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Abstract

This paper presents traditional and new methods and results for calculation of decay times of particlesin the Standard Model.

In chapters 1 and 2 the phenomenol ogical and the theoretical knowledge of the decays is presented, based on the literature.

In chapters 4 and 5 the interaction energy (mass-energy my of the mediating boson in the Feynman diagram) is introduced and a characterization of the decays,
based on particle type, isospin, and interaction energy, is presented.

In chapter 6 the calculation model and the calculation results of selected typical decays are discussed.
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1 Selected particle decays with theor etical background

1.1 Neutron
The free neutron decays into a proton, electron, and antineutrino: [29]

n—>p+e +v,

i

n

Neutron decay [36]

(my — mp —me)c* =782 keV

Therest energy is carried away by e and v

The transition matrix of the decay is[29, 35]

M=(G,py'n-G,pr"rsnfer, -1,V (E, - E, - E.-E,)
from the interaction Hamiltonian [35]

Hip = GFVud(W“(l—%ysjnj(ém(l— 7s))

with G, /G, =1.255+0.005

E(Gv)=%

Gr = 1.1663787(6) x 107> GeV 2

and the weak V-constant
G, =G.V, =1.135*10°GeV * (V isthe CKM-matrix), Ca = CrVuid and . is the hadronic strong interaction correction.

= 296.7GeV

i the Fermi wesk coupling constant, ¢ = 0-97417(21)

We compute the neutron decay probability per unit time using Fermi’ s golden rule:
LGS k) d%k,  d%,  d%,

27 ) 8% (k, — Kk, — ks — Kk
2m, (2 )’2E, (27 ) 2E, (2;:)3254( 73—t~k =k
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where k, = p,, k, = p,, Ky=p,, k, =p,, m =m, withthe (dimensionless) transition matrix M (kj,k,,k;,k,) :<1°|Hmt|i>5(Ef —E;) of theinteraction
Hamiltonian H,,, .

Here Ee, pe, En, and p, are the electron and antineutrino total energy and momentum A is the neutron-proton mass difference A = 1.29333205(51) MeV
Integration over the antineutrino and el ectron momenta gives the beta el ectron energy spectrum

dw _ Gj +3G}
dE, 273
Additional integration over electron energy yields

EE|pt’| (/—\- - Ee’)EJ

5
w=(67+36,°) 0% 1

Here fris the phase-space term, i.e. the value of the integral over the Fermi energy spectrum, including Coulomb, recoil order, and radiative corrections
The bandwidth of the decay becomes

5 5

I'(n— pev,) = (GV2 + 3(35)% fo =GV, 21+ 312)% fo [29] G, =GV, G,=G. V A A=1.255V,=0.974 Gg=1.166 10" GeV™
T T

R = M, — M,

1 2&4 _ ggg — 3] (gz — l)l"’.g + %g In[€ + {‘52 - 1)1;‘2} m f 1.6332
e R = 41.

=
with the phase-space term [ 36] 60

here the transition probability per unit timeisW =I'(n — pev,)/#
The neutron lifetime 7, becomes

3
7, =1/T(n— pev,) = ( 2r

=881.5s
G\/z 4 3GA2 )’ﬂj fR

1.2 Muon
The muon decays into an electron, an electron-antineutrino and a muon-neutrino

H—>€ +V +v,

—’-‘
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Muon decay [36]

For the muon decay we derive the formula for the bandwidth " [11, 31]
The interaction Hamiltonian is the current-current interaction

2 B 5 B 1_ 5
Hiy = ﬁuz(kzi Sz)(?’ﬂ 4 jul(k:l’ sl)u4(k4,s4)(;/# ?yjus(ky%)
From the transition matrix element

M=_9 2 Uz(kzi Sz)(yﬂ 3 jul(k:l' SL)U4(k4’S4)(}/u ]-_?ijS(kySs)s(El -E,-E - E4)

2M,,
2
with & - 9—2 and G=Gr , g isthe weak dimensionless interaction constant,
J2  8Mm,,

we get after some y-algebra averaging over the spins and trace-manipulation

[ = 64G2 (ky - ka) (ks - ky)

and for the decay rate we have Fermi’ s golden rule
| MGk ke k) dk,  dk,  dk, (
2m (27 )°2E, (27)*2E, (27)°2E,
d* k> ks d3ky
(27.—)32}5;,.2 (2m)32Ek3 (27)32Ek4

21 ) 5% (k, —k, —k; —k,)

fQﬁ)454l::IG1 — .Ii‘g — L_:; — A.;]

=L 6462kt - R (ko R
dT = o (64G? (k1 - ka) (k2 - a))

- ks = mkE- N T S S A
In the muon rest frame ¥1 = (m.0.0.0). gng ¥ F3 =185 (g iy b=k + Fa - b,
& dky dky dJL4

= (ke - ka)mEs) — — |Ea| — |Ra| — |ka)|6% (Rz + k3 + Fa)
TR

in spherical coordinates

2|1 (2 s | AR AS I - - - -
ar = ¢ sl (m —2fFs|) — ORI — [y + | — o] — [
8 (k3|2+|k4|2+2k3 ey 003(6‘)) 2
. . u? = |kea|? + |ky|? + 2| ks |Fy|cos(8)
with variable = Ikal” + [k Fallkaleos(6)
mG2 ks S d|ks|dPRy
ar =" (m—2|L3|)T /dw‘i m —u? — |fa| — |Fa)

, and with E=k4
we get



d_mG?, (m 28
dE ~ 2r® 2 3
202 B 1\ i
_ ”? Cj /L E? (1 _ E) dE _ mPG?
4ms Sy 3m = {0973

: and the decay time 7 =T"*
where m = 0.1056584GeV
1927°
(.1056584 GeV)5(1.17 x 1075 GeV~?)2

=330 x 10"*GeV !

, Or in seconds, multiplied by
e . 7T =217T1s
we get the lifetime s

1.3 Tauon
The decay modes of the tauon are

T =+ V, +Vr
T—e+Ve+Ur
T —d+T+ v (3 colors)
T — s+ U+ vr (3 colors)

7 12 9V 12 — 9 a0
The leptonic modes give afactor 2, the hadronic modes afactor 3| Vudl” +3[Vus [ = 2.99 -

and m =16.82m,

lifetime,,

lifetime, = ————F_ =323 x 10 5
4.99(16.82)°
1.4 Pions
Commonly
Particle | Particle Antiparticle Quark Rest mass L decays to
* ¢ 4/1¢ JPCe (S ¢ Ce B¢ Meanlifetime(s) ¢
name | symbol symbol content!! (MeV/c2) (>5% of
decays)
Pionll m m ud 13957018+000035 1 O | 0 | 0 0 26033+0.0005x10°€| p 4y,
Pionl10] n” Self mddil | 1349766400006 | 1- 0+ | 0 | 0 O 8.4+06x 10717 yHy

VvZ

Charged pion decays

h=06.58 x 10725 Gev s



d Y
Feynman diagram of the dominant leptonic pion decay[32]
The =* mesons have amass of 139.6 MeV/c? and a mean lifetime of 2.6033x10 ® s. They decay due to the weak interaction. The primary decay mode of a pion,
with abranching fraction of 0.999877, is aleptonic decay into a muon and a muon neutrino:

+ +
T =ty

T oty
The second most common decay mode of a pion, with a branching fraction of 0.000123, is also aleptonic decay into an electron and the corresponding electron

antineutrino. This "electronic mode" was discovered at CERN in 1958

T e+ Ve

T —e +v,
The suppression of the electronic decay mode with respect to the muonic oneis given approximately (up to afew percent effect of the radiative corrections) by the
ratio of the half-widths of the pion—electron and the pion—muon decay reactions:

ms — mi

mi — mj

2
R, = (m.;.fmu)z( ) = 1.283 x 10~*
and is a spin effect known as helicity suppression.
Also observed, for charged pions only, is the very rare "pion beta decay" (with branching fraction of about 10®) into a neutral pion, an electron and an electron
antineutrino (or for positive pions, aneutral pion, a positron, and electron neutrino).

T te +V,

T onl+et+ Ve
The rate at which pions decay is a prominent quantity in many sub-fields of particle physics, such as chiral perturbation theory. Thisrate is parametrized by the
pion decay constant (f), related to the wave function overlap of the quark and antiquark, which is about 130 MeV.
Neutral pion decays

The 7° meson has amass of 135.0 MeV/c? and amean lifetime of 8.4x10 ! s. It decays via the electromagnetic force, which explains why its mean lifetimeis
much smaller than that of the charged pion (which can only decay viathe weak force).



Anomaly-induced neutral pion decay [32]

The dominant n° decay mode (anomaly-induced neutral pion decay), with a branching ratio of BR=0.98823, isinto two photons:

'er — 2 V.
The second largest n° decay mode (BR=0.01174) is the Dalitz decay (named after Richard Dalitz), which is a two-photon decay with an internal photon conversion
resulting a photon and an electron-positron pair in the final state:

1] - +

m—yte te.
Thethird largest established decay mode (BR=3.34x10 ) is the double Dalitz decay, with both photons undergoing internal conversion which leads to further
suppression of the rate:

e te'te +e'
The fourth largest established decay mode is the loop-induced and therefore suppressed (and additionally helicity-suppressed) |eptonic decay mode
(BR=6.46x10"%):
e +e
1.5 Pion-nucleon interaction and decays
Lagrangian [11]
Line = igP(x)ysm(x) - P(x)
with pion ¢(x) and nucleon w(x)
explicitly

[ @3 oL —ida\ [

£‘it11’ = iﬂ [':':1p e":‘n}ﬁ.'ﬁ .
@1 T 1 —P3 '

= igv2(Ypr1stmy + a5 pie’) + ig(Vp75Yp — YnT5Yn )93

with Feynman diagrams
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ity

P P n n
n n n p
] 1
] 1
] 1
:Tl_li.'l A J“TI'+
] 1
p ! p p ! n
2 ]
g —2g
with the corresponding hadronic transformations
up—upﬂ'n. vn— voal,
yn— rpmTo, Dp—yufrJr
1.6 Kaons
Commonly
Particle | Particle Antiparticle Quark Rest mass L decays to
. * 4(I¢ | JPC ¢ S4¢ C+| B ¢ Meanlifetime (s) ¢
name | symbol symbol content {MeV/c2) (»5% of
decays)
+
Wo+vor
+ 1]
+ - _ T+ or
Kaonl!] K K us | 49367720016 4 | 0 | 1 | 0 | 0 |(1.2380z00021)x10% = =
m+MT +T or
ey,
Kaonl2l K° K ds | 4976110013 % | O |1 0| 0O K B
P
s—sd T+ or
K-Shortl3! K¢ Self ““v—_gd”ﬂ 4976110013 % | 0 | () 0 | 0 | (8.954+0.004) %1071 P,
m+T
et +v,or
+ F
Foot . T+ +v,0r
K-Long“l | K? Self L0 497611200137 | 1% | O | () 0 | 0 | (5116£0021)x100 ot
m+T +T or
+ 0 -
m+TT +T

Main decay modes for K*[33]
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Results # & Mode 4 | Branching ratio ¢
s leptonic 63.55 £0.11%
T hadronic | 20.66 £0.08%
m ' m | hadronic 5.59 +0.04%
mn’n’ | hadronic 1.761 £0.022%
me'v, | semieptonic 5.07 +0.04%
m'u"y, | semileptonic 3.353 £0.034%
. i
d .
! s
cos 8, . mer ¢ )
i, § r
KG
v d e
towt
sin 8, cos f,

[33]
Quark diagrams for K+ and Ko decays involving strangeness changing neutral currents.

KO decay and CP-violation

o o1 K'+K  _K-K'\  KI+eK?
SRVATEE V2 V2 VAN
Ke — 1 K'-K  K'+K _ KY+eK3
°T V1+ &2 V2 V2 VI+EE
g=225%10"

1.7 The kaon-pion decay detailed theory

In [43] a semi-empirical formulafor the transition matrix element A+, in (K* > z* 7 77)
First, the kinematic momentum variables s, s1, S, S3 areintroduced

s=(k-p)f s=(k-p) s=(k-p) s =(m+m’+m.”+ms’)/3

_KT(k) — wt(p)rt(

P2)7" (P3) g derived.
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then, the Dalitz plot variables x = (232_812) y=-2
m?+m 2 = m,
We get for A++(X,y) the expression

1. . 1. , , 1
Aryo = (“2og+oa3)+ (—."31 + 5.33 -V 3‘_r'3) Yy +(—=20 —2G) (‘Hz + §i1'2) + (&1 + &3 — &3) (H‘ - 53‘2)

with the constantsin units 10 :

ar 9171+ 0.32
g —T7.36 £047
By —95.68 +0.27
B3 —2.43 +0.41
v3  2.26+0.23

¢1 —047+0.15
¢z —0.21+0.08
£ —1.51+0.30
€3 —0.12+0.17
& —0.21+0.51

and m,=M,=m, S; = (pl + p2)2 = (El + E2)2 —(fh + r)z)z
We get the following expression for the differentia transition width from Fermi’s golden rule:

2 3 3 3
dr:|M(k’ PP P) d’p dp, dp (27)'6*(k—p,— p,— p;) or, with Dalitz variables

2m (27 )°2E, (2n)°2E, (27 )2E,
ar-M®&popep)’  d'p, d’p, 9P (20) 5% (k= p, Py py)
2m (27)°2ym’+ p? (27)2)m” + p,” (27)°2)m’ + p,’

wechoose k=0 k®=m ,i.e. P,=—(P,+ P,)

s=(k-p,)f =(m-E) - p2=(m-E) -(E2-m?)=m + m’ - 2mE,

s,=(m-E,) - p,” =m?*+m? - 2mE,

B =E’-m’ p,’=E’'-m’

B = B+ B, +2P,P, €086y, = E* + E,F —2m7 + 2,/E” -m?JE,/ ~-m? cos6, m=E, +E, +E,

s =(p+ 0, =(M=(E+E)f ~ (B + B,) =(m-(E,+ E,)) —(E” + E,” - 2m’ + 2/E” -m’JE,” ~ m/’ cos6),,)
s,=(p + P, ) = 2E,E, - 2M(E, + E,) + 7’ + 2m? - 2,/E2 —m?/E,? —-m;? cos0,

a:m Ezzm E3=Jm12+(l31+ﬁ2)2 :\/E12+E22_ml2+2\/E12_mlz\/E22_rr52005012
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(_\s-s)_2m(E -E,)

rnl2 ran
- (s,-8) _ 2EE, —2m(E, + E,) + 2 /3+ m’ - 2B’ - m* JE,” -m/’ cosh,
2 2
m, m

Weinsart [M (K, py, p,, ps)| =—— 8 AL (%)

and calculate I"asanintegral over |p|=|py|, |p,|=|P,| 612, integration d*p,5°(P,+ P+ P,) cancelsout
A, (xy) 4n(E’-m?)d|p 22(E," -m")d[p,| 1 s
2r)o(m—-E -E -E
2m (27)°2E, (27 )°2E, (271)32E3( 7 3(m-E, - E, - &)
. E,dE, E,dE,
and changingto E;, E,, 012 d|p|=——== d|p,|=—=== |p|=VE'-m  [p,|=yE, - m’

e N

\/E1 ~mPdE, \/E _m2dE, siné,,do,,
\/E12+Ezz—mf+2\/E12—mf\/E22—ml2 cos6,,

dr =

(X y)\

8 (2 5(m_ E1 - Ez _\/E12 + Ez2 - rnl2 + 2\/El2 B mlz\/Ez2 - ml2 003912)
m

we solve §() for Ey:

E2:

“2E1’m-m® mml? - E1 (3m? . ml? —-\/;:Elz—mlz:: Cos 512 % [ (m?* ml?) (4E1? 4Elm-m? ml?) -4ml? E1? ml? Cos 5127
-2 (E1-m)?-2 [E1?> -ml?) Cos (=127

and m—El—EZ:\/E12+E 2_m2+2{E’-m?E,—m? cosh,,

(m—(E,+E,))*-E’-E} +ml /7
2\/ E’-m? cosb,,
now we carry out the integration over E, with the delta-function:
_J|A*+ (%, y)| (m_(E1+ Ez))z_E12_E22+le sin6,,do,,
2co0s0,, m-(E,+E,)

and after SImpllflcatlon

A 2 2 _ 2

r- j' (% y)| JES -m’JE -m siné,, do,,dE,
8m(2z )’ (m—(E, +E,))

The integration boundary in E; is m, < E, < (1+€lbl(m,m,,6,,))m, ,in 612 0<6,, <7
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where elbl(m,m,,0,,) = |r|$11| is the relative momentum, at which E, becomes complex

1

2m*ml - 4m?mi? - 2mm1® o 4m1*  4mi®Cos[th1212 /2 \.n" m*m1% + 2m*m1® m*m1*cCos[2th12] + 6m?m1® Cos[2th12] m1® Cos[2th12] + m1® Cos[4th12]

4 (m*m1? - m1* + m1* Cos[th1212)

Numerical integration yields for my=m(z")=0.139GeV , m=m(K")=0.493GeV [44]
I'(m,m) =0.033 10'°GeV , the measured decay width is 0.0297 10™°GeV (see below).

1.8 The general 3-body decay
We use the momentum denominations I'(P,(k,m) — P(p,,m,) P(p,,m,) P(p,,m,)

We start again with Fermi’s golden rule:

ar= MR PP dp dp A oo o
2m (27 2E, (27 V'2E, (27 2E, P

wechoose k=0 k®=m ,i.e. p,=—(p,+ P,)

B =E'-m’ p'=E'-m’

B2 = P2+ P,2 + 2P, P, c080,, = B2 + B, —m? —m)? + 2E2 -m?2E,> ~-m2 cos, m=E,+E,+E,

E =ym2+p’ E,=mZ+p.’ Ee,:\/mfdr(r)ﬁf)z)z:\/Ef+E22+r713,2—rr112—mzz+2\/E12—mf\/Ezz—mzzcosa12
now we calculate /" asanintegral over |p|=|p,, |p,|=|P,| 612, integration d*p,6°(P,+ p,+ P,) cancelsout

b= MG py, P o)l 47(E -mP)d|p| 22(E," - m)dlp)| 1 o
2m (27r) 2E, (27r)32E (27:)32E3(2ﬂ) o(m-E —-E,-E))

E,dE, E,dE, /
and changingto E, E,, 61 d|p1|—? d| 2|—\/7 | 1|—VE - |p2|_ -
1

_ Mk py o ) JE7 —mPdEJE7 —my sing,,do,,
8m(2 ) \/E12+E22+r’r132—rT112—rr122+2\/E12—lT112\/E22—n122 cosd,,

- ps)

S(M-E,~E,—E’+E +m’ -m’ —m, + 2JE” —m’[E;” —m,” cosh,)

we solve §() for Ey:
E2:
1
[ 2E’m+3E1m® m + E1m1® mm1® + E1m2®  mm2?

E1m3®  mm3° ./ ( (E1® ml®) Cos[th12?
2 (E1-m)?+2 (E1%® ml1?) Cos[th12]2 " \

m* o 2m®m® om* o 2m®m2? om2® s E1? (am® o2m2®) 2mPm3® 2m1®m3® 2m2’m3® om3* aEim (m®om® om2® m3%) 02 (B m®) m2®cos[2th127 )



15
2 2 2 2 2 2 2 2 2
and m—El—Ezz\/E1 +E°"+m"—-m"-m, +2\/E -m \/EZ —m,” cosé,,

(M-(E+E) - B -m +m’+m’ _ ez 7
2\/E —m/* cosé,,
now we carry out the integration over E, with the delta-function:
J|M(k pl,pz,p3)| g, (M—(E+E)-E"-E —m +m’+m snd,do,
8m(2z)’ 2cos0,, m—-(E, +E,)
and after SImpllflcatlon

- j'M(k pl,pz,pg)l JE -m?E’-m/ siné, o, dE,
8m(2z )’ (m—(E, +E,))

setting |M (K, p,, p,, ps)| =1 we get the partial kinematic factor for 3-body decay 1 4(

3|3

ﬂﬂ)
m’ m

r=[—* JE” -m’JE -m/ siné,, do,,dE, = m|
8m(2z)’ (m-(E,+E,))
The integration boundary in E; is m, < E, < (1+€lbl(m,m;,m,,m,,0,,))m, ,in01> 0<6, <7

| A

ra(M, M, m,, m;)

where elbl(m,m,,m,,m,,0,,) = isthe relative momentum, at which E, becomes complex

(amml-8m*m1®4mml’®  Ammim2® 4am1®m2® - Ammim3® - 4m1®m2® Cos[2th12]
Jlam® ammioem®m®  amm® om* o 2w m2® cammim2® o 2m1®m2® om2® 2w w3’ Aammim3® o 2mi®m3® o 2m2® m3? o m3t)

([am®*m1? - 2m1*m2? » 2m1?m2% cos[2th127 ) +

(cam’mi8m’m1® - ammi®  ammim2® - Am1®m2® Ammim3® Ami®m2® Cos[2th127 %)) /(2 (am®m1® - 2m1®m2® + 2m1°m2% Cos[2th12] ) )

The kinematic factor | .,(m,m;,m,,m,) can be calculated numerically.

The total kinematic factor results from I .,(m,m,m,,m;) by symmetrization over al 6 index permutations
| ras (M, My, My, My) = (1 g (M, My, My, M) + 1 (M, my, mg, my,) +..) /6

Hereistheplot of I.,(1,m;,0.1,0.1)10°
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400F
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Example: T'(u — ev,v,) with kinematic factor: 1 ;(m(u), m(e),0,0) =0.3835

1.9 Thegeneral 2-body decay
We use the momentum denominations I'(P,(k,m) — P(p,,m)P(p,,m,)

We start again with Fermi’ s golden rule for 2-body decay [45]:
Mk p,p)| d°p,  dp .
dF:| = L 2 (27)'5(k—p, -
2m  (27)°2E, (27r)32E2( 7) 3" (k= pi- p)
wechoose k=0 k®=m ,i.e. p,=-p,
r)lzzElz_rnlz pzzzEzz_nEZ
m=E +E,
E=ym’+ B, E=ym’+p’ =B’ +m’-m’ =m-E, , 5*(k-p,- p,) =6(m-E ~E,)5°(P, + P,)
now we calculate /" asanintegral over |p|=|p,, integration d*p,5°(p,+ P,) cancelsout

: : __ EdE _
and changing to E;: d|p1|—ﬁ b= EZ -m?
ar - Mk P po) 47 (B -mAdE, o
- 2 1 2
8m(27l') \/E12+m22_rnl2

m? - m1? - m2?

4 2 2 4 2 2 2 2 4
from \/E2+m,? —m? = m— E, we get the solution for Exo= 2m By —m?) =/ ™ o2momdiemd - 2mimat o 2mltmat e m2 o)

£ 2 2 4 2 2 2 2 4
2 2 2 m -2m ml°-ml” -2m m2° -2ml° m2° - m2
JES -m+m?) = /(2m)

theintegration dE,§(m—E, - E,) cancelsout and we get setting [M (K, p;, p,, p;)| =1
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2 1 ym+m’+m,’ - 2mPm? - 2mPm,? - 2m2m,?

2

— 1 E102 —m _
4m(2r) JEGZ+m2-m?  8M7 [m* i m?+m,* —2m’m? + 2m’m,? —2m?m,
we get the kinematic factor for 2-body decay | .,(m,m,)
1 \/m4 +m’+m* —2m’m? - 2m’m,? — 2m°m,’
8z Jm*+m?+m,? - 2m°m?2 + 2mPm,? - 2m’m,?
The total kinematic factor for 2-body decay results from the symmetrized | .,(m,m,)

I rps(Mm,m,) = (M my) "2' I o(mm,)

Asan example, hereis theplot I.,.(1,m,0.5)

r

Irz(m-mumz) =ml =

0.030F

0.025 -

0.020F

0015 -

0010

0.005 -

01 0z na n4 0.5

Example: I'(x — pv) , with kinematic factor : 1 .,.(m(z), m(x),0) =0.0251
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2 Thetheoretical background and the phenomenological decay formula

2.1 The phenomenological decay formula
The phenomenological formulafor the decay width is[34]
- 2 m
r :sz"|F7m(x)|2 :(CB:—rT1"|F’,m(x)|2 , where R™(x) Legendre polynomial m=| or m=I+1, I=isospin | , x = — massratio, C, = 42N or C, = N, whereNisan
1 m

integer or asimple fraction, and m istheinitial mass, G= \/G_ isthe interaction constant .
1
The constants are: for K g,% =2.06* 10 | form g,° = 2.18*10™ , for leptonic </ > A€ T.(AS=0),

m
Fermi-constant G =G, =1.02*10" (LZ] =1.16*10°GeV 2, for hyperons g, = 6.2* 10"’ (_pj
m

b m
_ . - S liba imoe =2 2 e G'm o 2 2 2 14
The power k=1 for adimensionless G , like inpiondecay I'(x — 1 v,) =G"m X (1—x ) = X (l—x ) , G°=9g, =218*10"" or
2.5
power k=5 for adimensional G = const* G, [CNS]zGeV‘2 , likein muon decay F(uaevevy):ézms(l— X2)4 = (13522?3 (1— X2)4

power k=3 for adimensional G, [é]z Gev ™, like in n° decay T(z° — y y)z Gm(1-x*f

The extended isospin | includes higher generation quarks, I(s)=1(c)=1/2and 1 (I) =1 for leptons | aswell as |1 () =1for photon.
The extended isospin has the following values:
[(A)=1/2

[(X)=1/2

1(E)=1/2

[(K)=1

I(y)=1

[(r)=1

[(1)=1for lepton |

I(p)=1/2 1(n)=1/2

but I (ud)=1(dd)=1(uu)=1

I(m)=1
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The angular momentum in decay width: | = |AI | = |I 1 | isthe difference or sum of the initial and final isospin.
The interaction energy my is the (excitation) energy of the mediating virtual exchange boson (for pure weak decays. W or Z-boson).
2

g
8m,

1/4 1/4
—[M[1 = m orin eneral f[ﬂj , Where f, = I g
IIFM(SmXJm gonerat = 17 [

From this formulawe can derive ageneral formulafor the interaction energy my settingg=1

The decay width with the matrix element M = > and the kinematic | factoris

4 ~2 ~
for k=1 m4 :6éllG P,m(x)2withthephenomenological formula1“:Gzrr\|P|m(x)|2
mX T
~2
for k=5 14 _ 46 P,m(x)2
mX IF
~2
for k=3 12 _ 4G F’,m(x)2
mX IF

2.2 Derivation of angular momentum dependence in the phenomenological formula
Static Schrédinger equation in momentum representation reads [ 34]

—[—( 2y L9 inelYy L oy 21+ 2eTy = 0.
op op s ol 068"  sin’ @ og’

wolution ¥ = R(@)00)2(0)
for rigid rotator

~2
! (sm@av)Jr .1 ot;
sin@ 60 00~ sin’ 0 d¢’

where | isthe angular momentum

+87°ITy =0 T=%f(f+l)
with kinetic energy w1

1 (—|m D21 +1)

e img@ 2: [ ) b
solution Vi = NwE" (cos )™ 1 ¥im | dr (I+|m) | B (cosB)]
A (= m)QI+1) . 2
C=Aly, == im . )|P;| (cosO) |
and decay rate dr (7I+|m !
_ Zn?f
with =630 =P/ P g T el or el
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2 -
fT&F=F11 [i+z] zﬂ(-%h+h1—m12z)
L egendre functions (1-n) *
with hypergeometric function 2F1
" I k] . I -f-t—.k—l
m — (_1ym ol _ p2ymf2 ' L kem 2
. _ Ae =0Tz ;(k—m)lm (k)( z )
associated Legendre polynomials =
Pl (@) =220+ 1)F/(2)  pPl(a) = (—1)/(2¢ — DI — *) D) PEL(z) = —(20 +1)/1 - 22 PL(x)
P{(z) = £ (35" — 302” + 3)
P[ljj(ilﬁ) =1 Pg(m) = % {5$3 _ 33:,) Pj(:c} - _ % (73:3 _ 333)(1 _ 332)];2
Pl (z)= -1 Pl(z) Pl(z)=3(B2"-1)  Pl@)=-31(2"-1)(1-2")" Pi(z) = 5 (72’ = 1)(1 - 27
Pl(z) ==z P}(z) = —3&(1 —a®)'? P2(z) = 152(1 — 2?) P} (z) = —105z(1 — z*)*?
Pl(z) = —(1—2*)"* P}(z)=3(1—=a%) P3(z) = —15(1 — 2*)* Pl(z) = 105(1 — z*)*

andfor u=x" [ =Cu""(1-u) a=12

2.3 Muon decay theory

Vv

e

n Wy
The analytical formulafrom the Feynman diagramis
2 5

[11] , Gr Fermi-constant

I'(u—e =
(u VeV,) = 1923

exact formulawith corrections [35]
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G2m’ m2y 3 m>
—H R E N1+ RC) (1 +—E +...
19272 f (mg) ) ) ( + S:rnﬁ- - )

F(u—>evey,)= m

v (25 ; v (2 m
2\ 4 * T \3 o8 Me

RN
(3) (%1.;;.53 T 9 0 log £ 4 c.f) +...

T Mle My

and the phenomenological formula
4
GFzm ° me2 GFZm ° 4
F(u—>e = | 1- = L (1-x*) [34,1=4
(:Ll vev,u) 19277:3 ( muZ 19277:3 ( ) [ ]
Thisisthe general formulafor aleptonic weak 3-body decay, setting initial mass m =m, .

The (charged) weak interaction in the Feynman-Gell-Mann form reads
Gy

Hwe:\k = _._—J'r'“ J;f;_ .
£, [11,(9.1)] , where J, isthe charged leptonic-hadronic current
"}:t = L,Lt +H|Lt and
Lu(x) = 2en(@)yven(z) y - =) 7(l = 5)ve(T) 1 jistheleptonic current, H, is the analogous hadronic current.

In the standard model, the (charged) weak interaction is mediated by the massive W-boson W, with mass Myy for the charged current, with the Lagrangian

g ! 1 ety
Lyeak = ———=(J*H*W ] + JHTW, = :
k Q\f?[ i F) Where G]-'f\,fg — g2;[&?u‘i')
We can use the total current and use an excited intermediate W-boson, which includes the hadronic part, with the total mass my>M,y and calculate it from the
effective measured coupling constant G instead of Gr , setting g=1:

G’= 1 Z
32m,,
Theisospinnumbersare | =Al =1, +1, =3+1=4 and m=1=4

2.4 Pion decay theory



The analytical formulafrom the Feynman diagramis

2 2
2 m 2 2 5 m 2 m 2
Mr o uv,)=2 M g oy m2p M | SCGem Moty Tt 191 (1326)) , Gr Fermi-constant
mﬂ' 87T mﬂ' mﬂ'
and the phenomenological formula
2
G2m_ m’ m,? G’m 2
I'(r — = AL [ e ~x*(1-x*) [34
(r > u Vu) 4r mﬂz( mﬂz] A ( ) [34]

The (charged) weak interaction has the form
H e :G—;Jl(u,vu)\]l(u,d) with the leptonic current J*(u,v,,) = iy *(1—y5)v and the hadronic current J*(u,d) =ty*d for z~ =td [11, (13.6)]

Using the same procedure as above with the excited intermediate W-boson , we calculate My from the above two formulas:

2 4 2 2 4
Ce | M| _G° g G o O > and setting ge=1 and initial mass m =m, : M 6462
8 \m,) 4rn J2 8M, X

Theisospin numbersare | =Al =1, +1;, =2+1=3 and m=1-1=2
2.5 Kaon pion decay theory

+

K : \.-‘-1"-.7- 9% _— 3 T
The generalized and i sospin-adapted 3-body semi-leptonic formula (from the muon) decay is

4 4 m 2\*
FK*>r*zg'n")= g m _ m4 1-—
32+1927° | m, m
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and the phenomenol ogical formula

2 22
F(Kir N 77;*7[7) = G4m|<+ (1_ m, Zj [34] ,Where G= 291\106
4 K+

From these two formulas setting g=1 we get for my :

4
( m 4j = 8*10272G? = 32* 19272 g, 2t
mX

The interaction is mediated by W-boson and a gluon: it is a weak-hadronic transformation.
Theisospin numbersare | =Al =1, -1, =3-1=2 and m=| =2

2.6 Neutron decay theory
l]

udu Te

Tﬁ;a analytical formulafrom the Feynman diagramis

5 5
r'(n— pev,)=(G,’ +3GA2)% fo =G, 21+ 312);';3 f. [29] G, =G,V,, G,=G\N A 2=1.255V,=0.974 Ge=1.16610° GeV’

R _

1 £ y O 2 /2 1 2 / My — iV
261 98— §(& — )2+ Jehnfg + (€ - 1)) = Mo

ol
with the phase-space term [ 36] 60 Me fr =1.6332

and the phenomenological formula
2

4
m

rn— peve):szE{l——fZ] [34,1=4] withinitial mass m =m, and final mass m; =m, +m, and get with the same ansatz asfor I'(u —»>ev,v,):
m

G*= 1
1927°32M, *
The neutron decay involvesin fact only 2 quarks I'(n — pev,) =I'(dd — ud ev,)
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sotheisospin numbersare | =Al =1, +1, =3+1=4 and m=1=4 with I, =I(ud)+1(e)+1(v)=1+1+1=3 and I, = I(dd)=1
2.7 Theory of 3-body %ta-pion decay
. T
n T TE+
-

The generalized and isospin-adapted 3-body semi-leptonic formula (from the muon) decay is
4 4 m. 2 4
Tm—->r’n"n)= gm 3 m4 1-—5
32*1927° | my m
and the phenomenological formula

2 m. 2 4
T(n—>n’n"n7)= G—m(l——fzj [34]
4 m
From this setting g=1 we get for my :
4
( il 4J — 8*10272G?
mX
The decay is mainly hadronic, but the kinematicsis one of a 3-body decay, so we can use the generalized 3-body semi-leptonic formulafrom above.
The intermediate boson hereis 7° , so m, oc m(z°) and theisospin numbersare | =Al =1, +1,=3+1=4 and m=1=4
2.8 Theory of 2-photon meson decay
The formulafor the radiative 2-photon meson decay is:

2.3 F‘.-T:

[z’ >yy) =626an112 where m =m(z°) and m, =F,
X

the phenomenological formulais
2.3 m 2\3
(x> yy) =20 (1— fzj

From this we get for m,: m, :4”?0‘

The intermediate boson here is the strongly excited z° , so m, oc 10m(z°) and theisospin numbersare | =Al =1, +1, =2+1=3 and m=1=3
2.9 Theory of 1-photon hyperon decay

2m,
/2

Zz

pseudoscalar weak decay constant [42]




25

The interaction becomes for the transition s— d y
Hy, =do, (a+bys)sq“A o , where A" g* arethe photon and its momentum .

For the analytical formulawe can use the generalized isospin-adapted expression from the pion decay (here I'(Z" — py))

2
2.5 2 2
GF mﬂ' mll [1 _ mll ]

8z m?*" m?

4

G.’a’m®
8t
the phenomenological formulais

2
. cm*(, m’
I - py)= ?(1— ZJ

I —py)=f1,

2\2
(1— mfzJ where m :m( +) and m; =m(p) , f_ isthe hadronic correction factor
m

4 m
From thiswe get for m,: m 4—“—2 orm, = |[-%
S B4G? * \8G
and theisospin numbersare | =Al =1, +1, =(1/2+1)+1/2=2 and m=1=2

2.10 The generalized decay formula
We have seen in 2.3 for the muon decay that the decay interaction has the Feynman-Gell-Mann form

G. - Gp/V2 = g2/(8M2,)
Hoou = —=J"J, where “F/ V2= 3% (8My,
/2 H
or in generalized form (in natural units)

2
H,, = 8r?| ~J" (Jz)ﬂ , Where g is the (dimensionless) interaction constant, my is the interaction energy (excitation energy of the intermediate boson), J; and J, are
X

the currents involved, e.g. the lepton current (Jz)u =e(X)y,(1-7s)ve(X)

The current has dimension length-* , so the formulain cgs units reads

2
H,, = (ic) 389 >J,"(3,), . 50 Hin has dimension energy/length® , i.e. energy density, asit should be.
X
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The decay width (energy) becomes then

T =[H,()d
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3 Particledata

name mass[ GeV] e-charge color-charge | chirality spin isospin

e 0.000511 -1 0 0]1/2 1
nue 3.*10M-13 0 0 1[1/2 1
u 0.0023 2/3 3 0 1/2 1/2

d 0.0048 -1/3 3 0]1/2 1/2

mu 0.106 -1 0 0|1/2 1
numu 1.1*10M-11 0 0 1112 1
C 1.34 2/3 3 0 1/2 1/2

S 0.106 -1/3 3 0]1/2 1/2

tau 1.78 -1 0 0]1/2 1
nutau 9.8*10"-11 0 0 1]11/2 1
t 171. 2/3 3 0]1/2 1/2

b 4.2 -(1/3) 3 012 1/2

W- 80.4 -1 0 1 1 1
Z 91.2 0 0 0 1 1
gamma 0. 0 0 0 1 1
g 0. 0 8 0 1 0
H 125.1 0 0 0 0 0
p 0.93827 1 3 0] 1/2 1/2

n 0.93956 0 3 0]1/2 1/2

Lambda 1.1157 0 3 0]1/2 1/2

Sigma+ 1.1894 1 3 0]1/2 1
Sigma0 1.1926 0 3 0] 1/2 1
Sigma- 1.19745 -1 3 0]1/2 1
Xi0 1.31486 0 3 0]1/2 1/2

Xi- 1.3217 -1 3 0]1/2 1/2

rho+ 0.7751 1 3 0 1 1
rho0 0.77526 0 3 0 1 1
omega 0.78265 0 3 0 1 0
phi 1.01946 0 3 0 1 0
K*+ 0.89166 1 3 0 1 1
K*0 0.89581 0 3 0 1 1
pi+ 0.13957 1 3 0 0 1
pi0 0.134977 0 3 0 0 1
eta 0.54786 0 3 0 0 1
eta’ 0.95778 0 3 0 0 1
K+ 0.49368 1 3 0 0 1
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KO

0.49761

[EEN

KSO0

0.49761

[EEN

KLO

0.49761

wlwiw

ellelle]

ellelle]
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4 Decay width and interaction energy for different types of decays

4.1 Strange hyperon decayswith pionsand kaon-pion decay

G? m
Herewehave [AS=1 T'=Cly,,[ =Em(1— x2) |= Al =1 m=1 X=Hf

with g, =6.2*10°" (ﬂj
m

A—)pﬂ:.—)ﬁ'ﬂ'o G:gh resp. G=gh/\/§

> pr’ onrt:

2T > nmr:

‘G=g,
E" > A7 5 5 An G=g, resp. G‘zgh\/E
KEf—=2>»mamay nglaﬁ

decay width calc[GeV] | width obgGeV] | rel. Awidth l; It =41 |G X My G formula
35223 | G=g,
A ->p pi- 1.61032*10"-15 1.599*10"-15 0.00813008 1/2 3/2 115.21401*10"-7 | 0.966066 2
. 42320 | G =g /42
A ->n pi0 8.74088*10"-16 8.96*10"-16 0.0145089 1/2 3/2 1] 3.68686*10"-7 | 0.963106 6
42637 | G=g,
2+ ->p pi0 4.20623*10"-15 4.233*10"-15 0.00590598 1/2 3/2 1]4.89093*10"-7 | 0.902343 9
42428 | G=g,
2+ ->n pi+ 4.00357*10"-15 3.966*107-15 0.00630358 1/2 3/2 114.89093*10"-7 | 0.907289 8
>-->n pi- 4.22472*10"-15 4.444*10"-15 0.00562556 1/2 3/2 1 | 4.85805*10"-7 | 0.90119 430.76 | G=0,
Xi0 -> A pi0 1.95069*10"-15 2.259*10"-15 0.0110668 1/2 3/2 1| 4.42425%10n-7 | 0.951186 | 471.39 | G=0,
399.86 | G =g 2
Xi--> A pi- 3.99332*107-15 4.011*10"-15 0.00623286 1/2 3/2 1]6.22446*10"-7 | 0.949739 3
7.40795%10"- 3574.0 | G=g,av2
K+ ->pi+ pi+ pi- y 6.05074*107-21 | 5.53*107-21 0.385172 1 0 110 0.84814 |6

The 4-body kaon decay K+ ->pi+ pi+ pi-y issimilar to K+ ->pi0 pi+ y and hasasimilar energy, but adifferent isospin value, therefore isincluded here.
The decays can be roughly ordered according to the interaction energy

lambdainto nucleon pion m, ~400GeV

sigma into nucleon pion m, ~ 400GeV
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kaon into 3 pion photon m, =~ 3500GeV

4.2 Two-body non-strange decays of mesons AS=0

FZCM&

‘2

z°—lv G=g
K" >lv G=g,

K} > rn'n,—>x'n’

2 m
=S—mx’-’(1— x2) 1= AI =3 m=2 x=—"
7/

K > 77" G=2g,0/443

-0 +

K >nn.—->nrnr

m

G =20,0443 G=2g,a443/2

G=2g,a G=2g,a/~2

decay width_calc[GeV] | width obgGeV] | rel. Awidth I It =41 |G X My G formula
96.367 | G=g,
pi+->mu humu 2.50122*10"-17 2.528*10M-17 0.000791139 3| 1.47648*10"-7 | 0.759476 5
G=g,
0.0036612 | 107.98
pi+->e nue 3.24552*107-21 3.11*10"-21 0.0186495 3]1.47648*10"-7 |5 8
G=g,
383.07
K+->mu numu 3.3949*10"-17 3.372*10M-17 0.00266904 3| 1.43527*10"-7 | 0.214714 | 4
G:%
0.0010350 | 387.41
K+->e nue 8.67067*10"-22 8.238*10"-22 0.0581452 3| 1.43527*10"-7 | 8 5
KSO0->pi+ pi- 5.0423*10"-15 5.084*107-15 0.00354052 319.28211*10"-7 | 0.560961 146.47 | G=20,0443
G =20,a443/+/2
174.82 % V2
KS0->pi0 pi0 2.5002*10"-15 2.255*10"-15 0.00798226 3| 6.56344*10"-7 | 0.542501 | 3
G = 2g9,a+/443
667.31 %
K+->pi+ pi0 1.12741*10"-17 1.112*10"-17 0.00719424 3| 4.41006*10"-8 | 0.556123 7
G=29,a
3082.8
KLO->pi+ pi- 2.56934*107-20 2.543*107-20 0.0247739 3| 2.09528*10"-9 | 0.560961 5
. 3679.5 | G=2g,a /2
KLO->pi0 pi0 1.27399*10"-20 1.119*10"-20 0.204647 3] 1.48159*10M-9 | 0.542501 |9




31

The decays can be roughly ordered according to the interaction energy
pion-lepton m, ~100GeV ,

kaon-lepton: m, ~ 400GeV

kaon-pion: m, ~600GeV

short-lived Kg-pion: m, ~150GeV ,

long-lived K o-pion: m, =~ 3200GeV

4.3 Three-body decays of strange mesons and hyperons AS=1
I'= C‘Wz,z

2_G2 ) _ﬂ
‘—Em(l Xf 1= Al =2 m=2 =

- ' Wo(m, 3/2
with g,,'=1.2806*10"| —
m
K* 5 2°ly Cf:glﬁ/\/i
K, >rlv G=ga
K* > rn'n"n.G=253ga
K*—>a'n'n" G=253ga
-0 ~ 0
K, -3 G=2gJa
~0 .
Ki»n'nn’ G=2g:a 1312

K> a'nl'v.>n'zlv o, G=galn

K* > 2'°z*y. o
Tay G:gl(ﬁj

A— plv G=gh'\/§

z —>nlv G:ghlz

decay width_calc[GeV] | width obgGeV] | rel. Awidth I It I=41 |G X My G formula

. 2168.8 | G =g Ja /42
K+->pi0 e ve 2.52543*10"-18 2.565*10"-18 0.0105263 2 | 8.67078*10"-9 | 0.274445 |9
K+->pi0 pu vu 1.7138%107-18 1.764*107-18 0.0272109 2 | 8.67078*10"-9 | 0.488124 G=gna /2
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1899.1
9
G= a
1830.3 g/t
KLO->pi+ e ve 5.04792*107-18 | 5.217*10*-18 0.0120759 1 3 1.22623*10~-8 | 0.281508 | 6
G= o
1602.5 g/ox
KLO->pi+ y vy 3.40719*1018 | 3.478*107-18 0.00920069 1 3 1.22623*10~-8 | 0.493499 |2
o 127.36 | G =2.53g,va
K+->pi+ pi+ pi- 2.97836*10"-18 | 2.971*107-18 0.00538539 1 3 3.10237*10"-8 | 0.84814 |7
o 191.07 | G =253g,Va /2
K+->pi0 pi0 pi+ 9.19439*10"-19 | 9.34*107-19 0.0289079 1 3 1.55119*10"-8 | 0.829533 | 6
159.95 | o= 29 \/E
KLO->pi0 pi0 pi0 2.71785*10~18 | 2.518*107-18 0.0353455 1 3 2.45247*10"-8 | 0.813752 |9 !
167.81 | G=2g,+Ja //3/2
KLO->pi+ pi- pi0 1.50061*10~-18 | 1.617*10"-18 0.0185529 1 3 2.00243*10"-8 | 0.832212 |3 gNa
3.33475*10"- 84532 | G=g,aln
K+->pi+ pi- e+ ve 2.01491*107-21 | 2.174*107-21 0.0367985 1 3 10 0.566462 | 4
G=g,aln
3.33475*10"- 6435.0
K+->pi+ pi- g+ v 6.69205*107-22 | 7.44*107-22 0.642473 1 3 10 0.780141 |5
G=g al 2
2.35802*10- 10293. g, /(72)
K+->pi0 pi0 e+ ve 1.06991*10A-21 | 1.169*107-21 0.182207 1 3 10 0.547855 |3
G=0qg al 2
2.35802*10"- 7981.2 g, /(2)
K+->pi0 pi0 p+ vy 3.8545*10-22 4.2*10/-22 0.5 1 3 10 0.761534 | 4
G=g,aln
3.33475*10"- 8671.1
KLO->pi0 pi+ e ve 2.12372*10M21 | 2.764%107-21 0.0209841 1 3 10 0.552758 | 4
G=g,aln
3.33475*10"- 6715.4
KLO->pi0 pi+ p vy 7.58984*107-22 | 8.*107-22 0.0725 1 3 10 0.76475 |3
G=g.'/3
1504.5 9,3
A->p e ve 2.21509*10~-18 | 2.081*10~-18 0.0168188 12 | 5/2 1.71059*107-8 | 0.841428 | 3
G=g.'/3
1037.6 g,'V3
A ->p u v 3.99111*1019 | 3.93*10*-19 0.223919 12 | 5/2 1.71059*107-8 | 0.935977 |7
S- ->neve 4.42673*107-18 | 4.526*107-18 0.0393283 12 |52 1.77643*10~-8 | 0.785061 |1879.7 | G=0,'2
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1
G=g,'2
1546.4
>-->npvd 1.69761*10"-18 2.003*10"-18 0.0888667 1/2 5/2 211.77643*10"-8 | 0.873155 |5
G=9g,0/v3/2
8.55396*10"- 5707.2 9
K+ ->pi0 pi+y 1.37146*10"-20 1.462*10"-20 0.0581395 1 2110 0.556123 |1
The decays can be roughly ordered according to the interaction energy
K+, KLOinto pi 2lepton m, ~1.8TeV
K+, KLOinto 3pi m, ~150GeV
K+, KLOinto 2 pi 2lepton m, = 7...10TeV
A into pi 2lepton my =1.2TeV
2 into pi2lepton m, =1.7TeV
K+into 2pi photon m, ~5.7TeV
4.4 Non-strange leptonic three-body decays
A'— Aev(AS =0)
F=Cly,.| =6?m°1-x2)" 1= a1 =4 m=4
+ 0
T TEV G=G,//192*507°
n—=>pev. G=G,/192*1757°
L > Aev G =G,/+/192* 657°
H—>eVV, T —eVV,. > uv,y,. G=G,/ 1923
decay width_calc[GeV] | width obgGeV] | rel. Awidth I It =41 |G X My G formula
717.02 _ [ 3
M ->evevy 3.01736*107-19 2.954*10"-19 0.014218 1 3 4 | 1.50165*10"-7 | 0.00482075 7 G =G, /N1927
0.00028707 | 717.10 _ / 3
tau ->e ve vr1 4.02938*10"-13 4.041*10"-13 0.00296956 1 3 4 |1.50165*10"-7 | 9 5 G =G, /192m
695.87 _ / 3
tau ->p vy vt 3.97253*107-13 3.932*107-13 0.00305188 1 3 4 | 1.50165*10"-7 | 0.0595506 8 G =G, /N1927
pi+ ->pi0 e+ ve 2.63622*107-25 | 2.619*107-25 0.067583 1] 3 4 | 2.12366*10"-8 | 0.970753 468.38 | G =G,/v192* 507"
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n->p e ve 7.12154*107-28 | 7.239*107-28 0.000897914 3 4| 1.13514*10"-8 | 0.999171 204.69 | G=G,/v192*1757°
S+->\etve 1.67174*107-19 | 1.642*107-19 | 0.249695 3 4 | 1.86257*10"-8 | 0.938466 703.24 | G=G,/~192* 657°
s-->Aeve 2.5218%107-19 2.55*107-19 0.0470588 3 4 | 1.86257*10"-8 | 0.932157 740.33 | G=G,/~192* 657°
Here pure-leptonic transitions are bi-quark transitions
n— pev becomes du— uuev
>" — Aev becomes uu— udev
The decays can be roughly ordered according to the interaction energy
leptoninto lepton 2 neutrino my = 700GeV
pi into pi 2 lepton m, = 300GeV
neutron decay n ->p e ve m, =100GeV
Y into A 2lepton m, =~ 800GeV
4.5 Three-body decays eta-pions
GZ
F=Cly| == (- x)' 1=41=4 m=4
’ 4
n—-3n" norr A G = 0.0145
N>T TV G=0.00213
decay width_calc[GeV] | width obgGeV] | rel. Awidth I It =41 |G X My G formula
eta ->pi0 pi0 pi0 3.88428*10"-7 4.226*10"-7 0.00851869 3 41 0.0145 0.739114 0.26643 G =0.0145
eta ->pi+ pi- pi0 3.09444*10"-7 2.951*10"-7 0.0176211 3 41 0.0145 0.755881 0.25729 G =0.0145
eta ->pi+ pi- y 5.94407*10"-8 6.097*10"-8 0.021978 3 41 0.00213 0.50951 7.4388 G =0.00213

The decays can be roughly ordered according to the interaction energy
etainto 3 pion my ~0.3GeV

etainto 2 pion photon m, =1GeV

4.6 Photon-radiative decays
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2,3

I'= C‘V/s,s‘z = G47T

2
with o =2
A

pseudoscalar mesons Poar p=7" 7.1 theory

2 5

G’m

T

I'= C“//z,z

‘2

9, =0.138

g, =9.769*10° G=C,g,,
hyperons A_) f?;V . Z+ —> p:/ . EO _)A}/.Zo}'/ E_—>Z_}’ C1: [7/2,2’1,\/511/\/5

(—x?f 1=a1=3m=3

(=) 1= ar=2m=2

(P —yy)=

4 2
€ 8p 3
—m,
647x

x=0 G=27aC,g,, C,=1,/5/4,5/3

decay width_calc[GeV] | width obgGeV] | rel. Awidth l; l¢ =4 | G X My G formula

pi0 ->y y 7.86*107-9 7.84*107-9 0.0687023 1] 2 30.00632905 | 0. 23.8527 | ©=2ma gy’

eta ->y y 6.4*107-7 6.55%107-7 0.21875 1] 2 3|0.00707609 | 0. 21334 | G=2rag, V54
eta' ->y y 4.57*10-6 4.67*10-6 0.0547046 1] 2 3 | 0.0081707 0. 18476 | G=2mag,'V5/3
A->ny 3.88647*10°-18 | 3.96*107-18 0.0368098 | 1/2 | 3/2 2| 1.82761%10%8 | 0.842126 | 164.32 | O=9uV7/2
S+->py 1.03154*10~17 | 9.81*10-18 0.0487805 | 1/2 | 3/2 2| 1.9538*10n8 | 0.78886 |161.01 | ©=20m

Xi0 > A y 2.33984*107-18 | 2.34*107-18 0.150943 12 | 312 2]9.769*10%9 | 0.848531 | 224.40 | ©=Om

Xi0 -> 30 y 7.50752*10°-18 | 7.87*107-18 0.120787 12 | 312 2| 276309108 | 0907017 | 131.51 | G =Um8

Xi- >3-y 4.91693*10-19 | 4.99*107-19 0.179688 12 | 312 2| 6.90773109 | 0.905992 | 263.09 | ©=Um/V2

The decays can be roughly ordered according to the interaction energy
pi , eta into 2 photon my = 20GeV

A, Z into nucleon photon my, =130GeV

Xiinto A photon m, =180GeV
Xiinto X photon m, ~100,...200GeV
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5 Characterization and calculation of different types of decays based on interaction ener gy

5.1 Table of decays based on interaction ener gy

decay

AN->n 1
2->n T
=>A T

m+->1 v
K+->| v

K+-> 1+ 10

KSO-> m 1
Kt->1m+ m 1
KLO->T0 1 1T

KLO-> 1T 17

K+->m0 | v
KLO->1+ | v

Kt->mm+ 11- | Vv
K+->m0 mO | v
KLO->1+ 1m0 | v

K+-> 1+ m+ 1- vy
K+->1m0 11+ vy

AN->plv
>- ->nlv

MT-> e ve v
T-> U VJ vu

I::’in

uds
uds
uss

ud'
us'

us

(ds'+sd")
us'
ds'

(ds'-sd")

us'
ds'
us'
us
us

us
us'
uds
dds

Pi

udd/(uu'-dd")
udd/(uu'-dd")
uds/(uu'-dd")

2rL-
2rL-

ud'/(uu'-dd")
2(uu'-dd")
ds'/2(uu'-dd")
(uu'-dd")/2(uu'-dd")
2(uu'-dd")

(uu'-dd'y/W
ud/W

2(uu'-dd")/W
2(uu'-dd")/W
ud'/(uu'-dd')/W-

ud'/(ud'+u'd)
(uu'-dd")/ud'

uud/ W
udd/ W

m1[GeV]

1.1157
1.1894
1.31486

0.13957
0.49368

0.49368

0.49761
0.49368
0.49761

0.49761

0.49368
0.49761

0.49368
0.49368
0.49761

0.49368
0.49368

1.1157
1.1197

1.78
1.78

m2[GeV]

0.93956
0.93956
1.1157

0.106
0.106

0.13957

0.13957
0.13957
0.134977

0.13957

0.134977
0.13957

0.134977
0.134977
0.13957

0.13957
0.134977

0.93827
0.93956

0.000511
0.106

m3[GeV]

0.134977
0.134977
0.134977

1.1*10"-11
1.1*10"-11

0.134977

0.13957
0.134977
0.134977

0.13957

0.106
0.106

0.134977
0.134977
0.134977

0.27914
0.13957

0.106
0.106

3.10"-13
1.1*10"11

m4[GeV]

ce

©

0.

0.
0.134977
0.134977

0.

1.1*10"-11
1.1*10"-11

0.106
0.106
0.106

0.
0.

1.1*10"-11
1.1*10"-11

1.1*10M11
9.8*10"-11

mX[GeV]

442.27
480.94
497.84

107.98
387.41

668.18

160.64
159.22
163.88

3381.2

2034.04
1716.44

744414
9137.27
7693.29

3574.06
5707.21

1271.1
1713.08

717.06
695.878

scheme

sd'(2h)—Z—10(2h)
sd'(2h)—Z—T0(2h)
sd'(2h)—Z—T0(2h)

ud‘(1h)-W-W
us‘(2h)->W-—-W

sd'(4h)—Z—210(3h)

ds‘(1h)—»Z—2m0
us‘(1h)>W— 1+ 210
ds‘(1h)—»Z— 10 210

ds'(12h)—Z—210(4h)

us'(6h)—W— 110 W(6h)
ds'(6h)—Z— T+ W(2h)

us‘(15h)-»>W—-210 W(6h)
us‘(15h)-»W—2m0 W(15h)
us‘(15h)—»W—210 W(6h)
us‘(12h)>W— mr+1T-11+

y(6h)
us‘(12h)—>—-W-—-101+y(12h)

su'(6h)—W—W(1h)
su'(6h)—W—W(2h)

I v (4h)—>W—W
I v (4h)—>W—W
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m->10 | v ud' (uu'-dd')/ W 0.13957 0.134977 0.106 1.1*10"-11 468.38 d'u(2h)->W-W
n->p e ve udd uud/ W 0.93956 0.93827 0.000511 3.107-13  204.69 du’(1Th)}»W—-W
S+>A v uus uds/ W 1.1894 1.1157 0.106 1.1*10°11  721.78 ud‘(4h)-»W-W
(uu'+dd'- sd‘(3g)—1m0—3m0
n-> mo m0 10 2ss") 3(uu'-dd") 0.54786 0.134977 0.134977 0.134977 0.26186
(uu'+dd'- sd‘(6g)—10—210 vy
n-> mo m0 y 2ss") 2(uu'-dd’) 0.54786 0.134977 0.134977 0. 7.4388
moin-> vy vy (uu'-dd') 0.134977 0. 0. 0. 21.221 uu‘(8g)—m0—0 2y
NZ -> n vy uds udd 1.1157 0.93956 0 0. 184.80 sd'(1h)—Z—-Zy
50 > Ay uss uds 1.31486 1.1157 0 0. 256.98 sd'(2h)—»Z—-Zy
=0 > 30 vy uss uds 131486 11926 0 0. 152.80 sd'(1h)—Z—-Zy
= > Iy dss dds 1.3217 1.19745 0 0. 305.61 sd'(2h)—Z—Zy (2h)

In the above table, the decays are grouped according to type and interaction energy my .

Consider the general decay

P> R+P+R+P,

In the table above, row Pi, contains the structure of the original particle, the row P, contains the structures of the outgoing particles, separated by slash, the rows
my,...,My and my contain the respective mass.

The configuration is described either by quarks (like A=uds) or by | (lepton) orby Z , W.

The scheme in the last column describes the QHCD/QCD model of the interaction energy with number of active hc bosons, e.g. sd‘(2h)—Z—n0(2h) for the decay
=->A

E.g. the generic decay A/ ->n 7 has the incoming configuration Pj, = uds and the outgoing generic configuration P;; = (n=udd)/(n0=(uu'-dd")) , with the
interaction energy my=400GeV, and the decay scheme sd‘(2h)—Z—n0 , where the significant incoming current is sd interacting via 2 hc-bosons, the
intermediate boson is the Z-boson, and the outgoing current is 7° = (uo — dd) / 2 . The number of active hc-bosons (or active gluons, in the pion-mediated
decays) determines roughly the energy level.

The table reveals asimple principle for the scheme:

a0, >b— p or gqg, >b— p,where g, g, are quarks in the incoming quark-current, b is the mediating boson b=W, Z,z° , p are the outgoing particles,

p=r°m,W,y, where p can be represented as one or more quark-currents except for the photon vy, which is itself the electromagnetic current.
The resulting interaction energy my in the table above is not distributed uniformly, but accumulates around certain values, the energy classes.
E.. #150GeV for 1 hc-boson

E,, = 400GeV for 2 hc-bosons
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E,, = 700GeV for 4 hc-bosons

E,s =1500GeV for 6 hc-bosons

E,;, ®3500GeV for non-diagonal 12 hc-bosons outgoing W(1hch)

Ei23n = 5700GeV  for non-diagonal 12 hc-bosons outgoing W(3hchb)

E,;s = 7500GeV for all 15 hc-bosons outgoing W(3hchb)

E,;s,3h = 9000GeV for &l 15 hc-bosons outgoing W(6hch)

E. =0.3GeV for 3 gluons (color interaction, factor 1000 weaker than hc-interaction)
E.s = 7GeV for 6 non-diagonal gluons; E ~ 20GeV for al 8 gluons

Eys | _ 9000GeV _
E, ) 150GeV

For weak decays the energy span in my is roughly: (

hl

so the energy span scales like (%J =60~ (n,)"*
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5.2 Theinteraction energy and the bandwidth
In 2.1 ageneral relationship between the interaction energy my and the decay bandwidth /" was derived:

m 14 | 1/4
=X = fl(ﬂj , Wwhere f, =| 1=
m r 2\2
The following plot depicts this relationship for all 54 decays of the quarks u, d, sand all leptons, dealt with in this chapter
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1/4
The x-axisis x = [%j , they-axisis y = % , the labels consist of the first 3 characters of the name of the corresponding decay, followed by the number in the

total decay table, e.g. pi0 ->y y has the number 47, and the label “pi047” .

One seesimmediately, that the decays separate in two large groups:. those with x>1000 are weak, i.e. hypercolor decays, those with x<60 are strong (pure color)
decays.

If there are 1 or 2 photons on the right side, then the electromagnetic Lagrangian component is activated in the calculation in chapter 6.
In the pure-color decays only the color SU(3)-Lagrangian is activated, in the weak decays both the SU(3) and the SU(4)-Lagrangian is activated.
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6 Numerical calculation: method and results

6.1Theinteraction model and the L agrangian in two examples

The basic idea of the Fermi model of weak 3-body decay in the Feynman picture mediated by the weak boson W is explained at the example of the neutron decay
n— pev with the decay scheme du(1h,3g) >W — W(1h) .
Theincoming Lagrangianis L(dU) = L, (X*,{u;,u,},{ Ag,}) withthe quark wavefunctions u, =d =r"q" u, =u=r"q" inthehypercolor-SU(4)-preon

model, and one hc-boson Ag, corresponding to the SU(4) generator matrix A, and the SU(4) index pair {1,3} and theinteraction r,” <> r;  in the hc-charge-

+ +

quadruple (r_",r. ",y ,fg ) -

Werecall that both Loncp and Locp have the generic form
Dirac part L, =1,z7(i hD,y" - mc)y , Covariant derivative D, =0, —igA®,A,

field part L =—%F‘WFW ,field tensor F®,, =0,A% -0, A% + df AP, A,

with the structure constants f ®* of the respective Lie algebra (SU(3) or SU(4)) and A, are the generators of the algebra.

From the preon composition results the following form of the SU(4) quadruple wavefunction

R D
R R Rl

u, ) \0)(u,)\O

The outgoing Lagrangianis L(W) = Loy, (X*,{Us, U5}, {Ag',}) with theweak boson W u; =1, 1" and another hc-boson Ag', .

o () 053]

The interaction Lagrangian is the Fermi current-current interaction with the mediating exchange boson with the energy m, = E(W) = E(u,) + m,, + E(Ag,)

L,, (3(du), J(W)) = (U1+yﬂule23+yuu3)

So we havein total two particle configurations, theincoming np  and the outgoing ev , each with an interaction Lagrangian, coupled by the Fermi current-current
interaction, and mediated by the corresponding W-boson W =r 1y ,

, with the notation Dirac-conjugate u,”
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In the incoming system du we have to take into account the color interaction of the quarks L (dU) = Lo, (X, {uy, U} ,{ AC,, Acs, Ac,}) inthebasic gluon

configuration with 3 rgb-gluons.

Feynman diagram of the decay n — pev , with the notation of the antiparticle p = p° (conjugate)

p°(p.)
e(p,)
A: v\vc(p“)

e W
tow
3AC,; 1AQ, | ---------- I 1Aq,

_yy v

d
In the decay-scheme the weak (SU(4)) interaction is carried on the left side by 1h= 1 hypercolor SU(4) boson Ag, , and the color (SU(3)) interaction by
3g= 3 (anticoupler) gluons Ac, Acs Ac; . On theright side, the weak (SU(4)) interaction is carried by 1h= 1 hypercolor SU(4) boson Ag, and thereis no color
interaction, as the mediating boson W has only aweak charge, no color charge.

We illustrate the calculation ansatz in more detail in the more complicated and computationally much more challenging example of the 4-body kaon-pion
photonicdecay K™ — 7" z* n~ y with the decay scheme us(12h,3g) > W — 7" 7#* 7~ (6h,39,1y)
The Feynman diagram is

with the corresponding decay-scheme



tw
3A0257 12Agnd I---mmmmmms I 1Ae03AC257 6Agl469 1113
| |
S Y >
u '|'|'+

Theincoming Lagrangianis L(US) = Loy (X“,{W, U} ,{ Agy}) , with K™ = us , with the quark wavefunctionsu=r"q" s=r"q ,

ull:(rL++qL+)/\/§ u12:(rR++qR+)/\/§ u:((Oj’(un}(oj,(uu]J/ﬁ

0)\u,)(0)u,

Uy = (1 +qL_)/\/§ Uy = (rg" + QR_)/\/E S= ( (O],( O j,(o}(UﬂD
0)(u, ) \0)\uy,

and 12 non-diagonal hc-bosons Ag,, corresponding to the non-diagonal SU(4) generator matrices A, and the SU(4) indices{1,2,4,5,6,7,9,10,11,12,13,14} .
The outgoing Lagrangianis L(z "7 7") = Loycp (X .{Us, Uy, U} { AQ'ee1115}) - With the pions and their corresponding wavefunctions
rfrT =uddu =1 4+ g+

u31:u41:(r|__+q|__)/\/§ U32:U42:(rR++qR+)/\/§ 7T+7T_Z((ual_u‘uj,(oj,(oJ,(ugz_U42Jj/2

Uy — Uy ) \0) \0) Uy — Uy,
" =ud = rl_+ +rR+ +0, +QR+ u51=(r|_+ +QL7)/\/§ Us, =(|’R+ +QR7)/\/§ n’ :(( Oj'( 0 j:[ 0 j,( 0 jj/ﬁ
u51 l'151 u52 u52
and the 6 hc-boson  AQ', 0,115 » Which are the 6 couplers of SU(4).
The interaction Lagrangian is the Fermi current-current interaction with the mediating exchange boson with the energy
m, = E(W) = E(u,) + E(u,) + m,, + E(Ag,)
(u1+}’”u2xu3+7uu3 + u4+y#u4 + u5+7,1u5)

L, (J(s),I(z " n")) = 2 , with the notation Dirac-conjugate u,”
X

So we have in total two particle configurations, theincoming K™ =us and the outgoing 7"z 7", each with an interaction Lagrangian, coupled by the Fermi
current-current interaction, and mediated by the corresponding W-boson W =r, r;

In theincoming system K™ = us and the outgoing 7z *7 7" we have to take into account the color interaction of the quarks

Lo (US) = Logp (X, {uy, U} {AC,, Acs, Ac}) and Lo (777 ") = Loy (X*,{Us, U, U} { AC',, AC's, AC'; }) inthe basic gluon configuration with 3 rghb-gluons .
The outgoing photon is active in the additional third electromagnetic Lagrangian L (7 7 7 ") = L, (X*,{u,,u,,u},{ Ag})
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6.2 The calculation method

Now we minimize the action S= j L(x*,u,Ag,)r’sin@dtdr do de for thetotal Lagrangian L(x*,u, Ag,) = L(dT) + L,, (W) + L(J(dT), J(W)) + L. (dT) under
the constraint of energy conservation E(du) = E(W) , as required in the Feynman diagram of the process.

We have for the particle wavefunctions {u,, u,,u,} the normalization condition j |ui |2d *x =1 and for the field bosons we set up a boundary condition

forr=ro Ag;(r,) =0 and Ac (r,) =0 and the Lorenz-gauge-condition d,,(Ag;)* =0 and 0,(Ac)" =0 .

The energy, length, and time are made dimensionless by using the units: E(E, = 1h_c =0.196TeV ), r(fm), t(am/'c) am=10"®m . We can assume axial
am

symmetry, so we can set =0 and use the spherical coordinates (z, r, 6) .
We choose the equidistant lattice for theintervals (t,r,0) €[0,1] x[01] x[0,7] with 21x21x11 points and, for the minimization ng,, in paralel, ng, random

sublattices of length |, , Where ng, =8 or 16, and I, = 25 or 50 or 100 according to the complexity of the corresponding Lagrangian.
I[ix, j]={{(t;,r,,t5) [(i1Li2,i3) = random(lattice, j =1...1., )} |ix=1,...,n.,.} .

For the Ritz-Galerkin expansion we use the 12 functions f, (r,0) ={bfunc(r,r,,dr,)r* k, = 0,..,n } x{(cos® §,cos® sinh),k, = 0,...,n,}

Theaction S= j L(x*,u,,Ag,)r’singdtdr dode becomesamean-value on the sublattice I[ix]
§[ix] = N([X) z L(x, u,, Ag, )Zﬂvtrg whereV,, =z the (t,r,0)-volumeand I, = N(I[ix]) isthe number of points. We impose the boundary condition for
xel [iX] g

Ag, (r =r,) =0 via penaty-function (imposing exact conditionsis possible, but slows down the minimization process enormously).

S isminimized ngp X in parallel with the Mathematica-minimization method “simulated annealing” .
The proper parameters of the particles u. and the hc-bosons Ag, are:
par(pi) :{Eui &, Ty, ’Qui 'drui} ) par(Agi) :{EA'aA} par(Ac,) :{EACi 'aACi}
The complexities and execution times (on a 2.7GHz Xeon E5 work-station) differ greatly for different decays.
For the neutron decay n — pev with the scheme du(lh) > W — W(1h) ( 1hc-boson on both sides) and color interaction L(du,3g) with basic 3 gluons
complexity(Lagrangian)=(3.7+4.8)* 10° terms, minimization time t(minimization)=111s .
The mathematical details of the calculation, and the results can be studied in depth in the corresponding Mathematica programs [46].
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6.3 Discussion of calculated decays

The table of decays with calculation results for my is as follows

decay

AN->n 1
2->n T

=>A T

m+->1 v

K+->| v

K+-> 1+ 10

KSO-> 1 1
Kt->1m+ m 1

KLO->T0 11 1T

KLO-> 1T 1m

K+->m0 | v

KLO->11+ | v

Kt->mm+ 11- | Vv

K+->10 M0 | v
KLO->11+ MO | v

I:)in

uds
uds

uss

ud'

us

us

(ds'+sd')

us

ds'

(ds'-sd")

us

ds'

Pout

udd/(uu'-dd")
udd/(uu'-dd")

uds/(uu'-dd")

2rL-

2rL-

ud'/(uu'-dd")

2(uu'-dd")
ds'/2(uu'-dd")

3(uu'-dd")

2(uu'-dd")

(uu'-dd'yW

ud/W

2(uu'-dd')/W

2(uu'-dd")/W
ud'/(uu'-dd")/W

Agi[am™] Aci Aei <r12>
{0.271,1.043}{0.258,0.34

8} 0.472
{0.171,0.323} 0.195
{0.314,0.219}{0.245,0.21

3) 1.13
{0.804,0.122}{0.225}  0.300

{0.894,0.351} {0.249,0}

{0.889,0.365}{0.267,0.25
0} 0.449

<drl2

0.461

0.559

1.34

0.207

0.555

Ecol Eem

195(3g,39)

0(0g)

194(39g,39)

64(3g)

0.505 0.535 333(3g)

2810(89g,89)

mX(er)ca
I

505(71)

112(16)

705(34)

159(19)

1940(89)

8880(280
)

mX exp
387.71
427.14

435.62

102.17

385.24

667.31

160.64
159.22

163.88

3381.2

2034.0
4
1716.4
4

7444.1
4
9137.2
7

7693.2

scheme

sd'(2h)—Z—10(2h)
sd‘(2h)—Z—T0(2h)

sd'(2h)—Z—10(2h)

ud‘(1Th)-W-W

us‘(2h)-W-W

us‘(4h)—>W-—-1+110(1h)

ds‘(1h)—»Z—2m0
us‘(1th)»W— 1+ 210

ds‘(1h)—»Z— 10 210

ds'(12h)—Z—210(4h)

us‘(6h)—W— 10 W(6h)

ds‘(6h)—Z— T+ W(2h)

us‘(15h)—W—210 W(6h)
us‘(15h)—W—210 W(15t

us‘(15h)—>W—-1r+1T0W(6h
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K+-> 11+ 1T+ T1- ¥
K+->10 1+ v
AN->plv

z- ->nlv

MT-> e ve v

T-> 4 VU vy

m+->m0 | v
n->p e ve
+>N v
n-> 10 m0 10

n-> 1m0 mo vy

mo/n->vy vy

NZ -=> n vy
20> Ay
=0 > 20 vy

= >3-y

us

us

uds

dds

ud'
udd
uus

(uu'+dd'-
2ss")
(uu'+dd'-
2ss")

(uu'-dd")

uds
uss
uss

dss

ud'/(ud'+u'd)
(uu'-dd")/ud'
uud/ W

udd/ W

(uu'-dd'y W
uud/ W
uds/ W

3(uu'-dd’)

2(uu'-dd")

udd
uds
uds

dds

{0.920,0.284}{0.278}0.03
6

{0.205,0.135}0.338,0}

{0.857,0.122}

{0.275,0.250} {0.221}
{0.200,0.164}

{0,0}{0.153,0.156}0.065

{0.294,0.5801{0.757}0.66
v

0.987

0.245

0.461

0.341

0.270

0.284

0.680

1.59

0.513

0.374

0.199

0.384

0.250

2.742

930(39,3g),6
40

328(3g)

87(39)

(39,39)

(89,89)2.9

64(3g) 9.7

3470(170
)

1270(53)

768(117)

197(9.3)

:388(.109
)

23.8(7.2)

181(41)

9
3574.0
6
5707.2
1

12711
1713.0
8

717.06
695.87
8

468.38
204.69
721.78

0.2618
6

7.4388

21.221

162.66
9
224.40
4
131.51
1
263.08
9

us‘(12h)—>W—o1r+1r-1r+ y/(¢

us‘(12h)>W—-10mr+y(12F

su‘(6h)-W-W
su‘(6h)->W—-W/(2h)

I v (4h)->W—->W
I v (4h)->W—->W

ud‘(2h)-W->W
du‘(1th)-W-W
ud‘(4h)-W-W

sd'(3g)—>T0—310

sd(6g)—1m0—210 y

uu‘(8g)—10—T0 2y
sd‘(1h)»Z—Zy
sd‘(2h)—»Z—-Zy
sd‘(1h)»Z—Zy

sd‘(2h)—»Z—Z y (2h)

The scheme column describes the model of the decay, on which the calculation is based, where the denomination q' is used for the antiparticle G .
Here the calculation result (mxca) and the value from decay time (mMxexp) are given in GeV.
m(er) isthe calculated my-value with uncertainty er in GeV .
Eco Specifiesthe calculated color interaction energy and the number of active gluons, e.g. 250(3g) , Eem IS the electromagnetic energy of the involved photons, if

any.
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<rl12> and <dr12> are the mean radius in am-units and its quantum “smear-out” in the left-side (incoming) part of the scheme.
The mean boson amplitude (hypercolor, color, electromagnetic) of the incoming and outgoing system Agi Aci Aei expressed in unitsam™ is given in column four.
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The following plot presents the measured and cal culated interaction energy described in the above table

miE_cale[Gey
4
10 = Ke—orml A0 | 8
i KLO-=rr e+ —>mm+ T -y
- Bl | v
&\—=plv
1000 =
C =_=h rri
i n-=p e ve
i ANE->n S.D— T T
100 = me-= Vil
: Eﬂﬂ.-‘.l]—:» 2y
10
i~
- E]—-.»JT mrd
1 I 1 1 1 1 1 1 11 I 1 1 1 1 1 1 11 | 1 1 1 1 1 1 11 | 1 1 1 1 1 1 11 I m}{ DhslGEv
1 10 100 1000 10*

The decays above 110GeV are weak (hypercolor) decays, those below 12GeV are strong (color) decays, the observed my is dark-blue, the calculated my is red
(with calculation error bar), the color energy for weak decays, respectively electromagnetic energy for strong decaysis cyan.
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Another interesting decay parameter is the mean radius <r12> of the incoming system on the | eft side of the scheme, e.g. for the neutron decay
n->p e ve, theinoming system is np, in the decay schemeit is represented by du .

radiug|arm
121
W —me

KLO-=m il
1.0r Ke—zm+ m+ - i
oar

ME-=n yill
0Er
S_aA T BK—onl | v
wr—=e ve vill Keo=ml 70 | vl
04ar
n-=p e ve
P @r0i-= 2y @s0->m
] @ -=plv
02F m+== vill
1 1 MR | 1 1 MR R | 1 1 MR R | 1 1 TR R | 1 1 Ll anbs|Ge‘v’
1 10 100 1000 10

It isinteresting to see, that the mean radius separates basically into two groups:. high-energy non-leptonic kaon-pion decays with <r12>>0.9am and the remaining
decays with <r12> <0.5am, apart from the photonic A/ -> n y.
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The other important decay parameter is the mean (hypercolor, color, electromagnetic) boson amplitude Agi for the weak decays, Aci for the color decays, of the
incoming system, expressed in unitsam’* .

ampliboson)|T/am

1.0F
Kt—zme m+ -y
Ke—=ml | v
Kee—z=ml md | v
i T—-=8 VB Vv
08 KS0-=rm o
kLO-=m

0BF
04

MNE-=ny Ke—nrre T

N==p e Velz—=Mm
02F @n-=rmrmrrd A—z=p v
Mn-=20 ey
1 1 T | 1 1 R | 1 1 R 1 1 T | 1 1 R | m}{DhSlGEV
1 10 100 1000 1ot

Again, the amplitude separates into two groups, amplitude>=0.6 for the kaon-pion decays an pure leptonic decays, and the remaining with amplitude<=0.3, with
theoutlier K+-> 7+ #0.
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