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: INTRODUCTION

This compendium of seemingly random collection of works
was generated in the preparation of my thesis and also from
diversionary investigations of physics associated with E-531
during the past couple of years.

While the bulk of this material was deemed
inappropriate for inclusion in an already lengthy thesis, it
appears here in physical form, so as not to be lost in the
depths of my (poor) memory, and the sands of time.



. 1. THE (EXTENDED) WEINBERG-SALAM MODEL
of ELECTRO-WEAK INTERACTIONS

The Weinberg-Salam model of electo-weak interactions is
a spontaneously broken, non-abelian gauge theory, believed
to correctly describe the weak and electromagnetic
interactions of quarks and leptons.

In the "standard" (and extended) W-S model with six
quarks and six leptons, the quarks and leptons are arranged
in (weak) left-handed isodoublets and right-handed
iso-singlets of SU(2) [22-24]. There are three (known)
"generations”" n = 1, 2, 3 of quarks and leptons, where n |is
the generation number (a principal quantum number?). For
each quark in a particular generation n, a corresponding
lepton is observed:

LEPTONS QUARKS
n=1l n=2 n=3 n=1 n=2 n=3
T,=+1/2: (v ) (\}) (v,) (u) (c) (t)
=T=0¢ e - L u c t
3 R Pe R R L R
: dR SR bK

(The right-handed iso-singlet states for the three neutrino
types are not observed in nature.)

Mixing is observed between the 4" (d, s, and b) quarks
(no such mixing has been observed for the u"(u, ¢ (and t))
quarks). The origin of mixing between the d™ quarks is not
fully understood at the present time. The 4, s, b mass
eigenstates are related to the weak eigenstates 4' (4', s',
b') by a unitary transformation, the unitary matrix is known
as the Kobayashi-Maskawa (K-M) matrix V and 1is given by
[187]:

a c, S, C3 B\ S, Sy $ d
s'| = -s,c, ¢C,c,Cc + s,_s,e‘_s CiCiS3=- S2Cye s
~S, Sz C,8,C;~- C,;s;¢€’ C, Sy 83+ Ccc e b
where ¢, = cos6;, , s;= sing; , i = 1,2,3
d = CP violating phase

8., the Cabibbo angle. No

In the 1limit 6,=6,=4d =0, 6,
mixing occurs for 6, = 8, = d

P
f
nou

The central values for the matrix elements of the K-M matrix
are given in Refs.[188-192].



As ‘a consequence of the fundamental relationship (or
. symmetry) between quarks and leptons (which 1is at present
" also not fully understood as to its origin), mixing is
expected to occur between the ¥' (N, ¥, V) mass
eigenstates, 1if the neutrinos are not massless partlcles.
The v" (Ve, Vp, W) weak elgenstates are related to the mass
eigenstates by a unitary matrix, similar in form to that for
the d" quarks although the mixing angles for the Y" 1leptons
need not be identical (but may indeed be related to) those
for the d™ quarks, depending on whether or not the mechanism
responsible for mixing (a new "super-weak" interaction?) is
the same for the d™ as for the 4™.

'The interaction Lagrangian is of the form:

- < - _Ct ]
3::" - [‘JJ +5. Q,,G Qﬂf {qs aw (W ” + WfJ,( )
The fundamental symmetry between quarks and 1leptons |is
reflected in the structure of the charged weak (V-A)
current, which is of the form:

d
3 ¥s) ¢ - (1=
I = (O, 09,) (Uaw) [H ] (,ﬂ +HE et )n;..a ﬂ’ J(gw.) (J
- ¥ e ~ . .
= @ WVe) [ (’r‘} FETE)N[Y g ] (s)

bl

Where Uure (Uuwx) is the Kobayashi-Maskawa mixing matrix for
the 9" leptons (d"™ quarks). Here, the matrix elements of
Upw and Uwax are interpreted as the relative coupling
strengths of charged leptons to neutral 1leptons (charged
+2/3 quarks to charged -1/3 quarks) within their own
generations ( An = 0) and to other generations ( An # 0).
From the quark sector, transitions to other generations are
observed to be supressed relative to transitions within the
same generation by factors of ~ 20. Note further that if
there were no mixing between 4" quarks (V"), then the 4"
(¥) would be absolutely stable, u™ quarks (1" charged
léptons) would be confined to decay only to the 4" gquark
(¥") within their own generation. (i.e. a " An,= 0" rule;
violated by the observed amount of mixing!) ¥




‘For fermions in general, (for 3 genecituns)

Uu Ui U
Uf = U Usa Uas|
U Uy, Uy
Uy /U0489220; 4,5 =1, 2, 3; d'=1 i

Thus, the U, and Uummixing matrices are:

Uve Uvwp Uwt) Uud Uus Uub
U= |UVe Upp UYL J Uumeg = | Ucd Ucs Ucb
Uve Uyp Uyg Utd Uts Utb

It may be that Ugwe= R Uwpm:, where R is (another) unitary
matrix which relates the mixing of leptons to that for the
quarks. :

Note that, for example, the existence of non-vanishing
matrix elements such as Uyt has experlmental consequences
for neutrino production of 7 leptons in Y4 interactions (see
Ref.[233,120]), for the r lifetime [38, 39] , and the F* 7'y,
branching ratio (see below).

The weak neutral current is of the form:

Ve
O R )

- — -t !
+ (d' s' b )[-';‘X‘}g(lz& +3sin18w’§ﬂ (s')

Beca\gse of the unitary nature of the mixing matrices
(U Uu'= 1)

e %7 ) [k x,““” ] (}})

+ (u [+1-1;‘Q—-5 sin*8, % (ri
+ (5 ‘2@“(‘:’) + sin ewﬁ}d (%)

For the fermion £f .the coupling [l"f] has a V-A term
depending on T{ and a vector term dependlng on the charge
Qf?

(t= fg’

[pﬁ] = [Tr'a‘r —Qr.sinzew ()




‘For (most) low energy phenomena ("low" = Q*< M}, ) the
. weak interactions of quarks and leptons may be described by
an effective current-current "point" or four-fermion
interaction, the effective interaction Lagrangian is of the
form: .

(324 S
im = Sﬂ:i 4(3%" J)f';y + ZPJN"J;: ) %’ 2, S0y,

p =M /Mlz,_cos‘ew
For sin" 8w = 0.22 # 0.01, the calculated masses for the W'
and 2° (including the effects of radiative corrections) are
[232] ¢

82.6 #1.7 GeV/c*

Mye
Mz.

93.4 1.4 GeV/c*



II. WEAK DECAYS OF QUARKS AND LEPTONS

The decays of quarks and leptons are observed to
proceed only by the weak charged V-A current Je , to first
order in G¢ . Due to the fundamental nature of quark-lepton
universality, (i.e. that quarks and leptons couple with the
same strength G; /{2 to the weak charged current), the decays
of leptons and quarks are identical, aside from mass factors
and radiative (QED and QCD) corrections.

Since the decays of quarks and leptons have with masses
m << My we may use the effective weak Hamiltonian

B =2 30 (x) I(x) + h.c.

to calculate the (inclusive) decay rate for N = nm@ via
"W-radiation" (Fig.l):

I =i'er~Z:Z (2n)’ gq(PN-Pn)<MHﬁ'(0)!n><dH:."(0)lN>
2 "

. :
I =(% Yk zmer Jak SK) 0 (ka f X S(kF 0 (K ) Stop- (Bak+K) )
x Z:p<ou’7(0)\«g‘a ><@) M (0)10>
Sfnd,

LI, t
X M, = <Nb‘-y (0)In><nU/, (0)iN>

The decay rate for leptons and (free) quarks with N = n«ﬁ ’

- - -

N=L, Q ’(=qu n=£lq €=\7,q

summed over all admissible quark and 1lepton flavors, and
spins, is given by:

2 2
r‘ = T%%T M|5\1 "Z"J?’Uﬂnliuolfz‘ ¢(mnrmurmp ;mn)

Where U;; are the ij-th matrix elements for the K-M mixing
matrices for the quarks (and/or leptons), and ¢(mq,m4,m¢;m§)
is a mass factor (which is a complicated expression, and is
given in refs.217,218,230.) For the special case where one
of the daughter masses n is heavy and the others zero (or
negligibly small), as for ¢ » s 1"V

y
§(x,0,0;1) = £(x) = (1L - x*)(1 - 8x* + x") - 12x In(x")
Where x = m,/m,. For two daughter particles with equal
masses: : ¢ "
Q(x,x,O;l) =g(x ) = (1 -; xz--!,-x" —%;x‘ ) (L - x*)?

+ 3x%(1 -5 xHIn(@ + A1) /D

Where x = (2m,/m,)




: II-1. SEMI-LEPTONIC DECAYS

From the above formulae, the decay rate for leptons and
free quarks N - n ' v, is given by:

o Gf s z
rs'x. =T€IF_‘?;MN Z““'IUNnnUl'V:] ¢(m'\ 'mk 'mVL;mN)

Where N = L, Q and n = V. 9.

The semi-leptonic decay rate is altered by radiative
e?fects from the renormalization of the N-n vertex by
virtual and real photon emission (inner bremmstrahlung) for
qugrks and leptons, and similarly, by virtual and real gluon
emission (for free gquarks only). The Feynman diagrams
associa;ed with first-order radiative corrections are shown
in Fig.2.

Calculation of the radiative QED corrections for (free)
quark decay requires the use of the complete (rather than
effective) weak Hamiltonian due to the fractional quark
(rather than integer) charges [246]. The same is true for
radiative QED corrections for "semi-hadronic" decays of
leptons, e.g. L'-= Y ud .

Thus, for lepton decay (only) the rédiative QED corrections
are [245]:

-
o= o -%@ - )y = [ - 0.0042)

X = e*/hc = 1/137

Where the first term in the inner parenthesis represents the
contribution from virtual photon emission (loop effects) and
acts to damp the decay. The second contribution from real
photon emission (i.e. inner bremmstrahlung) acts to enhance
the decay. It can be seen that one-loop virtual photon
emission dominates the higher order QED effects, interfering
destructively with the "bare" decay diagram. Note that the
magnitude of the first-order QED corrections are rather
small, on the order of 0.4%.

In exact analogy to the QED corrections, the QCD
corrections to the semi-leptonic decay rate for (free)
_quarks may be calculated by replacing (-4 by

As(m'y ) LAAL = 1 (my ), as there is a one-to-one
correspondence between QED and QCD diagrams for radiative
- corrections [193-196].



‘ ¥_ e s (M)

Thus, [ 0= [F(1-4 (%59 (xr-22))
Where_ the strong coupling «(Mi)is the running quark-gluon
coupling "constant™ evaluated at the mass M of the quark Q.

- an .
o(my ) =T inmy /& )]
Where b = 1IN - 2n, N = 3 for SU(3)
n = number of relevant quark flavors at mass scalexuq.

A = scale parameter reflecting the onset of scaling,
determined from deep-inelastic 1lepton-hadron scattering
processes.

For charm decays, the "radiative corrections™ due to
real and virtual gluon emission are quite large, reducing
the O0-th order calculation by approximately 35% (for
Mc = 1.65 GeV, A= 0.5 GeV, and o = 0.6)

The calculated semi-leptonic decay rate for a free
charmed quark ¢ to first order in o 1is therefore:
N GF s 4 (i) 25 | i,
[ =l (-4 (5 (v - s
-

= 1.6 £ 0.3 x 10" sed

The largest source of uncertainty in the above calculation
originates from the uncertainty in the charmed quark mass
(on which the decay rate varys as the fifth power).




. II-2. NON-LEPTONIC DECAYS

) The non_-—leptc_anic decay rate for leptons and free quarks
with N - n«g; «,p Qquarks, summed over all admissible quark
and lepton flavors is given by:

*_ G 5 : 2
|:L /2w M :L:'F‘UN«-[ ,U"‘F‘ ¢(mn'ma( (Mg ;M)
7
Again, the effects of gluon emission modify this result:

%« ° .
M TP WL TG PR
for lepton "semi-hadronic" decay [192]

W= [0 1 -4 (ol2) 4 g (stboy (3,

= T - 45y (nn g
for (free) quark d7écay [192]

Where for free quark decay, the first correction term is the
same as in the semi-leptonic decay of the free quark, from
the N,n vertex, the second correction term 1is from gluon
exchange renormalization effects at the x, § vertex. The
effect of real gluon emission from final state «, § quarks
in lepton or free quark decay is insignificant [192]. The
corrections due to virtual gluon exchange between the N-n
and « - @ quarks are also negligible for free quark decay
[192]. The non-leptonic decay rate for free charmed quarks,
to first order in o4 is therefore: .

-4

', “
(%= 2.1 2 0.6 x 10" sed

The total decay rate for free charmed quark decay, to first
order in s is thus:

(- 2Nfa . 3[To

(For 2 leptons e, ),1, and 3 colors of quarks «,F )
Ve 9.6 + 2.0 x 10" sed’
T - 10.3 + 2.7-1.8 x 10" sec
The semi-leptonic branching ratio, to first order in «5 is

Brfc »s I'Vy) =16 + 2 %
L
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Note: that ?or the free-field decay of a charmed quark (i.e.
, DO strong interaction effects):

° e
[s1« o< 2.920.8 x 10" sec”™
(-
r(c+s1"s;) = 14.6 + 4.1 x 10" sec™
tree ~13
Tew = 6.8+2.7-1.5 x 10 sec
Br, (c+sfy) = 20%
Second-order QCD corrections to the non-leptonic decays
of free quarks have recently been calculated [198], and have
been found to increase the non-leptonic rate over the

f{rst-order calculation by approximately 22% (55%) for
/\ = 0.25 (0.50), such that:

[F o122 (A
¥ = 1.55 W (A = 0.50)

The total decay rate for free charmed quarks is increased
accordingly:

0.25)

TOoT
G 11 (1.3) x 10'° sec

’E::‘= 9.1 ( 7.6) x 10" sec
for N = 0.25 (0.50)

The semi-leptonic branching ratio is correspondingly
reduced:

Br(c » s 1'v)) = 14% (12%)
92

In another, independent approach, the renormalization
effects of the strong interactions (in the framework of QCD)
upon the weak interactions for non-leptonic decays from hard
gluon exchange between quarks at the four fermion vertex
have been calculated to first order in o [185,186,199]
with the use of the operator product (short distance)
expansion and renormalization group techniques, allowing the
effective weak Hamiltonian to be expressed in terms of local
operators involving gquark fields. The effective weak
non-leptonic Hamiltonian for quark decay may thus be written
[185,186] as: g

H:ﬁ‘—‘clé Usg U.;; ["z‘ (£ + £.) (ef) (QQ) + %(f-r = f-)(ﬁ?) (X Q)]
Where §,q2 is a left-handed color-symmetric V-A current

q,4q, =%_q';‘(l-7§)q“ a = color index
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The 'coeﬁfic§ents £y and f_. embody short distance
. renormalization effects due to hard gluon exchange between

" quarks. I
6 [o(sm}m)J o

£ =4’~'-"\ o(s(Mz&)

k=1,2...7=d,u,s,c,b,t,w"

£, = 1/l b, =33- 2k

f. = £, =1 in the free quark limit.
2

2 = L) B 8 2% 2
%27 b @p) TOT M Q< My,

2 b -b b
for m;; < Qz < m;ﬁ : A& =(m;_+| )Jlm “‘/bh. (A:Lh) */L;..n

The calculated values for f£., f£f. and (M%) for s,c,b,t
are [199,216]: r Ly XM /b,

f. f+ oLMg )
t 1.26 0.89 0.20
b 1.56 0.80 0.34
c 2.15 0.68 0.60
s 2.80 0.60 0.80

It can be seen that the ratio f./f4 grows as the mass scale
decreases. The strong coupling constant os(Ma ) also
grows as the mass scale decreases. To understand the
physical meaning of the coefficients f. and fy we (Fierz)
rearrange the terms in the weak Hamiltonian into the form:

G -
HeF =¥ Ug U [£-07 + £,0%]

Where the Fierz transformation of the quark operators is of
the form [203,232]:

(@ q9,) (q,) =53 q,)(F,q,) + 13N q,) (Fhg,)

The operators 0~ (0%) consist of color anti-symmetric (color
symmetric) (V-a) X (V-A) ((V-A) X (V+4)) four gquark
operators, e.g. 0* ~ :[(3u), (Gd),_x (8d), (Gu) ] (color
indices supressed). The operator O~ (0O*) is pure AI = 1/2
(a mixture of AI = 3/2, 1/2) and to lowest order in «s , O~
and OY are renormalized multiplicatively. The terms in the
effective weak Hamiltonian with the coefficients f- and £,
therefore represent transitions which are pure AI =1/2 or a
~mixture of AI =1/2, 3/2 and transform as members of the
SU$4) [204] and [84s], respectively, of the non-leptonic
HW' . (This aspect is discussed in greater detail, below.)
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'The net contribution to the non-leptonic decay rate for
.0+ g & P is:

[ ° 2
rh.:L = aar:vu ' a3=—;~(f.. + 2£))

Where the factor 1/3 1is from the color average over the
intial state and the factor of 3 is the color sum over final
~color. “states. The effects of soft gluon exchange are not
incorporated in this (first order) calculation. Additional

factors may enter if the decay products are correlated (in

flavor, color, momentum or spin) with the spectator quarks
[204]. .

The total decay rate for a free charmed gquark within
this context is

el Hw
E(m - o 4 3
" Tt ) 12 -t
- r:ﬂQ= 1.9 £ 0.6 x 10  sec
' Yy -13 '
q;,= 5.1 £+ 1.6 x 10 sec
The semi-leptonic branching ratio is Brfc-slv) = 8%2% Note

that this is close to the average of the semi-leptonic
branching ratio for D* and D° decays L&),

R
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THE STRUCTURE OF THE CHARGED WEAK CURRENT Jw

A Perspective on the Origin of The

Lifetime Differences Between Charmed Mesons

The D lifetime was expected to be longer than the D
on the basis of the structure of the non-leptonic part of

the effective weak Hamiltonian Hw, within the

framework of =
SU(4):

H‘v’f-z JM + H.C.

This can be seen from the following. The weak charged
current {F transforms as a [15] in SU(4), thus:

Hw~ [15] ® [15"] + H.C.

[15]1@ [15%] = [84,]10[45,10[45510[20510[15,18[15 ]1@[15]

.As Hw involves symmetric transitions
multiplets are the

By ~ [844]1@[205]@[1551@[15]

the relevant SU(4)

For charm changing transitions,only the [845] and the [20s]
contribute [37,41-44]. The ([845] and the [20s5] can be
further decomposed into SU(3) charm-changing subgroups:

(845] = [6)elde{3le{15}e{3}o{15}0{1}e{8} {27}
W AC=12d¢— AC= :bl—-—ﬂ"-'dc 00—l
[204] = {6}e{6}e(8}
|AC=:!:1|AC=O

( T?e AC = + 1 terms in Hw which transform as a {6} and
15

a under SU(3) can be expressed most clearly (after a
Fierz rearrangement [185,186] of terms in Hw as:

W =% [£.07 + £,07 ]

where the operators 07, (d) consist of color anti-symmetric

(color symmetric) (V-A) x (V-a) (V-a) x (V+A) four-quark
operators, e.g.

of = 1/2[(3s)(du), + (Eu)(ds)]
(color indices supressed)

The operator 0 is pure AI = 1/2 in nature (i.e.

connects
initial and final states with AI= 1/2) and

concerns that




14

i . | i1
part. of Hw which transforms as a {6} under su(3) for
AC = £ 1 transitions. '

The operator O is a miﬁyure'of Al = 1/2, 3/2 in nature and
concerns that part of Hw which transforms as a {15} under
SU(3) for AC = + 1 transitions.

In the gbsence of strong interactions between quarks (i.e.
the "naive" free quark model) the coefficients f. = £, = 1.

In the presence of strong interactions between quarks, these
coefficients may differ from unity. In the context of first
order QCD, the effects of hard gluon exchange at the
four-fermion vertex may be computed using the operator
product expansion and renormalization group techniques
[185,186,199]. The effects of hard gluon exchange are
embodied in the coefficients f_. and f4 for the AI = 1/2 and
AI = 1/2, 3/2 transitions of the {6} and {15}. The values
of f., £, depend primarily upon the value of the strong
coupling constant o (Mg) at the mass scale Mg associated
with the problem. For charm:

£ =2.15, f, = £ = 0.68
for o (Mg) = 0.6

Thus, transitions occurring within the {6} will be enhanced
by a factor of ~3.2 in amplitude (~10.0 in rate) over
transitions occurring within the {151 for AC = £ 1
transitions. Thus {6} enhancement (or {6} dominance) for
charm in SU(4) 1is the analog of octet enhancement for
strange particle decays in SU(3).

Now, it has been shown [21,42] that the Cabibbo~favored
two-body decays of the D+t to two pseudoscalar (or vector)
mesons may proceed only via the SU(3) {15} of the SuU(4)
[84s] of HY, while similar decays for the D° (and F*) meson
proceed via the SuU(3) {6} of the sU(4) [205]. For the
multi-body (e.qg. three-body) decays, the decays of the D*
were expected to be supressed relative to the D° and F¥, as
the Cabibbo-favored decays of the D* are "exotic" in flavor,
in the usual quark model sense (having strangeness S = -1
and net positive charge), while the decays of the D° and F*
mesons are "non-exotic". Hence, from the above, the
expectations were that the non-leptonic rate for the D% was
believed to be supressed relative to the corresponding
non-leptonic rates for the D° and F' mesons. Consequently,
the Dt meson was expected to be longer lived than the D°.
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‘Another effect, due to the occurrence of strong "color
., Clustering” for the e¢d - (sd) + (ud) decay process, the @ 4
anti-quarks interfering destructively in the final state
[204,219], is expected to further supress the D* decay rate.
This can be seen more .clearly from the following. The
operators O~ and O of the effective weak Hamiltonian Hiy
are linear combinations of the operator O, and 0,, i.e.

0% =1/2(0, £ 0,)

Where 0, = (&s)_(du)_ and 0, = (&u)_ (ds)_

The decay amplitudes for the D' and D®° in terms of the
operators O, and O, are given by [243]:

D* : 0y led> = (ds), + (du),
0, fed> = (ds)_ + (du),
D°® : 0O, lci> = (us)_+ (§U)L
0, Icu> = (Ou)_ + (ds).

Thus, it can be seen that cancellation between the two
amplitudes for 0, and 0, can occur for the DY but not for
the D°, thus acting to suppress the decay rate for the DY
(and therefore increasing its lifetime). See also Fig.4.

The gquantitative impact of this phenomena on the
non-leptonic decay rates for charmed particles is summarized
below for Cabibbo-favored decays, assuming exact
cancellation for the color-connected W-radiation diagrams
for the Dt. (Note that for Cabibbo-unfavored c-decays, the
reverse situation occurs for the D* and Ft.)

[ o= 551

MY oo, = 4 + 26000
[ phy,= Leet + 260
M (ax 58+ 2eh)le
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. II-3. WEAK DECAYS of PSEUDOSCALAR MESONS

A. Annihilation and WiExchange Diagrams

Additional decay mechanisms exist for pseudoscalar
mesons which are not available to leptons or free quarks,
via interactions between the quark-antiquark . pair.
Pseudoscalar mesons couple to the spin-0 component of the
virtual W through the divergence of the axial vector
current {204]. Thus, for charged mesons, the Q@ pair can
annihilate into a virtual W' which can then "decay" to a im
lepton palr or a «@ quark pair (Figs.3,4). Since the wt
boson carries no color, the annihilating Q pair must be in
a color singlet state. For neutral mesons, the QJ quarks

- can exchange a Wt transforming themselves to < quarks

(Figs.3,4). As the Lorentz structures of the annihilation
(s~-channel) and exchange (t-channel) diagrams are identical
for momenta << M,, _being related in this limit by a Fierz
reordering of the effective four-fermion vertices, the decay

.rates for annihilation and W-exchange will have the same
form [203,204,205].

- For annihilation decays to leptons or quarks [209,210]:

1 5 {_-z 2 2 M: ﬂl
R:N - —?,,-2- Mp (ﬁ%&)\%«] \U«p[ (° A ﬁ:’)
For exchange decays to quarks:
o q; * 2 2 M3
r'm = -é%‘ M; (%1)]130(‘;[1 IUEL?‘ F (‘7‘"? ’ 'ﬁ% )

Where [211]: (O (x,¥) = g, (x,y) A%1,%,y)
g, (x,y) =x +y -(x -y)
Alx,y,2) = X"+ y‘+ z® - 2(xy + yz +2Xx)

For 1leptonic decays, and annihilation to quarks or

W-exchange where one of the final state quarks or leptons
has negligible mass,

PUX s 0) = (- (x))(x) n=12,.

The factor x = (mn/mp ) represents the effect of helicity
supression 1in the decay, which arises because the couplln%
of the virtual W'Y to the 1left-handed n = {,(x) lepton

{quark « ) 1is constrained to be in a total angular momentum
J = 0 state, since the spin of the pseudoscalar meson is

- zero. Therefore the helicity of n = 1, & must be opposite

to its spin, which introduces a factor of mn/Ew into the

decay amplitude. The annihilation (and also the W—exchange)

rate vanishes in the limit m, -+ 0. -
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‘fp 1is the axial current coupling constant, or "decay
. constant" of the pseudoscalar meson, defined as ([209,210]:

<01 30(0) | P(@)> = i £p 2. Ugq

Where JA(O) is the axial vector current, g, is the
four-momentum of the pseudoscalar meson P. o r

Numerically, £ .'ﬁalqﬁﬂl , where Hﬁﬂ is the wave function
of the meson at the origin. The ratio (fE/Mﬁ ) represents
the probability of annihilation of the Qg pair. As Mg
increases, the annihilation rate 1is supressed, unless fp
also increases. For exact SU(6) symmetry (all quark masses
equal) all decay constants f» are equal. If SU(6) is not
spontaneously broken the decay constants are expected to be
approximately equal [21,186]. The decay constants for some
of the pseudoscalar mesons have been calculated [205,206]
(the values for fx and £y are experimentally measured
quantities {207,208]) and are summarized below. The
" theoretical calculations for the decay constants £¢ have
-uncertainties on the order of factors of ~ 2, due to the
assumptions used in the calculations.

PSEUDOSCALAR MESON DECAY CONSTANTS

Pseudoscalar Decay Constants
Meson ’ f? (MeV)
g 93
K 114
D ~150
F ~170
Bu4 ~500

Bs ~520
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' B. Gluon Bremmstrahlung

The helicity supression effects in pseudoscalar decay
may be partially overcome by emission of hard photons and/or
gluons from the initial state; the photon or gluon carries
away one unit of angular momentum, leaving the Qg pair in a
spin-one state. (Soft gluons may play an important role
here too.) As gluon emission is expected to have a much
more pronounced effect on the annihilation and W-exchange
decay rate, we neglect the radiative QED effects.

It would seem at first glance that to first order 1in
o<s that there can be no gluon contribution to the
annihilation of 0 since the initial Qg pair must occur in a
color singlet state. Thus, gluon effects should only appear
in second order QCD since at least two gluons must be
emitted to form a color singlet hadronic state. However,
from consideration of the Fock state of the pseudoscalar
meson, soft gluons are expected to be present in the initial
meson wave function, thus all possible QG color states will
be populated according to their statistical weights. Hence
first order QCD effects may be present in Q4 annihilation
and W-exchange.

The effects of gluon radiation and exchange have been
calculated in first-order QCD for the annihilation and
W-exchange diagrams using a non-relativistic model for the
Qq system [212-215]. This calculation is expected to be
valid for heavy quark Qd systems, where the non-relativistic
approximation is expected to hold. It will not be so with
the light qq systems (e.g.T, K) as the assumption of
non-relativistic behavior 1is not wvalid for 1light quark
systems. Thus, for heavy quarks:

For Qﬁ annihilation:

R\IN |08"\'l MP 'Uﬂ'ql [UPd a% {o(s(sz)[,FViz + ,FA ll }gP(IR‘-; -ﬁ} )
For Qd W-exchange:

t

¢ I* M:  Mi
Cm lo%'ﬂ* M lU.:q ‘UP“, ag {“s(mq yLIR® + [E|* ]} gf(‘.i'\-ip ’ —‘vﬁ)

Where ay = f(f. - f4)° ay = ME. - £,)7
Fy = I‘i’gml(m]> e < ﬁ(Mr
M‘Nq Mrb}'\

Mg - MQ =L(M€,?MQ




19

Thus:

%? GIE s f,' 1 T ) 2 M2 M
CNN = IOR@‘M P(-I‘T\E:v‘) lUiQ‘ \UP'(l ag Ms(m Q ) gP( E? ’ 'ﬁ?’_ )
%l = ! s ' t L, z My 2
\:\0‘_ T%t-w_t M?(f_{‘:—\?") ,U‘(Ql lUFEI a? O(S(mQ ) gf(ﬁ; pt%% )

Contributions for gluon emission from final state quarks
will be supressed by helicity factors (powers of mXi , m%)
aqd are neglected. Note that the helicity supression factor
("vmg) is not present for these diagrams, and that the
annihilation supression factor (GM$) contains the light g
quark mass mﬁfrather than the heavy Q quark mass mg . Since
the W-boson " is colorless, QCD renormalization effects via
first-order gluon exchange and second-order gluon emission
at the weak Qg vertex are expected to be important with
regard to first-order gluon emission. Note further that the
gluon radiation contribution to annihilation vanishes in the
free quark 1limit, f_. = f; = 1. Also note that the
semi-leptonic decays of Qg charged pseudoscalar mesons to
light charged leptons (e and P) are also enhanced by gluon
emission. The possibility " of the remnant gluons forming
"glueballs" from such leptonic decays depends upon whether
glueball states exist in nature, and whether or not their
masses are "allowed" by the phase space of pseudoscalar
meson leptonic decay.

Note that for the decays of the charmed p*, D° and F*
pseudoscalar mesons, the contribution of the W-annihilation
diagram (with or without gluons) for the D+ meson is
Cabibbo-supressed. Hence, the contribution of this diagram
to the total decay rate for the D' is small; The 1lifetime
for the D+ will be correspondingly longer than that for the
D° or F* mesons.
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. : C. Penguin Diagrams

The last weak decay mechanism we consider is the class
of diagrams known as "penguin" diagrams, or "color-radius"
interactions. The lowest order penguin diagrams contribute
a term to the effective weak Lagrangian of the form:

of - -—
E(W(PE"““"“) =G:5f (k*) Uzq U;a (Q ('3\,‘(1 - ¥s)A" (3 )
x Z(@pNg + X {#*«x) + h.c.
4

Where the effective weak coupling constant is given by:
ff — G
Gy (k') =32JLF (k%)

The form factor F(k%) is given in first-order QCD by the
Feynman integral:

z _ «s ! Maz(,".«’zzZ(l“z).{_ _a_(_;:_ 2
P(k*) = §2fdz 2 (1 - 2) M{Ma‘-ﬁzu-z)]“ 2= £ (k")
My M‘
o = 1P
E(k') = 1n (Fg) - la(my)
- 4 M, _ __1\_‘ - '_I{M’.Q)i
+ (- ag (1 - (1 =48

- _ M - k- - 40y
(1 -22%) Inf1 - A - @ -0«

Where k is the four-momentum transfer carried by the gluon

k* = m: - mgmz , the invariant mass of the t-channel
exchan&éd virtual gluon, assuming the initial Q§ to be at
rest. 2* is a color SU(3) matrix.

The integral over the four-momentum k of the gluon is
separated into two regions, p‘ < k* < mg with the number of
operative quark flavors n such that n,= ny , the generalized
GIM mechanism being inoperative in this region. The second
region has mg < k* <mj , with n =ny + 1; the GIM
mechanism is operative in this Tegion, and (partial)
cancellation occurs. In the SU(6) limit, total cancellation
occurs as the «t quarks in the loop have the same masses,
the total amplitude vanishes.
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For k' << ma, mi‘ (appropriate for B meson decay bg-sd)

K = mm << nmf, m% (3=d,d)
FK) = 22 (¢)fn (R )-1n(L“~;> + o))

kS

For m; << k< mQ (appropriate for K decay sg-d4dqg)

z

kK" = mgmg,  (§=d,d)
F(k*) = 22 (k"/ 30:@
For k° >> mg s m; (appropriate for D%F meson decay cG-»dgd)
kKt = m.mg, (§=G,d,s) for T, F mesons
2, . s M"é "Mz)
oy - g (1%

‘The mass parameters m,, My, Mg, m..cannot be identified with
the constituent masses of the quarks, as they appear in the
evaluation of the divergences of currents, and thus
characterize the violation of chiral symmetry [204]. The
appropriate masses are the current masses of the quarks,
m, =myg = 5.4 MeV, mg = 150 MeV, m, = 1500 MeV [228-230].

A naive "free quark" estimate for the decay rate via
the penguin mechanism is given by [204]:

. = = - C‘} (9 2 ® 12 M‘ Mﬁ,
[t ) = 55w cEhatrocn) loge WP e (G BB
Where £3 1is the effectlve decay constant, fp > fp since no
helicity supression factor is involved in the decay. A

crude estimate for f$ is [204]

»]
(Mq+™Mg) MM
The helicity supression is absent for penguins, as both the
initial and final state gquarks may be either 1left- or
right-handed, as can be seen by the structure of the
effective weak Lagrangian for penguins. The effective weak
Lagrangian is also seen to be pure AI = 1/2 in nature for
the Q- @ transition, as gluons cannot transmit isospin.

Thus, this diagram, in conjunction with the previously
mentioned "octet enhancement" mechanism of AS =1

transitions 1is believed to fully explain theAI = 1/2 rule

for hyperon and K-decay. The penguin diagram does not
contribute to the dominant AC =-AS = +]1 transitions since

the basic four-fermion coupling 1is exotic in flavor,

e .
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containing no identical quarks. Thus, the penguin diagram
is not expected to contribute significantly in the decays of
‘ charmed particles [186,205,228-230]. The coupling constant
renormalization becomes weaker as the mass scale increases,
as the average momentum transfer is characterized by Mg .
Thus, for bottom decay, the penguin diagram may still
contribute to the total rate, but 1is expected to be
supressed by a factor of order o<s(my)/ AKs(p*) relative to
strange particle decay [186,205]. Higher order QCD
corrections to the penguin diagram were found not to
substantially change the lowest order result [228-230].
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. D. Non-Perturbative Effects

Several phenomena have been proposed as (partial)
explanation of the differences in charmed particle
lifetimes, which are non-perturbative in origin. One is
that soft gluons play an important role in charmed meson
(and charmed baryon) decay [2l6], although the quantitative
effects are difficult to determine, the qualitative effects
can be more easily understood, as the presence of
(primordial) gluons in the 1initial state allows the
W-exchange or W-annihilation diagram to occur in a
unsupressed manner; the constraints due to the color
iso~-singlet nature of the charmed particles being taken care
of "naturally" (and with a factor of 3 increase in rate over
that of simple (hard) gluon bremmstrahlung, when one
considers the true Fock state of the particle).

Final state interactions between the daughter hadrons
in the decay of the charmed particle have been considered
[220] and found to have non-negligible effect on particular
decay modes. Likewise, the existence of a narrow S-channel
K- i resonance near the D mass has been proposed [220] as
an expanation for the observed differences in D%*, D°
exclusive, non-leptonic decay modes, (i.e. their branching
ratios) as measured by experiments at SLAC [139-144].
However, while such a resonance may (dramatically) affect
partial rates, it is not expected to have a large effect (if
any) on the total rate, and hence on charmed particle
lifetimes.

Phenomenological arguments have also been made to
account for the difference in charmed particle lifetimes, on
the basis of "quark number conservation” (i.e. the

Ang = 0 Rule) [41,239~-241]. Decays of charmed particles
with a different total number of quarks in the final state
than in the initial state are supressed (e.g. compare D%
decays with those for the D®; gq pairs such as ud, d4d, etc.
are not counted in the final state).

There exists one non-pertubative phenomenon which can
have a non-negligible impact on the lifetimes, from the
Pauli exclusion principle. For the D*, the spectator
d-quark and the d-quark from the virtual W' decay cannot
simultaneously be in the same quantum spatial, spin and
color state. For the non-leptonic Cabibbo-~-favored
(Cabibbo-unfavored) decays of Dt (F*) mesons, a supression
factor of 5/6 must be included to take into account the
identical fermion (Pauli exclusion principle) effects in the
color-connected non-leptonic W-radiation diagrams for the
D+t (F*¥) mesons (see Fig.4). The factor of 5/6 is obtained
by assumption of equal probability of population of J = 0, 1
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states for the initial Q@ meson, and equal probability of
flip/non-flip in the decay of the heavy quark, application
" of angular momentum conservation rules and Clebsch-Gordanry,
and color counting of particle states.

This effect 1is actually taken into account in a
different manner when the effective weak non-leptonic
Hamiltonian is used, for these same diagrams (see above).

II-4 WEAK DECAYS of BARYONS

The weak decays of baryons will occur via the same
mechanisms as  for the mesons, with exception of the
annihilation diagram. The "naive" free-quark semi-leptonic
and non-leptonic decay rates for Qggq baryons should be
similar to that of corresponding Qq mesons. The W-exchange
diagram does not suffer from helicity supression effects as
the initial "Qg" pair may be either in a total angular
momentum state J=00o0r1, with approximately equal
probability. The occurrence of W-exchange may only take
place within baryons when at 1least two of the three
constituent quarks have net non-zero charge. The penguin
diagram is known to be important for hyperon decay; from the
arguments presented above, its role in heavier baryons is
expected to have less impact, although it remains to be seen
experimentally whether or not this is so. If the dominant
contribution to the decay of heavy baryons comes from
W-radiation, then naive expectations are such that the
lifetimes of of mesons and baryons containing a heavy quark
Q will be approximately equal.

For the W-exchange diagram for heavy quarks Q, the
partial rate due to this process has been calculated to be
[176]:

o - e |y val Topg) [(m* T ey (AT - e )

L MgMg
Where l‘I‘B(O)l = W X (MQ—-M(ﬂ(Mg" ﬁ"*)c?ﬁ
=0

al=w

L L - > 2z

and Uxq . Ugq, are the K~M matrix elements for the Q«&, qF
vertices involved in the W-exchange process. : '
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The SU(4) weight diagrams for the lowest-lying spin-0,

spin-1 mesons and spin-1/2, spin-3/2 baryons containing u,
d, s and ¢ quarks are shown in Fig.3.

The weak decays of the DY, D° and F' mesons
in Fig.4 for decays via the
wt-exchange/annihilation and penguin
the decay diagrams for
baryons are shown in Fig.5.

are shown
W'-radiation,
diagrams. Similarly,
some of the ground state {(S-wave)

The "interested reader" is referred to the following
papers which consist of seminal articles, review papers on
the weak decays of charm or other articles which were of

particlar use in writing this document. (This is also only
a small subset of many excellent articles):

[21,37,38,39,186,191,197,199,202,204,205,206,210-217,219,
223-232,243].
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. | III. PARTICLE LIFETIMES

The decay mechanisms discussed above are believed to
account for the most dominant modes of the (weak) decays of
quarks and leptons. Other mechanisms not discussed (e.q.
pseudoscalar meson decay via higher order weak interactions,
radiative (QED and QCD) effects) are expected to have only
small contributions to the total rate. ‘

To determine particle lifetimes, a necessary link must
be made between the weak decays of quarks (and heavy leptons
such as the T, which have appreciable non-leptonic decay
modes) and the decays of the physical hadrons (or leptons).
The assumption is made that the final state quarks and/or
"gluons "hadronize" with wunit probability into final state
hadrons (mesons and baryons) and that the "micro-details" of
the hadronization process have little or no effect on the
total decay rate (and thus the particle lifetime). The last
assumption may be incorrect, as it has been (emphatically)
pointed out [220] that final state interactions may
significantly change exclusive decay rates, particularly if
there exist s-channel resonances with the same final state
particles as those for weak (non~exotic) decays in the
region of the mass of the weakly decaying meson or baryon.
Other non-perturbative effects (such as the Pauli exclusion
principle) may alter the decay rate (see discussion above).

T .
The total rate [1°ris just the sum of all the partial

rates:
l"‘ro-r _ E‘-‘,
for leptons:

“_“T =Zﬂm + 3“«0

. G’.‘l'
for free quarks:

E‘;efzj;_ + 3 Rn

for mesons: m~+ 3
Tot o

(:‘l =Z( r;k- rAvm + Fn?fu ) + 3[1 !}lw + 3“‘”“‘““
NL

LgpToNie  LOpTamec
for baryons (crudely) (o0

r }: [‘5'+ 3[‘1’4- 3Tzﬂ+ 3‘1-35»4- 3(‘,“,@‘..

The lifetime of a partlcle is def1ned as U = l/r*“'
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Coubling Constants
-2

-5
(1.16632 = 0.00004) x 10 GeV

it

G

¢

e*/4m = 1/137.0038
ome) = 0.60 N,=3 , n =4, \= 0.5
f. = 2.15 £, = 0.68

10 -1 5
3.474 x 10 sec [/GeV

Jm
-~

19z%? ©

The values used for the matrix elements of the
Kobayashi-Maskawa mixing matrix are those given in
Refs.[188-192].

u c ' t
0.9739 -0.20 -0.11 d
Ve | 0.220 0.95 - 0.75 x 10 i 0.20 +1.3 x 10 i s
0.068 -0.22 + 2,40 x 10 i 0.97 -4.1 x 10 i b
Decay Constants
f, = 150 MeVv fe = 170 MeV

Note that for the following calculations, ALL rates are
in _units of 10" sec” and ALL 1lifetimes are in units of
10"® sec® Semi-leptonic rates are for individual 1leptons,
except where explicitly notesd, and all non-leptonic rates
are without the color factor of 3 ‘(included in the final
rate calculation for each particle type).

# EXCEPT WHERE EXPLICITLY INDICATED
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A. Free Charmed Quark Decays

™ = 5.70 x 10" sec
o . X secC

Semi-leptonic Decays Non-leptonic Decays
No gluons ("bare" diagram):
29.1 29.3

Radiative gluon corrections:

l-st order QCD Corrections:
15.7 : 21.4

2-nd order QCD Non-Leptonic Corrections:
33.1

Hg‘(N.L.) Hard Gluon Exchange Corrections:
54.1

Total rate for free charmed quark decay:

<ot 11} <H
r(u = 2lse + 3l

total rate, lifetime and semi-leptonic branching ratio

for free charmed quark decay (from the above four methods)

are:
Rl T (x1077se) By (e2s2y)
Total Rate Charmed Quark Lifetime S.L. Branching Ratio
No Gluons (Bare Diagram):
146.0 6.8 _ 20%
l-st Order QCD N.L. Corrections:
96.0 10.4 16%
2-nd Order QCD N.L. Corrections:
131.0 ) 7.6 12%
HW (N.L.) Hard Gluon Exchange Corrections:
1%4.0 5.1 8%




D' Meson

D* Meson

17.9

27.7

B. D' p° F' and Al pecays

Semi-Leptonic Decays

l-st Order QCD Radiative Corrections:
D°Meson F*Meson AiBaryon
15.7 15.7 15.7

Non-Leptonic Decays

D°Meson F*Meson AlBaryon
l-st Order QCD Radiative Corrections:
21.4 21.2 21.3

2-nd Order QCD Radiative Corrections:
33.1 32.8 32.9

HY (N.L.) Hard Gluon Exchange Corrections:

18.0

D' Mesop
e 3.6x10

B 1.5x10°

T 3.4x10%

54.1 53.7 53.9

W+—AnnihilationZExchange Diagrams

Leptonic Annihilation (No Gluons)

D° Meson F'Meson A¢Baryon
0 1.1x10
0 0.48 0
0 7.20 0

30
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Non-leptonic W+ Annihilation/Exchange (No Gluons):

D*Meson D’ Meson F*Meson Af Baryon
0.08 2.79 2.17 see ¥

Gluon Bremmstrahlung (l-st Order QCD):
Leptonic W'-Annihilation:

D' Meson D° Meson F*Meson Al Baryon
e 0.41 o 7.19 0
P 0.41 0 7.19 0
T 0 0 0 0
. Non-Leptonic W'-Annihilation/Exchange:
D Meson D’ Meson F*Meson /A Baryon
0.41 32.7 ~7.19 104.89 *

* jncludes W' -exchange with and without gluons.

The mesonic rates differ by a factor of 3 from those of
Refs.[212-215] due to differences in color counting; the
inclusion of the presence of gluons in the initial meson
state results 1in a factor of 3 increase in rate for the
gluon bremmstrahlung diagram over that for single gluon
emission from a meson consisting of a (bare) Qg-pair.

Penguin Diagram

D*Meson D° Meson F*Meson A¥ Baryon
0.13 0.26 0.28 0.30
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. Total Decay Rates

[-BI» AL ogT S Mt S e

H

DtMeson ‘D’ Meson FtMeson /\¢ Baryon
l-st Order QCD Corrections:

87.9 202.9 146.0 410.9

2-nd Order N.L. QCD Corrections:
117.3 238.0 180.8 445.8
H%G(N.L.) Hard Gluon Exchange Corrections:
88.2 301.0 243.5 508.7

Charmed Particle Lifetimes - Theory

Thus, the theoretical charmed particle lifetimes are (in
units of 10" sec)

p*Meson D’ Meson F'Meson /\2 Baryon
l-st Order QCD Corrections:
11.4 4.9 6.8 2.4

2~nd Order N.L. QCD Corrections:
8.5 4.2 5.5 2.2

Hgf(N.L.) Hard Gluon Exchange Corrections:
11.3 3.3 4.1 2.0

Measured Lifetimes of Charmed Particles (E-~531 and LEBC)

The lifetimes of the D*, D°, F* and AT as measured by this
experiment and LEBC are: :

D' Meson D’ Meson F'Meson A} Baryon
E-531:
10.3 1.0 1.8 + 1.0
10.3%42 3.2506 2.0%.¢ 2.3206
LEBC:
4.6 1.3
9.3%73 3.0%5 (~2.3)

Thus, it can be seen that there appears to be
reasonable agreement between theory and experiment, which
come into closest agreement when the non-leptonic rate as
obtained with the effective weak non-leptonic Hamiltonian Hw
is used. The overall agreement is the poorest for the F*,
which could be due to the limited experimental statistics of
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3 (or 4) events, (see thesis for details), or perhaps may be
~an indication of the presence of additional decay processes
' which have not been included in the above analysis.

One such (as yet, un-accounted for) decay process for the Ft
meson which could occur, were there to exist in Nature a
charged, 1light Higgs scalar, i.e. HY' or pPt, (predicted to
occur in some theories of extended technicolor (the P*) and
also in some theories of electro-weak interactions with
non-minimal Higgs structure (the HY), see thesis in Chapter
3 for references.). Such a particle, were it to exist,
would couple semi-weakly to quarks (and 1leptons), with a
coupling proportional to the quark (or lepton) mass(es).
Hence the effects of such a coupling would be expected to
show up most naturally in the F*(c8) charm system, before
their subsequent detection of its effects on the 1lifetimes
of the D*(cd) or D°(cu) mesons. Such a particle would also
have observable effects in the charmed-strange baryons, for
the same reasons, but with the opposite effect, of
increasing the lifetime (!).

The existence of a charged 'light Higgs scalar has
obvious ramifications for heavier quark systems, e.g. truth
and beauty mesons and baryons. Further discussion of this
topic can be found in the thesis, Chapter 3, Event 635-4949,
the (long-lived) neutral charmed baryon candidate.

Whether or not such a particle truely exists, and has
the above described behavior for heavy particle systems
remains to be seen, experimentally.
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C. DY, p°, F* and Al Semi-Leptonic Branching Ratios

Theoretical calculations of the semi-leptonic branching
ratios are '

D' Meson D°Meson ~ F*'Meson AZ Baryon
l-st Order QCD Corrections:
18.3% 7.7% 15.7¢% 3.8%

2-nd Order N.L. QCD Corrections:
13.7% 6.6% 12.7% 3.5%

B (N.L.) Hard Gluon Exchange Corrections:
18.3% 5.2% 8.4% 3.1%

. "Hybrid" calculations of the D, D, F and
semi-leptonic branching ratios may be obtained from the
product of theoretical semi-leptonic partial widths for free
charmed quark decay,

[(c > s 2'y)
n“(D > X ey, )

1.6 = 0.3 x 10 sec

2.2 £ 0.5 x 10" sed'

i

(see Refs.[21,193-196,201], thesis, and above sections) and
the measured D*, D°, F* and N{ lifetimes. The branching
ratios are denoted as Br(l) and Br(2), respectively. For
comparison, we obtain the semi-leptonic branching ratios for
the D%, Ft and Al using the experimentally determined D7
semi-electronic partial width as obtained from the product
of the (averaged) D' semi-electronic branching ratio as
measured by Mk.II and DELCO [139-144] experiments at SLAC:

*|°.3 ~(3
Br (D' X°e* V) = 20. st :f To  with Tpr =10.3-4.2 %105«
*p .

r\ . N +2.0 " -l
afD°* X°e" Ve) = 2.1-09 x 10 sec

and the measured D* lifetime, to determine the branching
ratios for the other charmed particle states, (denoted by
Br(3)). For the F' meson, the semi-leptonic width has been
incremented by ~1.5% to account for non-negligible
contributions from the W'-annihilation diagram.




Hybrid Determination of Semi-Leptonic Branching Ratios

D' Meson D°Meson P g‘gleson Al Baryon

Br(l) = (cos To+
.8

16.5%%4 & 5.11?:} g 4.7543 3 3.6 %

Br(2) = [3fDXew) Tor :
+23.0 . ™ X 30

22,7157 % 7.07%% % 5.917% % 5.1% ¢ %
Br(3) = [idD"Xev)+ Tor: .

20,5835 e+ 6.5:55 % 5.5t60 g 1.6555

* Input (Experimental Branching Ratio for DY)
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III-2. F'o @ v Leptonic Branching Ratio

An estimate of the leptonic F‘» ®'y; branching ratio
may be obtained from

Br(F*+ T'vr) = [UF'> T'v,) Tpe

Where the theoretical partial leptonic width for Fts rc*vf is
[209-211}:

[t w've) = 3L e f’ r\U,,{( (1 - (th

[M(FY - ®*Wy) = 7.2 +21.6 -5.4 X 10°

-S -
Where G; = 1.16632 x 10 GeV

M, = 2030 MeV/c' M. = 1784 MeV/c*
g f, = 170 MeV
M,= 0 MeV/c* Ugy, = 1.00

Usmg the F* 1lifetime as measured in this experiment, the
F'» ®*v, branching ratio is

i.3 3
Br (F*>T.) = 1.4%3+(gs %)exp + (1.1 %) thy

M
Br (F*o1v;) = 1.4f‘|',‘ %

Br (D> = 0.035'10'“0 ],

0028

TEMy, ¢ FHIMY)2




*‘IITI-3. A Determination of the Matrix Element Ucs

in the Kobayashi-Maskawa Mixing Matrix

From Ref.[192] the matrix element Ucs of
Kobayashi-Maskawa mixing matrix is given by:

! To=>K et ve)
.5 x 16" sec™' lf+°“z;) I*

Jues|” =

Where F(D" 2> K°e*¥,) = 1/2 r (Dt = X°¢e' Ve)

.S { -1
T;%D"' 2 X°etVe) = 2.1%9 x 10' sec

The value assumed for the form factor at Qz= 0

£2°° (0) = 1. Thus:

.50
lues)* = 0.7010%

37
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. IV. CALCULATION OF THE TAU LEPTON LIFETIME

The theoretical calculation of the tau lepton 1lifetime
has much 1less uncertainty associated with it than for
charmed particles, solely due to the nature of the charged
leptons: Simplicity, i.e. the tau lepton is. (presumably) a
point particle, not a composite object (at 1least at the
energy scale associated with its own weak decays). Hence
there are fewer factors and parameters to obscure
theoretical predictions. The strong interactions and their
l-st order QCD corrections affect only the hadronic decay
modes of the tau. The QED corrections have been tested on
the muon lifetime, and have been found to be valid. In
calculating the tau lifetime, the full W-S Hamiltonian was
used, complete with first order OQED and QCD corrections,
with the effects of the W boson included in the
calculation. (see Ref.[246].)

The tau lepton is an interesting "proving" ground for
theory, in that QCD predictions may be tested more cleanly
than elsewhere, and also mixing effects in the lepton sector
may likewise be tested; for if there are measureable e-u-t
mixings either in the neutral leptons (or charged 1leptons)
then the tau lifetime will be increased accordingly, and the
non-hadronic branching ratios will differ from those as
predicted with no lepton mixing. The tau lifetime is
calculated assuming no lepton mixing to be present. The
partial widths for each of the four possible decay diagrams
are summarized below.

Non-Hadronic Decays

(1]
62.49 x 10 sec

Fiats et )
-t

]
P(*s p*v.3) = 60.79 x 10 sec

Hadronic Decays

Pir*'>u d ) = 55.64 x 10° sec
-1

Mt»u s Vv,) = 1.98 x 10° sec

The total rate for tau lepton decay is therefore
[M(a*» a11) = 296.11 x 10" sec”

The tau lifetime is therefore
To = 3.38 x 10 sec
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‘IV-1. BHadronic and Non-Hadronic Branching Ratios

. . + — —
The branching ratios of T -» e'y, ¥ and T p*%v, are:
Br (T'¥ e've¥, ) = 21.1% (c.f. 17.0+1.1% exp)
Br (T’ p*y, % )= 20.53 (c.f. 17.9%1.5% exp)

The branching ratios of T u d v, and T> u's {i.( are:

Br(T™» u d V) 56.3% (c.f. 59.4+£10.0% exp)

Br(T'» uS %) = 2.0% (c.f. 3.421.0% exp)
The ratio of T'- e*vevT to T p*?pﬁ% decays is:
R(T'> Ve Vo /T~ Py 7 ) = 1.03%8 (c.f. 0.95:0.10% exp)
. + - = < o
The ratio of T->u s V. to T> u d Y, decays is:
R(T*> us§,/ "> udfr) = 3.6% (c.f. 5.741.93% exp)

The experimental measurements for the electronic and
muonic branching ratios differ from the theoretical
predictions by approximately 3 S.D. {~3% lower). This
could be an indication of a larger-than-expected hadronic
rate for the tau, as a shift of 4% in the T* lifetime to
Tre= 3.24 x 107 sec brings experiment and theory into
agreement. This corresponds to a shift of «s from 0.6 to
slightly over 0.8. (This may also be taken as an indication
of the level of uncertainty in the calculation of the tau
lifetime.) Another possibility 1is that the discrepancy
between experiment and theory could be construed as possible
evidence for mixing phenomena in the lepton sector.
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. |
V.. INCLUSIVE _/\c POLARIZATION IN NEUTRINO INTERACTIONS

An investigation of polarization effects in the
production and decay of the Al was made, using the eight
events observed in this experiment and the WA-17 A event.
While it is fully understood that the statistical
significance of such an investigation is minimal at best,
such an investigation was nevertheless pursued, if not to
overcome a strong curiousity and desire to 1learn; then to
"lay down" a framework such that future endeavors of this
nature (with statistically meaningful results) will be
induced to occur. Such investigations of this type are also
an independent consistency check on the claim as to whether
or not the observed decays of charmed baryons produced by
the weak interactions of neutrinos with target nuclei are
indeed charmed baryon decays, and not background nuclear
interactions, as will be shown below.

The angular distribution of the daughter baryon, in the
charmed baryon rest system is of the form [160,247,248]:

I =1+ xP-q

Where &£ = Lee-Yang asymmetry parameter
P = charmed baryon polarization vector
§ = unit vector along the direction of
the daughter baryon,
in the charmed baryon rest frame.
The quantity &P = «P cosf, + «P cosd, + «P cosb,

where the cos®,, cos8,, cos8, are the direction cosines in
the A¢ rest frame; % is a unit vector 1lying in the A&

- production plane, § is a unit vector normal to the Al
production plane, and Z is a unit vector lying in the A2
production plane, along the At direction (in the lab) and
perpendicular to %. (See Fig.6.) ' :

The cos8) distributions are shown in Fig.7 for decays
of A! > pA°w*w-x* and A} - p K-w*mw° ete., and also for the
"resonant", quasi-two~bod¥ decay hypotheses

> T(1385)T'm, Al=- A++K*, etc.

As the A2 is a Jp = 1/2" iso-singlet state (as is the
A°), the asymmetry parameter X is expected to be the
similar for differing decay modes, as 1is the case for
N = p, N->nw. Hence all events are used in this
study. (Not to mention the fact that there would be no
statistics with which to do such a polarization analysis.)
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It can be seen from Fig.7 that even with these few
events that the product of « P is non-zero in the X and 2

. directions, and consistent with zero polarization in the

deirection. The components of «P in the X, Y, and Z
directions were determined via the maximum likelihood
method, where the likelihood function 4 ( ocgh) for the k-th
component (x-y-x) of «P 1is defined as:
N .
& lek) = ’;{; (1 + o(ﬂ?&cosei)"
The results are shown below. The 1 S.D. 1limits are defined

+
INCLUSIVE /\¢ POLARIZATION

+
(Components of _«P in the Ac_ Rest Frame)

o Px (Daughters) 0.44 + (0.58,-0.70)
«Px (Grand-Daughters) 0.12 + (0.66,-0.72)
«Py (Daughters) -0.54 + (0.43,-0.42)
«Py (Grand-Daughters) -0.73 + (0.41,-0.27)
Pz (Daughters) -1.00 + (0.30,-00)
«Pz (Grand-Daughters) -0.98 + (0.24,-0.18)

z 1Y%
The product <P = {( «<Px) + (¢ Py)" + (<><!Pz)]z
LP (Daughters) 1.46 + (1.30,-00)

o«P (Grand-Daughters) 1.30 + (1.05,-0.97)

The "daughter" baryons are the T7(1385), A ++ and include
"direct" protons. The "grand-daughter" baryons are the A* ,
protons (from "daughter T(1385) and A++ (strong) decay)
and "direct" protons.

The -1 S.D. limit for the & Pz(Daughter).component is
infinite as the likelihood function diverges for
CXP < -lgo . ’
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. ‘For the strong interactions, the production of baryons
. with non-zero asymmetry parameter and net polarization P

must have the polarization vector normal to the production
Qlane (as required by parity conservation in the strong
interactions). For production of charmed baryons by
neutrinos (an intrinsically (and maximally) parity-violating
process, due to the "handedness" of the incident neutrino,
and also the weak charged current interaction between quarks

and leptons) the polarization is not required to lie along
the y-axis.

The observed distributions in cos8, for %, ¢, and 2z
components tend to indicate that the ’'A! production process
is indeed parity-violating and also that the product of «P
(asymmetry parameter)x (polarization) is non-zero and also
large (most likely both « and P are close to unity,
however the independent values for « and P cannot be
determined separately, from these data; if the polarization
P is assumed to be nearly 100% negative polarization, then
the asymmetry parameter o is close to +1.0.)

The statistical nature of the data 1is such that the
probability of observing 7 decays in the negative cos8z
region and 2 decays in the positive cos8z region is 20%, as
the probability of such an occurrence depends on the
difference in populations between the forward and backward
hemispheres.

The presence of a net, non-zero (and large)
polarization is expected for heavy quark production in
neutrino interactions [150] (see Fig.8).

If the At decays are assumed to proceed through
resonant A ++ and T7(1385) states, then the polarization of
these baryon states (in the ,AZ center of mass), as shown in
Fig.7 should be more <closely corellated to the initial
polarization. The results, although limited by the
statistics indicate this to be so.

<+

Because of the iso-singlet nature of the /\¢ charmed

baryon, the spin of the A is carried entirely by the c
quark, the spin part of the Al wave function being

7(,‘; =‘-{=_ c? (utdli-udat)

in exact analogy to the A° . The mechanism for generation
of a net polarization P for the Al can be thus be
understood as a consequence of the nature of the weak
interactions, and the nature of the incoming neutrino
(having negative helicity). It should be noted that this
study is with a sample of inclusive, rather than exclusively
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produced ﬁﬁ_'s; Evidence for the resonant charmed state
. Nt++ 1is present in several of the events within the data

sample. This in no way invalidates the above results, as
the presence of such resonant states merely serves to "wash
out" the initial state polarization. (Furthermore, many
experiments have been done to investigate the nature of
hyperon polarization, almost all of which dealt with
inclusive production mechanisms [250-258].)

The systematic effects due to the acceptance of the
experiment and scanning biases can be seen to be small, as
the angular acceptance has been shown to be greater than the
observed production spectrum of charmed particles produced
in neutrino interactions. The scanning biases are
negligibly small for the AZ , as the flight lengths are
short, (~100um.), due to the short Af 1lifetime and a
relatively low parent momentum spectrum (with large opening
angles in the decay of the /\e as a consequence) . Hence a
high scanning efficiency (> 95%) for finding /\¢ decays in
the emulsion. However, the proper method for determination
.0f such biases can only be accomplished with the aid of a
complete Monte Carlo program. This was not done with the
limited statistics of the present sample, but MUST be done
for any serious investigation of polarization phenomena in
v-interactions.

These results should be compared with lambda
polarization in neutrino and anti-neutrino intergctions
[133], where it was found that the lambda polarization is
consistent with strong production, rather than weak
production mechanisms, and also the magnitude of the lambda
polarization is less than for A¢'s.
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WORLD SUMMARY OF VISIBLE DECAYS OF CHARMED PARTICLES

The following table summarizes the charm decay
candidates observed in experiments other than E-531, both
prior to, during and since this experiment. No attempt has
been made to determine mean lifetimes from these data, due
to the large wvariations and uncertainties in scanning
efficiencies from one experiment to another, and also
because of the uncertainty in parent identity in many cases.

The notation used below for the decay modes 1is as
follows:

1. Particles which have been unambiguously identified
(with > 90% C.L.) are indicated in the same manner
as for our experiment, i.e. wunderlining with —

( ~ ) for counter (emulsion) identification.

2. (A/B) denotes ambiguity as to particle type for a
given daughter particle.

3. (A/B) (C/B) denotes a correlated ambiguity
between daughter particles, i.e. {A with C} OR {B
with D}.

4., For the case of neutral particles, "( )" also
denotes "not observed”.






W(?RLD SUMMARY OF VISIBLE DECAYS OF CHARMED PARTICLES

EXPERIMENT BEAM OBSERVED

CHARGED D.L., MOMENTUM

INSTUTION ~TGT DECAY MODE  PRONGS (pPM) (GEV/C)

Nagoya C.R. [X%wyt 1 13800
1971 emul {xht'r' 1 48800
[4s]

N:g?ga c.ni {jﬁowi”ﬁﬂﬁq 3 12900 217-430

emu AT L Sy 3 -

[47,48) ™ 12800 176-352
E-247 V-emul "N’ (F7)) 3
1976 182
{591
SKAT V¥-B.C. L,p% (p/m)ew 2 4800 .
1977 Sl 3.0
[97]

Russian p~nucl (W/x')ut (L) 3 63
1978 400GeV kry*p 3 90
{60) T 2 25

R 2 29

K P 2 35

TP 2 22

(x*/T (37 4 28

LT ey 4 77

THazr ety 4 12
WA-17 ¥-emul (£AYTT T 3 906  12-38
1979 B.C. AL pKor? 3 354 3.7
[64-66) T DAL 3 96 5-15

() e (ks 2 182

(W) THKYTY 2 54

() w5 2 - 115

Nagoya p-emul i(KVuﬂﬁ‘ 0 2390
1978 400Gev {(Kk¥/T*)etn 2 320
[61)

Nagoya p—emul\'(r/r/ X7, f/qdr(;-,y) 2 4700 69-105
1879 400Gevl(™/k1 ﬂm,nﬁrﬂﬂ412 4250 60-~92
[62]

Nagoya p-emul {‘T‘?(KVKﬁ 2 980 13-107
1980 340Gev { K* n* %" (T 4 1630 24-30

- [63]

THRFHITYXKD 2 445 4-14
kRTINS 2 435 5-28
(/s (W) 2 2290 29-117
TEHRYTUTKY 2 2150 14-99
AR XA 5 2350 4-5
KTt (vYens 3 5150 37-62
BFHSW V¥-B.C. Cl~h'k e'(V 3 6200 111-237
1979 N1-} et(vd 2 6700 8-40
[98-100} C¢4h'_k‘o.'(‘«) 3 11000 35-63
N2 K etin 2 8700 38-135
Ol-h(N)elk) 2,3 3-6000

E-564 v-emul FWa'xrewt 3 S0 2.4+.3
1980 B.C.
f114)

0. ~SPEC f-emul [Hsxn"s 7K' ¢ 123

1979-80 Az=pm 1 S50

[67~70] {j'-ov:w«"r 4 124

Dre ) 3 94

Dt P2hedy 2 267

C e >3y 3 685

CY »y 3Ived> 3 980

Tr e 2hedsy 2 44

€=~ 3bedy 3 260

{c-ev Ibedy 3 32

CI-23 2 Ledy 1 1900

€'y I0edy 3 3236

Cry 2 5edy 1 341
®Lesc ¥-B.C. {U%K'w’1‘1' 2 4100 119.+.6
1981 360Gev (Dek'n'w ¥ 4 7500 78.5+.3

{244)

MASS LIFETIME
(MEV/C) (X10™'sEC)
1.78 6.22
2.95 0.36
0-C 1.9-3.7
0-c 2.3-4.6
6.0
1.4-2.5 60
2.24.3 0.07
2.1%,3 0.13
2.13.3 0.04
2.04,2 0.44
2,34.2 0.15
2.5+, 4 0.23
2.1+.3 0.04
2.2+.3 0.29
2,5#+.5 0.01
0-C 2-5
2295#15 7.3
0-C 0.5-1.2
o-C 0.9-0.6
0-C 5.0-0.2
0-C 2.4-0.4
11.7
0.38
0-C 2.8~4.2
0-C 2.9-4.2
0-c 0.6-4.9
0-C 3.4-4.0
0-c  1.9-7.1
0~C 1.0-6.8
0-C 1.2-4.8
0-C 1.3-9.6
0-C 32-36
0-C 5-10
0-C 1.6-3.5
0-C 10-52
0-C 9-20
0= 4-14
0-C
2017425 1.5
186648 0.23
2330450 6.57
1847430 0.86
0-C 0.6-0.9
0-C 0.5-0.9
7.1-14.2
3.8-7.6
«04~.13
1.0-5.4
0.23-0.66
1.7-40.0
1857422 2,140.1
186219 5.920.1
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. KINEMATIC FITTING PROGRAMS

To obtain improved resolution and reduce systematic
error on the parent mass, momentum and therefore the decay
time, each charm candiate was kinematically fit with as high
a constrained fit as possible. The problem of energy and
momentum conservation in particle decays 'is an inherently
non-linear one, which can be solved analytically for the
cases in which there are no constraints (i.e. < 0-C fits).
This situation occurs for events with a missing neutral
(e.g. semi-leptonic decays) where only -1C and OC fits are
possible. -1C fits test kinematic consistency for a given
decay hypothesis, whereas 0C fits yield two solutions from
the quartic -1C mass vs. missing neutral momentum curve,
for a assumed parent mass.

For over-determined situations, 1C, 2C, 3C fits were
obtained using a kinematic fitting program which utilized
.the method of linearized least squares along with Lagrange
multipliers to fit the parent slopes (X' and Y') and
momentum for a 1C fit; the parent mass and momentum for a 2C
fit; the parent momentum for a 3C fit, subject to the
constraints of energy and momentum conservation. The
fitting program was developed along the concepts outlined in
ref.[221].

A 7(‘ was defined as:
;K%nm,x,«)= (m—ﬁfcm(m—ﬁ) +2«" £ (x,m)

Where )
m*= initial value of measured quantity

m fitted value of measured quantity

)}

b4 unknown quantities (e.g. Pc, Mc)
Gm = error matrix (Gm = weighting matrix)
X = Lagrange multipliers

ﬁk = Energy and momentum constraint equations.

£1 =Ec - L Ei =0
£2 = Pcx - IPxi = 0
f3=Pcy-?Pyi=0

0

£4 = Pcy - Z‘Z‘Pzi-:
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' The ,Z‘. is then minimized with respect to the measured
quan§1t§es m, the unknown quantities x, and the Lagrange
multipliers « . For X* to be a minimum, the first

derivatives of /x‘ with respect to these three parameters
must be zero:

d X*/am = 2[(m-m)Gm + « fm] = 0
dX*/dx = 2 « fx = 0

a xX*/d« = 2f(x,m) = 0
(these are just the constraint egns.)

The constraint equations are expanded to first order in x, m
around the minimum in the 3N(m) +(4-N(c)) dimensional
space, N(m) = number of measured quantities, N(c) = number
of constraints.

R4

£+ £2(X" ¥) + fo @ n’) =0

Where VY = jiteration step number.

from d ** /dm, o = m' - Gm £ <™

Insertion of this equation into the above equation, gives

fy + f: (X'Vﬂ _XV) + f: (mvﬁ _mV) =0
Defining R = £+ fl(m’—m’) ; S = £.G]

YT . .
mGpn £m, The linearized
constraint equations become:

R -8 + £/ (x™-x") =0

Radl

Solving for £ :

-1
=8 [R + £ (x" -x")]

AVLI

L
But d;c"/dx = Zo(*fx = 0, hence x™* = x” - (f: S'f,() f,S R

Thus, the problem is solved; ' is calculated, input to
1, which is in turn used to calculate m¥" , after which
/x‘ itself can be obtained. '

This procedure is repeated until the derivatives of

t are 1less than predebmined values. For example, the
requirement that the derivatives of X with respect to the
Lagrange multipliers be 1less than 0.0001 physically means
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that'energy and each of the three components of momentum be
. conserved to within 100KeV. The requirements on the other
derivatives were the same, d X*/dm and d X*/dx both < 1E-4,
although the physical meaning of these derivatives is not as
obvious as d/(‘/d L.

The physically measured quantities associated with the
decay were parameterized in term of the slopes, X'=dxX/4z,
Y'=dY/dZ, and the inverse momentum Q=1/P, as the measured
errors associated with these quantites were gaussian in
their distributions for charged tracks. This 1is not the
case for parametrization with 8, @, and P.

The errors associated with the measured and fitted
quantities and the correlations between the measured and
fitted quantities were obtained from the respective error
matrices:

-t d N
Gm'vu = a?n’ Gm (gj‘n:- )T
(error matrix of measured quantities)

m = g(m) £ = h)

! h o7
G = The 6 (dn) _
(error matrix of unknown quantities)

-t T d% . N v+
dg/dm’ = 1 - G, fm d®™ substitute in o :

o -+ o dR JOxXx)
dg/dm = 1 - G, £,.S [T+ fx —gme ]

dg/dm = 1 -G, £18" [£, - £,(£8 £,)' £45" £,]

dh/dm = (£,5 'f,) £ Syfm

el - - " - -t - -
Therefore, G, = Gn ~G.E S £.Gn + GIEIS™E, (£7S7E, ) £7S £, Gu

6™ = (£787f,) and Cae = -GIErS™f, (£ S.£x)™

The errors associated with the initial measured guantities,
m are assumed to be uncorrelated. Note that the errors
associated with the measured quantities after the ¥ -th
iteration are "reduced" due to correlations in the measured
quantities arising from couplings 1in the constraint
equations. Note also that correlations between the fitted
variables exist, even when the measured quantities are

uncorrelated.

A confidence level for the fit was obtained after
"convergence" upon a solution, of the form:
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: c.L. =[. ax t
gl‘ dxtB, (XY
where Pp  (x')dx® =m)(7“)“'é‘7‘c?;<§for x5 >0

n = number of degrees of freedom (4 - N(c))

h =ny /2

For.nD degrees of freedom the /Xl has a mean of n, and
variance of 2n, .

After the charm decay candidate had acheived an
acceptable kinematic fit, the decay time 7§ was then
obtained using the fitted (or assumed) values for the parent
mass and momentum, along with the measured flight length For
2-C (3-C) fits, respectively. i.e.:

o _ Men
cty Peu L
The errors on the fitted decay time were obtained using the
matrix elements from the unknown quantities error matrix,
G , and the measured error for the flight length, i.e.:

——

13 Ma Py My Pen K2

A Monte Carlo program tested the kinematic fitting
program, in which 10,000 fake charm decay events were fit
with (normally distributed) shifts in the measured
quantities, m . - The correct 7@‘ distributions and
confidence levels were obtained, with the expected behavior
for the derivatives of X* . The errors obtained were also
in accordance with expected behavior, as the width of the
distribution for a particular quantity was found to be equal
to the mean of the error distribution for that quantity.
The Monte Carlo results are 1in good agreement with the
results for the charm decay candidates. The flow chart of
the basic kinematic fitting program is shown in Fig.9.

Gi.  Gpe . . >
k4 - Men - G_?tﬂ -+ Z_ WMmp‘u + 6{.
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) This Ph.D candidate wishes to share some of the wonder,
joy, and excitement he has experienced at various times

during the past few years of working on
embodied 1in a picture of a 25 TeV
Nagoya University cosmic~ray emulsion
[51,52] as shown in Fig.l0. There are
candidates in this (single) event,

sequential in nature. Note that the

this experiment, as
event, observed in a
chamber - experiment
eight observed decay
some of which are
incident particle is

neutral. Several of these types of high-energy cosmic ray

events have been observed. -
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Figure 1.

WEAWK DECAYS OF QUARKS AND LEPTONS
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Figure 4.
CHARMED PSEUDOSCALAR MESON DECAY
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Figure 8.

CHARMED BARYON POLARIZATION IN NEUTRINO INTERACTIONS
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Ficure 9. KINEMATIC FITTING PROGRAM

XNPAT  MEASURED PA:.AM&‘\’C"S AuD  ASSSCIATED ERRORS
Y m;, '
“m" 3 'Y r‘;Y G‘?’. )G;t) T
XC, t}‘g ,( W) Nm\-l xc ,
I L. (dee
oy lengt O'I)L

CALLWMLATE p OROD¥TR  VALAES DF UNKNOWNS (Pg (ML
use E + P2 EQuatniess

{‘&- TR/ G )
| M= (BB - R

CALCULATE CoNITRAINT EQUATONS £ (221,23 9)

f1= ADE = ‘ZEI
fo=&% = B -Lh
3=A%= "EBH
f.FA"?-" % -Lh

CALC WLAYE )( PERIWWATIVES

XYM (Wek. pmnsuced pavenedecs)

" $

7‘/3;: (. wnknooins) N
3)("/ 3ot (ot in.imwr. path Plqu)

T N YEs
x de\-\t.'dwu

Yom= )Xo = Yotz

~NO
[ TxTER=TTER+1 |
¥

75

cateneAte CL. ' J

catemate T (.7[ {Am.sh‘.aemf

ez

CALCULATE CONSTRAINT DITUVATIUES

=%y fa =B/bm

cacwate = fm G (F7)
R= f¥+f o (we-w)

catcuats  untmuns (R ( M)

N S (fx”TS"fx AN

‘OU\TPU\.T RESULTS GF T

Pe (M‘)
44 %5 ,9% fren mesunen pacameney

+ ERAOLS
COnRELLATVD  ENRRIOLS

XY C.L., TTem
T,Cx

FITTED unknowns 4 ERaaes

CEALATE Jrqrangr munpers oy, (R123,%)
o<v+! S-l [ R*{K (xﬁnl X )]

C ALCULATE  WMEAIWRED VALUES

MMM - g (Y

Vi

e X (T R

IR “Tval ~ V11
catoate eraon mataess G Gy, Cay

\I! LYy 'V’
XV =X

V3l "

CoPY

~

1
M7 —="mY
“WI’a“dv"

CsTo§> om NEXT EVENT)




BEC 6a~-1I9L

plate no.
’ | incident particle - : + ]
Sketch of AECHc34 | - A . o 88 ]
L 3% : q
e 1 _'
E——
—_ 62
E%)
Bnw {
< b1
i 23 ‘ 203
7 .
2 20-1

-
>

-
-

-
-

NN

-3

NN

Figure 10. High Energy Cosmic RaybEvents

9L

(Nagoya University)





