Conlomb scattering.
[oi) Rndindon length: .For the passage of el ically
interacting particles through a medium it is convenient to
thickness in terms of radiation length. 37 For most electromagnetic
processes (Bremsstrahlung, Coulomb scattering, showering, pair
production, etc.), over large energy intervals, some or all of the
dependence upon the medium is ined in the radiation length.
The radiation length may be defined as the distance Ly over
which a high energy electron (2 1 GeV for most materials) loses all
but a fraction /e of its eneTgy 10 Bremsstrahlung, on average. For
ah dium, Z > 5,

2. 72
1 4N, Z 184.15 1194 | _ 2
i Y &n 773 z’ ) 1.20262Z

72

1.008a%Z6

o Avh _ =
+1.0369°Z L+ 222 } 716.405A '
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where a, 1, and N, are found in the Physical Constasits Table, and
Z and A are the atomic number and weight of the medium. For Z
< 5, 4 more 1 d i

numerical calculation is ired. Radi
lengths for many substances are tabulated in the Table of Atomic
and Nuclear Properties of Materials, following,. For media’ wlnch

are chemmal mixtures or oompounds, -
. L
SCEEED > S

where f; is the fraction by mass of atoms of type i, mdmuon length
LR Chemlcal bmdmg cah lower LR from this, typlcally by a few
per cent. ‘

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

For photons of infinite energy, Lhe total p:u.r producuon cross
section is

o = HA/LRN,) .

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

CS8 Electron practical range: The eléctron “practical range” — a
of straight-line penetration distance — is shorter.
than the totat path length b : of multiple Coulomb scattering,
which becomes increasingly important as the electron slows down.
Eg., for a fast electron the rms projected angle due to multiple
Coulomb scattering hes 1 radian by the time thé electron has
slowed to 0.4 MeV in hydrogen, 1.5 MeV in carbon, 9 MeV in
copper, and 24 MeV in lead. Electrons which have energy less than
0.2 MeV in Ar, 1.5 MeV in Cu, 35MeVmSn,and5MeVme
are hkely to deposit 10% of their energy behind their starting plane.
The practical range, Rp. is defined as that absorber thickness
obtained by extrapolating to zero the linearly decreasing part of the
curve of penetration probability vs. absotber thickness. Data for Al
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in the T range up to about 10 MeV are available, and fit (to
~210%) R = AT[1-B/(1+CT)] mg cm ™2, a form suggested in
Ref. 38, with A=0.55 mgem 2 keV |, B = 0.9841, and C = 0.0030
keV™ . At this penetration depth, 90 - 95% of the incident elec-
trons have stopped. Data for other elements are sketchy, but sug-
gest that higher-Z (< 50) elements have 1 Rp/Rp(Al) s 1.4
below ~10 keV, and 0.6 < (Al) =< 1 above ~ 100 keV.
The “critical energy” (above which the energy loss due to
bremsstrahlung exceeds that due to ionization, and showering
becomes important) is 400 MeV for hydrogen, 100 MeV for car-
bon, 25 MeV for copper, and 10 MeV for lead. The mean positron
range may differ from the mean electron range by several percent.
See Refs. 39 and 40. Electron energy deposition and penetration
probability. vs. range are discussed in Refs. 26, 41, and 42.
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Materil Z A Nuclear® Nuclear? Nuclear® Nuclear® - dE/dx mind  Radiation length® Density/ - Refractive
total inclastic  collision interaction  ZE Emp,l cm L 18/‘“'"3] index n/,
cross cross  length  length [Mev]_ B'lcmzl 0 Qisforgas  Qis (n~1)x108

section . section M A MeV 1 0is for gas i ﬁ.‘:]w /] for gas
orlbam] oy {barn] [g/em?], ([g/em?) g/em? [kev] ,

H, 1 1.01  0.0387 0.033 413 50.8 4.12 (0.19) 61.28. 865, '0.0708(0.090) 1.112(140)

Dy 1 201 0073 0.061 45.7 53.7 2.07 ©.17) 122.6 757 0.162(0.177) 1.128

He 2 400 0.133 0:102 499 65.1 1.94 (0.16) 9432 755 0. 125(0 178) 1.024(35)

L 3 694 0211 0.157 54.6 734 1.58 0.70 82.76" 15S 0.534 -

Be 4 9.01 0.268 0.199 ©55.8 . 752 1.61 2.6¢ 65.19 353 1. 848 + —

C L 6 1201 033 0.231 60.2 86.3 178 3.57 42.70 188 . . 22658 , o=

Ny, o 7 1401 0.379 0.265 - 614 . 878 1.82 ©093) 3799 44.5 0.808(1.25) 1.205(300)

0, 8 1600 0420 0.292 63.2 910 . 182 .3y 34.24 28.7 1.14(1.43) . 1.22(266)

Ne 10 20.18 0.507 0.347 66.1 96.6 1.73 (0.75) 28.94 240 1.207(0.90) © 1.092(67)

Al 132698 0.634 . 0421 70.6 . 1064 1.62 3.81 24.01 89 270 4 —_

Si 14 2809 0.660 0.440 * 70.6 106.0 1.66 3.36 21.82 9.36 2.33 -

Ar 18 39.95 0.868 0.566 764 117.2 1.51 (1.30) 19.55 14.0 1.40(1.78) 1.233(283)

Fe 26 5585 1.120 0.703 82.8 1319 1.48 10.7 13.84 176 7.87 —_

Cv 29 6354 1232 0.782 85.6 1349 1.44 11.85 12.86 1.43 896 | .. —

Sn 50 118.69 1.967 1.21° 100.2 163 1.26 83 8.82 121 . 131 . —

Xe 54 131.30 2120 1.29 102.8 169 1.24 3.57) 8.48 277 - 3.057(5.89) {70%)

w 74 183.85 2767 1.65 110.3 185 1.16 211 6.76 0.35 19.3 —_

Pb 82. 207.19 2960 177 116.2 194 1.13 11.7 6.37 0.56. 11.35 —

U 92 238.03 3.378 1.98 117.0 199 1.09 19.3 6.00 =0.32 =18.95 —

191



Air, 20°C, 1 atm. (STP in paren.) 62.0 90.0 182 (1.12) 3666 (30420) 0.001205(1.29)  1.000273(293)
H,0 . . 60.1 84.9 203 172 36.08 1.00 1.33
Shielding concrete # 674 99.9 170 368 267 1o.7 .25 —
SiO, (quartz) 67.0 99.2 172 328 21.05 123 2.2 1.458
H, (bubble chamber 26°K) 433 508 412" 7 020  '61.28 =1000 ~0063 ° 1100
D, (bubble chamber 31'K) 45.1 53.7 207,022 1226 =900 =0.140¢ L110
H-Ne mixture (50 mole percent)/. 650 945 184 059 2970 730 0.407 1.092
m'ord emulsion G5 820 134,144 479 110 2.89 3815 —_
94.8 152 L322 413 9.49 2.59 3.67 1.775
BaF . 7 X 146 135 . 378 9.91 2.05 483 . 156
BGO (BuGe,o,z) ’ o914 156 127 807 7.98 112 o AL E
Polystyrene, scintillator (CH)* 584 . 820 1.95 1.72 438" 42.4 »o2 1.581
Lucite, Plexiglas (CsHgO,) . 59.2 836 195 1.98 4055 =344 1.16-1.20 =1.49
Polyethylene (CH,)~ L. 56.9 78.8 209 1.68° 448 |, =419 092:095 1y - —
Mylar (CsH,0,) . 60.2 85.7 186 224 39.95 287 1.39 -
Bomnummgmmm)‘ . 66.2 976 172 . 332 28.3 12.7 2.23 oo 1474
COy NEN 624 - 905 T 182  (1.92) 362 - (18310) (1.977) 410)
Methane CH, _ 54.7 74.0 241 “ (091 465 (64850) 0.4230.717) * (444) "
Isobutane CHyy - ° ° 56.3. 774 T 222 (343) 452 (16930) .67 (1270)
Freon 12 (CCLFy) gas, 26°C, 1am.™ ' 706 106 162 449 237 48i0 493 1.001080
Silica'Acrogel 65.5 95.7 1837 028 29.85 =150 0103 1.0+0.25p
G10 plate?® - 626 - 902 187 27- - 330 ‘194 1.7 —

611
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-Table revised April 1984 by Joachim Engler. - For details, see Report KfK 3386B, Kernforschungzentrum, D 7500 Karlsruhe, P.O.

Box 3640, FRG.
Oyotm) B 80-240 GeV for neutrons (= ¢ for protons) from Murthy et al., Nucl. Phys. B92, 269 (1975,

).
3 ; for neutrons at 60-375 GeV fmm Roberts et al., Nucl. Phys., B159, 56 (1979). For protons
amfh’tger pamcles. see Can'oﬁ et :i

Phys. Lett. 80B, 319 (1979); note that o((p) = a[(n)
Mean free path between collisions ()«D or inelastic interactions O‘D calculated from A = A/(NX0).
For minimum-ionizing protons and pions. AE is energy loss per g./c:m2 from Barkas and Berger, Tables of Energy Losses and
Ranges of Heavy Charged Particles, NASA-SP-3013 (1964) For electrons and positrons see: M.J. Berger and S.M. Seltzer, Stop-
ping Powers and Ranges of Electrons and Positrons (2II Ed.), U.S. National Bureau of Standards report NBSIR 82-2550-A (1982).
En, mp is the most probable deposited energy in one cm, in MeV for solids and liquids, in keV for gases. Emp varies with depth in a
nonproportional manner. (See Sec. C.1 preceding.) Parentheses refer to gaseous form at STP (0°C, 1 atm.).

. From Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974). Corrections for molecular binding applied for Hz, and D,. Parentheses refer to

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

. For pure graphite; industrial graphite density may var}; 21-23 g/cm
. Standard shielding blocks, typical composition 02 52%, Si 32.5%, Ca 6%, Na 1.5%, Fe 2%, Al 4%, plus reinforcing iron bats The

attenuation length, £ = 115 = § s/cmz, is also valid for eanh (typical p = 2 15), from CERN-LRL-RHEL Shielding exp., UCRL-

17841 (1968).

Density may vary about +3%, d di diti

Values for typical working conditions mth H target: 50 mole percent, 29°K, 7 atm.

Typical scintillator; e.g., PILOT B and NE 1022A have an atomic ratio H/C = 1.10.

Main wmponents 80% SiO, + 12% B,04 + 5% Na,O.

Used in Cerenkov counters. Values at 26°C and 1 atm. Indices of refraction from E.R. Hayes, R.A. Schluter, and A. Tamosaitis,
ANL-6916 (1964).

n(Si0,) + 2n(H,0) used in Cerenkov counters, p = densny in g/c.‘l'n3 From M. Cantin et al,, Nucl. Instr. Meth. 118, 177 (1974).

Gl&p%me typical 60% SiO, and 40% Epoxy.

-
N
(=]
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Mean Range and Energy Loss
in Lead, Copper, Aluminum, and Carbon
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Mean range and energy loss due to ionization for the indicated particles in Pb, with
scaling to Cu, A, and C indicated, using Bethe-Bloch equation (Section C.1 above) with
comrections. Calculated by M.J. Berger, using ionization potentials and density effect
corrections as discussed in M.J. Bérger and S.M. Seltzer, “Stopping Powers and Ranges
of Electrons aad Positrons,” (20 ed.), U.S. National Bureau of Report
NBSIR 82-2550-A (1982). The average ionization potentials (I) assumed were: Pb (823
eV), Cu (322 eV), Al (166 V), and C (78.0 £V). Figure indicates total path length;
observed range may be smaller (by ~ 1 % - 2% in heavy elements) due to multiple
scattering, primarily from small energy-loss collisions with nuclei. The functional
forms have not been experimentally verified to betier than roughly + 1%, For higher
energies refer to discussion by Cobb [“A Study of Some Electromagnetic Interactions of
High Velocity Particles with Matter,” University of Oxford Report HEP/T/S5 (1973)]
and by Turner [“Penetmion of Charged Particles in Matter: A Symposium,” National
Academy of Sciences, Washington D.C. (1970), p. 48]. Scaling to other beam particies
is, to a good imati ibed by the ion on the next page.
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Mean Range and Energy Loss in Liquid Hydrogen
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Range and energy loss in liquid hydrogen bubble chamber, based on Bethe-Bloch equa-
tion (Section C.1 above), using an average ionization potential for Hy of I = 200 eV,
‘which is en approximate average of the i 1 result of Garbincius and Hyman
Ll:h;y;. Rev. A2, 1834 (1970)] and the theoretical result of Ford and Browne [Phys.
. A7, 418 (1973)]. Bubble chamber conditions are chosen to be those of Garbincius

and Hyman: parahydrogen of density = 0.0625 g/em? (note: mange o 1/density), with

por-p: 60.8 Ib/in? (ab and 26.2°K. The functional depen-
dence of the Bethe-Bloch equation is not experimentally verified to better than about
1% over large momentum ranges. It should be noted that the number of bubbles per
©om of a track in & bubble chamber is nearty proportional to 1/82, not dE/dx. For the
linear portions of the range curves, R « . Scaling law for particles of other mass
or charge (except electrons): for a given medium, the range Ry, of any beam particle
with mass My, charge z,, and momentum Py, is given in terms of the range R, of any
other pasticle with mass M,,, charge z,, and momentum p, = pM,/M;, (i.e., baving the
same velocity) by the expmm'gn: .

MyM, | -
ReMpzpmp) = | = Ry(My2y,0, = PyMy/My) -

1}
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Photon Mass Attenuation Coefficients,
Enorgy Deposition

»ip temBrom)

'
PHOTON ENERGY (MeV)

The photon mass attenuation coefficient g for various absorbers as a function of pho-
ton energy (nﬁdamu) For a bomogencous medium of density p, the intensity |

I of thi 1 is given by I = Lg exp(-m1). The accuracy isa
fewpm:nl Interpolation to other Z should be done in the cross section o = (u/p)
A/N, cm?/atom, where A is the atomic weight of the absorber material and N, is
Avogadro’s number. For a chemical eompound or mixture, use (4/p)ogs = E".U‘/P).-
whaew‘umemopomonbywugmofmn constituent; this is accurate to a few per-
cent. See next page for high energy range. The dashed csrves give the mass energy-
absorption coefficient p,,, which is & multiplied by the fraction of photon energy depo-
sited in a smail volume (assumed large enough to contain the ranges of most sccondary
electrons) sbout the interaction. This fraction is smaller than 1.0 because such
processes a5 Compton scattering and electron bremsstrahlung imply radiation of some
of thzm;yawlyﬁvmlhelmmedmem The absorption cocfficient is an approxi-
mation to the energy available for ical, and other effects associated
with exposure to ionizing radiation. At high energies, the range of secondary electrons
tends to become comparable to the photon mean free path, and g, is not a useful
approximation. From Hubbell, Gimm, and Qverbg, J. Phys. Chem. Ref. Data 9, 1023
(1980). See alsa J.H. Hubbell, Int. J. of Applied Rad. and Isotopes 33, 1269 (1982).
Figures courtesy J.H. Hubbell,
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Photon Mass Attenuation Coefficients (High Energy)
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PHOTON ENERGY (MeV)

The photon mass attenuation coefficient, high energy range (note that
ordinate is linear scale). See caption on previous page for details.
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(units Lylg)

o' 08

Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is con-
sidered as ionization when the energy loss per collision is below
0.255 MeV, and as Moller (Bhabba) scattering when it is above.

' Fractional Energy Loss
for Electrons and Positrons in Lead

| Electronss W™ pocitrons

annihilation~

T

TTTTI LR S L AL

lonization

Bremsstrahtung

Moller (e~}
v

10 100 1000
E (Mev)

—0.20

Q.15

—0.10

—{0.05
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.(Units ecm2/q)

Adapted from Fig. 3.2 from Messel and Crawford, Electron-Photon
Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messet and Crawford use L(Pb) =

5.82 g/cm but we have modified the figures to reflect the value
given in the Table of Atomic and Nuclcar Properties of Materials

(following), namely I.,,(Pb) =64 g/cm The development of
electron-photon cascades is approximately independent of absorber
when the results are expressed in terms of inverse radiation lengths

(i.e., scale on left of plot).
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Contributions to. Photon Cross Section in Carbon

hb—

CROSS SECTION , BARNS/ATOM

omf- /

=T I T

CARBON (2<6)

Tror +

EXPERIMENT T

10ev

TR = TGev 100 Gev
PHOTON ENERGY

_ Photon lotal cross secnons as a function of energy in carbon showing
the contributions of different processes.- .

T

Atomic photo-effect (electron ejection;
photon absorption) |

Coherent scattering (Rayleigh scattering —
atom neither ionized nor excited)
Incoherent scattering (Compton scattenng
off an electron)

Pair production, nuclear field

Pair production, electron field -
Photonuclear absorption (nuclear absorption, *
usually followed by emission of a neutron
or other particle)

From Hubbell, Gimm, and @verbg, J. Phys. Chem. Ref. Data 9, 1023
(1980). Figures courtesy J.H. Hubbell.
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Contributions to Photon Cross Section in Lead
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Photon total cross sections as a function of energy in lead showing
the contributions of different processes.

T = Atomi¢ photo-effect (electron cjecuon,
photon absorption)
ocon ™ Coherent scattering (Rayleigh scattering — - . -
- atom neither ionized nor excited)
oNooH = Incoherent scattering (Compton scattering

off an electron)

ky = Pair production, nuclear field

e - Pau' production, electron field

opgn. = Ph lear absorption (nuclear absorption,
usually followed by emission of a neutron
or other particle) .

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

Quantity Gaussian CGS MKSA
Units and
conversions:
: 2.99792x10° esu = 1 coul = 1 amp-sec
Potential: (1/299.792) statvolt = 1 volt = 1 joule/cout
= (1/299.792) erg/esu
Magnetic field: 104 gauss =~ 10% dynefesu | = 1 tesia ~ 1 nt/amp-m
Electron charge: | e = 4.803 242x10™0esu | = 1.602 189 2x10°1% coul]
Lorentz F=gqE+<xB) F = q(E +vXB)
force: c .
Maxwell VD = dxp VD=p B
equations: - 10B -8B
VXE= - VXE m
VB=0 VB=0
-l 1D -4+ 2
VxH et a VXH = j+ -
Materials: D= ¢E B = uH D = ¢E, B = uH
Dielectric €vae = 1 €™ €
constant:
Magnetic g ™ 1 Hvae ™ Mo
Shility:
. -_yy-l1l9A - —yy- A
Fields: E=-vv-2 E=-vv-<o
B = VXA B = VxA
Static ve 3 4 v=--1_x4
potentials: charges ¥ dmeg charges ¥
(coulomb 13
-1 1 Ho 1
gauge) A== =, A== 3 =
°wn§nu' 4% currents ©
Relativistic , -
transformations: E,-E, \ E\=E
(vis the velocity | E) = y(E, + ~vxB) [E) =E, +vXxB)
of primed system L e L L
as‘seeni.nun- n;_n'» B;—B,,
primed system) , 1 , 1
B‘L—'y(B_L—;vXE) BJ_-‘y(B_L—:z—'XE)
17 cou? _ 1 - _9.coul?
4xey = — 10 - 553107 —
O 2" ded | 897 o m?
Bo | grmtse? o997 524 s8x108 m sec!
4r cout?
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Impedances (MKSA)

p = resistivity in 10~8 gm: .
~ 1.7 for Cu ~ 5.5 for W
~ 2.4 for Au ~ 73 for SS 304
~ 2.8 for Al ~ 100 for Nichrome
(Al alloys may have ‘ .
double this value.)

For alternating currents, instantaneous current I, voltage V, angular
frequency w: o . . ..

V= Vget = 21
Impedance of self-ind L: Z=iwL.
Impedance of capacitance C: Z = 1/iwC .,
Impedance of free space: Z = \/ug/¢g = 376.7 0.

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

Z= ﬂﬁlﬁ , where & = effective skin depth ;

6.6 cm
b=\ /L L-80CM gy,
ke’ Vv(scc")

Capacitance C and ind L per unit length (MKSA)
Flat reclansular plates of width w, separated by d << w:

Cme¥. [ =yl
C €gi L=uny

£ —2w6for plastics; 4 to 8 for porcelain, glasses.
o
Coaxial cable of inner radius ry, outer radius ry:

¢ 2me _p_
C= oty ¢ L= (n(rzlrl)

Transmission lines (no loss):

Impedance: Z = VL/C.
Velocity: v = 1/VIC = 1/Vie.
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Motion of charged particles In a uniform, static, magnetic field

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

MGeV/c)oos = 0.29979 q B(tesla) R(m) ,

where the charge q is in units of the electronic charge. The anguln:
velocity about the axis of the helix is,

w(rad sec™1) = 8.98755x107 q B(iesla)/l-:(GeV) ,
where E is the energy of the particle.
Synchrotron radiation (CGS)

For a relativistic particle of charge e, velocity 8, -y, energy E, travel-
ing in a circular orbit of radius R:
Energy loss/revolution (MeV) = iz ¢ °2 63 4

= 0.0885 (l-:(GeV)]‘/R(m) foret if § =1.

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

dl = avyFlw/w)d(hw),
where a = e2/(hc) is the fine-structure constant,
o

F(y) = 2\/3)' dx Kq /s(x) , with Ky ll(x) a modified spherical

Bessel function of the third kind, and w, = 373c/R is a critical fre-
quency; ' o

Ao, (keV) z 4.4 [E(GeV)/R(m) for e if § = 1.

In the Limit y >> 1,

for w << w, :

L~33a[£&]”3.
d(hw) = c '
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for <~ ='(0.01, 0.1, 0.2, 1.0, 2.0) :
N o B

c

a o ) . . .
——— (1.0, 1.6, 1.6, 0.5, 0.0B)xy , respectively;
Tk i OB)ery ey
forw z 2w : ’
172
_dr =\ ’—31ra-y [ ] -—2w/w
d(Aw) )
The radiation is oonﬁned 10 angles 5 1/ relative 1o the instan-
direction of motiomn. « - .
See J.D. Jack Classical Electrody ics, 2nd edition (John

Wiley & Sons, New York, 1975) for more formulae and details.
(Prepared April 1974; revised April 1984.)

RADIOACTIVITY" AND RADIATION PROTECTION
The International Commission on Radiation Units and Meas-
_ urements (ICRU) recommends the use of SI units. .Therefore we
list ST units first, followed by cgs (or other common) units in
parentheses, where they differ.

Unit of activity = becquerél (cune
1 Bq = 1 disintegration/sec [= 1/(3. 7x10'°) ci].

Unit of exposure, the Guantity of X- or - radiation at a point in
space integrated ovei' time, in terms of charge of either sign pro-
duced by showcnng clectrons in a small volume of air about the
point: .
= 1 coul/kg, of air (roentgen; 1 R = 2.58x107% coul/kg
=1 esu/cm3 = 87.8 erg released energy per g of air); implicit
in the definition is !he assumption that the small test volume is
embedded in a suﬂicxemly large ‘uniformly irradiated volume
that the ber of dary entering the volume
equals the number leavm;

Unit of absorbed dose = gray (rad):

1Gy = ljou.le/kﬁ(= 10° erg/g = 10 rad)
= 6.24x10"“ MeV/kg deposited energy.

Unit of dose equivalent (for biological d: ‘='s1even[— 102
rem (roentgen equivalent for man)):

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

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

Cosmic ray bm‘kgmlmd in counters (Earth’s surface):
~104/min/m /ster. For more accurate estimates and more
details, see Sec. B of Particle Detectors, Absorbers, and Ranges.

Fluxes (per mz) to deposit one Gy in one kg of matter, assuming
uniform irradiation: - ) :
~ (charged particles) 6.24x1012/(dE/dx), where dE/dx (MeV
mszg), the energy loss per unit length, may be obtained (after
conversion of units) from the Mean Range and Energy Loss fig-
ures.

= 3.5x10!3 minimum-ionizing singly charged particles in car-

bon.

= (photons) 6.24x10'2/[E(MeV)(u,,/p)m?/kg)}], for photons of

energy E, mass energy absorption coefficient u,,, and density p

(see Photon Mass Attenuation Coefficients, Energy Deposition

figure), for samples of thickness enough to contain the secon-

dary electrons but <<< 1 [Pen:
= 2x10'3 photons of 1 MeV energy on carbon. N

(Quoted fluxes good to about a factor of 2 for all materials.)

U.S. maxi permissibl tional dose for the whole body:

50 mSv/year (5 rem/year). .

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

For a recent review, see E. Pochin, Nuclear Radiation: » Risks
and Benefits (Clarendon Press, Oxford, 1983).
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«5% [s051s] PERIODIC TABLE OF THE ELEMENTS 10.81 | 12.011 | 14.0067] |s.mJ 1nossa0s| 20.37
(1 12 13 14 1S 16 7 18
Na | Mg Al si P s Cl Ar
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85467 | 87.62 (889059(91.22 [929064| 95.94 |98.9062| 10107 | 1029055) 1064 {107868{ 112.41] 11482 | 118.69 | 12175 | 12760 {1269095| 13730 )
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13290541 137.33 | Earths { 178,49 1805947 | 183.85 |186207] 190.2 {192.22| 195.09 1969665 200.59 | 204.37 | 207.2 |208.9804| (209)| (210) | (222)
e B[ - ) i0d o5 | o
Fr Acti-
(223) umu nides | (260) | (260) | (263)

57T ] 8| » | 6 | & g8l sls 66 gleleleln Rare earths
La | Ce | Pr { Nd | Pm | Sm | Eu T Yo [ Lu | (Lanthanide .
138.9085 | 140.12 |140.9077| 144.24 | (145) | 150.4 | 151.96 157 zs 1389254 162 50 laqm I67 26 1689142 173.04 | 174967 series) -
" % ] 90 | 91 | 92 | 93 | 94 | 95 ] 9 | 97 ] %8 ] » [ 00 | 101 [ w0z ] 103
Ac | Th U p | Pu | Am | Cm | Bk | Cf | Es | Fm | Md [ No | Lr | Actinide series
227) |2320381|231.0359| 238,029 237.0482) (244) | (243) | (287 | 2.} (251) | 250) | 257) | (258) | (259) | (260)
Upper number is atomic number, expressmg the posxuve charge of the leus in i of the et ic charge e.
Lower number is atomic mass weighted by & in earth’s surface, relative to the mass of the carbon 12 iso-

tope, which has been arbitrarily assxgned a mass of 12.00000 atomic mass units (amu). Numbers in parentheses are mass
bers (the whole ber nearest the value of the atomic mass, in amu) of most stable isotope of that element. Adapted
* from the Handbook of Chemistry and Physics, 64'h Ed, 1983-1984. (Particle Data Group update, April 1984.)
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CROSS SECTIONS AND RELATED QUANTITIES

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE
"BEST" OR "MOST REPRESENTATIVE" DATA IN THE OPINION OF THE
COMPILER. THEY ARE NOT NECESSARILY COMPLETE COMPILATIONS OF
ALL THE WORLD'S RELIABLE DATA.

Structure Functions
' SINGLET (protomneu!ron)
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03 L el [ B W
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F, structure functions derived from inelastic electron-nucleon data
taken at SLAC! with recoil mass > 2 GeV and four-momentum
transfer squared Q2 >1 (GeV/c)2 are shown. For definitions of F,,
x, and Qz see the Kmemaucs, Decays, and Scattenng Section.

= oy /op =021 ic errors are able
in size to the data point sy'mbols. Con'ecuons for nucleon motion in
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NON-SINGLET (proton=neutron)
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deuterium have been made. . These corrections are small except for
x > 0.7. No error was included to account for uncertainties in this
correction. References: 1) A. Bodek et al., Phys. Rev. D20, 1471
(1979); 2) W.B.-Atwood et al., SLAC Report No. 185 (1975); 3) M.D.
Mestayer, SLAC Report No. 214 (1978); 4) S. Stein et al,, Phys. Rev.
D12, 1884 (1975). Courtesy W.B. Atwood, SLAC. .
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10 < Q2 < 30 (GeV?) » COHS X 1.07
F,| + coFRR X 0.90 _
CEMC X 185
*BFP X085 X 18/5

{7 O X107
3\ a CCFAR X 0.90

F(x)

Structure functions F,, xFj3, and %, measured in different experi-
ments, for fixed Q2 versus x, plotted assuming R = oy /op = 0. The
electromagnetic structure function F4™N measured by EMC and
BFP is compared with the charged-current structure function F{N
using the 18/5 factor from the average charge squared of the
quarks, No correction has been applied for the difference between
the strange 3ancl charm sea quarks so the interpretation is F; =
xla+g~ 5 (6+3—c—0)]. (In this Q? range, F4N is depleted by
a similar amount due to charm threshold effects in the transition

s —¢.) The antiquark distribution d from antineutrino
scattering is @ = X(@ + d + Z5). The solid lines have the forms:

Fy = 3.9x955(1 - x)32 + 1.1(1 ~ 08, xF; = 3.6x055(1 — x)32,

@ = 0.%(1 ~x)®. Relative normalization factors have been fitted
to optimize agr b the different data sets, and absolute
changes have been arbitrarily ch as indicated. Refe

CDHS — H. Abramowicz et al., Zeit. Phys. C17, 283 (1983);
CCFRR — F. Sciulli, private communication; EMC — J.J. Aubert
et al., Phys. Lett. 105B, 322 (1981); and A. Edwards, private com-
munication; BFP — A.R. Clark et al., Phys. Rev. Lett. 51, 1826
(1983); and P. Meyers, Ph;D. Thesis, LBL-17108 (1983), Univ. of
Calif., Berkeley. Courtesy J. Carr, LBL.
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L4 Foemc[9<02<170(Gevic)?] ]
@ Rochester-SLAC-MIT (ES7)
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The “EMC™ effect: the ratio of the differential cross section per _
nucleon, o, /g4, measured in electromagnetic deep inelastic scatter-
ing on iron and deuterium targets. (For equal values of R = ay /o
on each target, o, /04 = FY¢/F§). The curve indicates the contribu-
tion to the ratio from Fermi motion in the nucleus [Phys. Rev. D23,
1070 (1981) and D24, 1400 (1981)]. The errors plotted are statistical
only. The systematic errofs are estimated as +0.011 for the
Rochester-SLAC-MIT data, and £0.015 at x = 0.35 and +0.06 at x =
0.05 and x = 0.65 for the EMC data. References: Rochester-SLAC-
MIT (electrons) — Phys. Rev. Lett. 50, 1431 (1983); and EMC
(muons) — Phys. Lett. 123B, 275 (1983). Courtesy D. Coward,
SLAC.
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Structure functions F, and xF; for nucl ed in charged

current neutrino and anuncumno scattering from iron targets with
20 < E < 300 GeV, versus 02 for fixed bins of x, plotted assuming
R= "L"’T = 0.1. A relative normalization factor has been fitted to

D the agr b the different data sets, and absolute
changes to the pubhshed data have been arbitrarily chosen as indi-
cated. The point-to-point systematic errors for both experiments are
generally smaller or of the same .order as the statistical errors. In
addition, CDHS quote an overall scale error of +6% for F, and +8%
for xF3, while for the CCFRR data the scale error is estimated to be
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+4%.. References:. CDHS — H. Abramowicz et al., Zeit. Phys. C17,
283 (1983); CCFRR — F. Sciulli, pnvate communication. Courtesy

J. Camr, LBL.
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Structure function'FJ, d in electromagnetic muon scatter-

ing from a hydrogen t:arget with beam energies 120, 200, 240, 280
GeV, versus Q2 for fixed bins of x, plotted assuming R = ¢ /o =
0. References: J.J. Aubert et al., Phys. Lett. 105B, 315 (1981); and

A. Edwards, private Courtesy J. Carr, LBL.
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Structure function F, per nucl d in electr

muon scattering from iron targets with beam energies 120, 200,
250, 280 GeV (EMC) and 93, 215 GeV (BFP), versus Q? for fixed
bins of x, plotted assuming R = o1 /o7 = 0. A relative normaliza-
tion factor has been fitted to optimize agreement between the dif-
ferent data sets and has been arbitrarily applied to one data set as
indicated. References: EMC — J.J. Aubert et al,, Phys. Lett.
105B, 322 (1981); and A. Edwards, private communication; BFP
— A.R. Clark et al., Phys. Rev. Lett. 51, 1826 (1983); and P.
Meyers, Ph.D. Thesis, LBL-17108 (1983), Univ. of Calif., Berkeley.
Courtesy J. Carr, LBL.
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Measurements of R = o(ete™ — hadrons)/a(ete™ —
B u ),whenethe ihilation p ds via one ph

The d. is a calculated ity; see the

on Kinematics, Decays, and Scattering. Radiative correc-
tions and, where important, corrections for two-photon
processes and 7 production have been made. Note that the
ADONE data (yy2 and MEA) is for >3 hadrons. The
points in the ¥(3770) region are from the MARK I - Lead
Glass Wall experiment. The DASP {R. Brandelik et al,,
Phys. Lett. 76B, 361 (1978)] and PLUTO (see references
below) measurements have been omitted in the charm
threshold region for clarity. Also for clatity, some points
have been combined or shifted slightly (<4%) in E_ , , and
some points with low statistical significance have been
omitted. Systematic normalization errors are not included;
they range from ~5 - 20%, depending on experiment. Note
the suppressed zero. The horizontal extent of the plot sym-
bols has no significance. . The positions of the J/{(3100),
¥(3685), and the four known T vector-meson resonances
are indicated at the top of the figure. References: CELLO
— H.-J. Behrend et al., Phys. Lett. B, to be published (pre-
print DESY 81-029); CUSB — E. Rice et al., Phys. Rev.

. Lett. 48, 906 (1982); DASP II — Phys. Lett. 116B, 383
(1982); DHHM — P. Bock et al. (DESY-Hamburg-
Heidelberg-MPI Miinchen Collab.), Zeit. fur Physik C6, 125
(1980); ¥y2 — C. Bacciet al., Phys. Lett. 86B, 234 (1979);
JADE — W, Bartel et al., Phys. Lett. 129B, 145 (1983); .
MARK J — B. Adeva et al,, Phys. Rev. Lett. 50, 799
(1983); and H. Newman, private ication,; MARK I
— J.L. Siegrist et al., Phys. Rev. D26, 969 (1982); MARK
I + Lead Glass Wall — P.A. Rapidis et al., Phys. Rev.

Lett. 39, 526 (1977); and P.A. Rapidis, thesis, SLAC-
Report-220 (1979); MEA — B, Esposito et al., Lett. Nuovo
Cimento 19, 21 (1977); PLUTO — A. Bicker, thesis
Gesamthochschule Siegen, DESY F33-77/03 (1977); C.
Gerke, thesis, Hamburg Univ. (1979); Ch. Berger et al.,
Phys. Lett. 81B, 410 (1979); and W. Lackas, thesis, RWTH
Aachen, DESY PLUTO-81/11 (1981); TASSO —R. Bnm-
delik et al,, Phys. Lett. 113B, 499 (1982). ' *
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or/E, for the muon neutrino and antineutrino charged-
current total cross section as a function of neutrino energy.
The error bars include both statistical and systematic
errors. The straight lines are averages for the CCFRR and
CDHS measurements. . Note the change in the energy scale
between 20 and 50 GeV. The data points on the n,ght give
averages for other high energy
(1) R. Blair et al., Phys. Rev. Lett. 51, 343 (1983), and JR.
Lee, Ph.D. Thesis, Caltech (1981), “Measurements of YN
Charged Current Cross Sections from E; = 25 GeV to E, =
260 GeV;” (2) H. Abramowicz et al., Zeit. fur Physik C17,
283 (1983); (3) J. Morfin et al,, Phys. Lett. 104B, 235
(1981); (4) D.C. Colley et al., Zeit. fur Physik C2, 187
(1979); (5) O. Erriquez et al., Phys. Lett. 80B, 309 (1979);
(6) A.S. Vovenko et al., Sov. J. Nucl. Phys. 30, 527 (1979);
(7) D.S. Baranov et al., Phys. Lett. 81B, 255 (1979); (8) C.
Baltay ¢t al., Phys. Rev. Lett. 44, 916 (1980); (9) S. Ciam-
polillo et al., Phys. Lett. 84B, 281-(1979);(10) S.J. Barish et
al., Phys. Rev. D19, 2521 (1979); (11) M. Jonker et al.,
Phys. Lett. 99B, 265 (1981), E,, = 20-200 GeV; (12) P.
Bosetti et al., Phys. Lett. 110B, 167 (1982), E;, = 20-200
GeV; (13) T. Kitagaki et al., Phys. Rev. Lett. 49, 98 (1982),
E, = 10-200 GeV; (14) N.J. Baker et al.,, Phys. Rev. Lett.
51, 735 (1983), E;, = 10-240 GeV; (15) G.N. Taylor et al,,
Phys. Rev. Lett. 51, 739 (1983), E,, = 5-250 GeV. Courtesy
M.H. Shaevitz, Columbia University (Nevis Laboratory).
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PHOTON ENERGY-Ge/
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Ep (PHOTON AND NUCLEON)-GoV.

w total cross secuon versus photon energy {top scale) and photon-

total ‘cent .

energy (lower scale). References:

SANTA BARBARA-SLAC — D.O. Caldwell et al., Phys. Rev. D7,
1362 (1973); DESY-HAMBURG — H. Meyer et al.,, Phys. Lett. 33B,
189 (1970); GLASGOW-SHEFFIELD-DNPL — T.A. Armstrong et
al., Phys. Rev. DS, 1640 (1972); LEBEDEV-YEREVAN-
SERPUKHOV — A.S. Belousov et al., Preprint 19, Moscow, (1970);
A. S. Belousov et al., Sov. Phys. Doklady 19, 123 (1974); and A. S.
Belousov et al., Sov. J. Nucl. Phys. 21(3), 289 (1975); SLAC-
BERKELEY-TUFTS — J. Ballam et al., Phys. Rey. D5, 545 (1972);
ABBHHM — H.G. Hilpert et al., Phys. Lett. 27B, 474 (1968); SLAC
and BERKELEY — J. Ballam et al., Phys. Rev. Lett. 21, 1544 (1968),
and H.H. Bingham et al., Phys. Rev. D8, 1277 (1973); CORNELL —
S. Michalowski et al., Phys. Rev. Lett. 39, 737 (1977); SANTA
BARBARA-TORONTO-FNAL — D.O. Caldwell et al., Phys. Rev.
Lett. 40, 1222 (1978). See, also, the ep data of E.D. Bloom et al.,
SLAC-PUB-653 (1969). Courtesy Gething M. Lewis, Glasgow.
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PHOTON ENERGY-GeV.
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~d total cross section versus photon energy (top scale) and photon-
plus-single-nucleon total center-of-mass energy (lower scale). Refer-
ences: SANTA BARBARA-SLAC — D.O. Caldwell et al., Phys.
Rev. D7, 1362 (1973); DESY-HAMBURG — H. Meyer et al., Phys.
Lett. 33B, 189 (1970); GLASGOW-SHEFFIELD-DNPL — T.A. -
Armstrong et al., Nucl. Phys. B41, 445 (1972); LEBEDEV-
YEREVAN-SERPUKHOYV — A_S. Belousov et al., Sov. J. Nucl.
Phys. 21(3), 289 (1975); CORNELL — S. Michalowski et al, Phys.
Rev. Lett. 39, 737 (1977). Courtesy Gething M. Lewis, Glasgow.
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Additional copies of this Data Booklet, and of the complete
Review of Particle Properties from which it is extracted,
may be obtained from:

For North and South America, Australasia, and the Far
East, write to:

Technical Information Department
Lawrence Berkeley Laboratory
Berkeley, California 94720

USA

All other areas write to:

CERN Scientific Information Service
CH-1211 Geneva 23
Switzerland
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