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ABSTRACT

Is presented the dynamics and kinematics of the semi-leptonic decays

D' > K''v, D' sk pv, D'>nev, B'—>Dev, B —»D'ev.withinteraction V-4
calculating the decay width and the fraction of decay for each process using
spectator model. The results are compared with the experimental data of the
table particle data group, which show that the model prediction for this type of
decay can be considered as a first approximation. This type of analysis is
particularly important because it allows one hand, introduce to the beginner
students to the study of particle physics and on the other gives the possibility
to use strategies to address topics modern in physics courses at university
level.

RESUMEN:

Se expone la dindmica y cinematica de los decaimientos semi-lepténicos

D" — K0e+ve D" »K v, D°>nev, B'>Dev, BT — Doei\/econ interaccién V — 4
calculando el ancho de decaimiento y la fracciéon de decaimiento para cada proceso
haciendo uso del modelo espectador. Los resultados obtenidos son comparados
con los datos experimentales de la tabla Particle Data Group, mostrando que la
prediccién del modelo para este tipo de decaimientos puede ser considerado como
una primera aproximacién. Este tipo de andlisis adquiere especial importancia ya
que permite, por un lado, introducir a los estudiantes en el analisis de los
decaimientos de particulas y por otro, da la posibilidad de utilizar estrategias para
abordar topicos modernos en cursos de fisica a nivel universitario.
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1. Introduction

Particles sensitive to strong and weak force are called
hadrons. The arrangement of" quarks for the formation
of ahadron can be in two ways; in trios of quarksa.a.amor
in quark-antiquark pairs (3,9) The combination of triads
of quarks gives rise to heavy particles called baryons.
The combination in quark-antiquark pairs(@.q) results
in light particles called mesons. The quarks have an
intrinsic property called flavor. The different flavor
combinations of quarks explain the existence of
different kinds of hadrons [17. In addition, to carry out
the different combinations of the quarks-antiquarks itis
necessary that they have fractional electric charge of
the electric charge of the electron.

The organization of particles for a decay process when
you have a set of Nparticles in the final state, is called
the decay channel. The decay channel is characterized
by the number and nature of particles in which the
system can be grouped regardless of the quantum
mechanical state of each particle or the state of motion
of each particle relative to the others [27].

When you have a system made up of four particles, the
organization of the channels is carried out in the
tollowing way: A—a + b +c channel 0; A= (a+b)+c
channel 1; A = a+(b+c¢) channel 2, where the set
(a+b)y/o (b + c)form a state [37. Figure 1 shows the
possible forms of grouping of particles for a given
decay process,

N TR

Figure 1. Grouping modes for a process of decay of a
particle to three bodies [37].

‘When you have a decay in which particles »>4 are part,
being the number of n particles, the number of
independent invariant Lorentz variables that
characterize the kinematic state of the particles is equal
to3n-10 [27]. These variables allow describing the
kinematic characteristics of the initial and final state of
the particles without considering the dynamic processes
that are carried out in the interaction process. The
kinematic variables are related to the laws of
conservation of energy and momentum and are always
valid regardless of the nature of the particles. In this
article, an analysis is made on the dynamics and
kinematics of the semi-leptonic decay of a particle with
three bodies with weak interaction, making use of the
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spectator model as the first approximation in the
explanation to this class of decay.

2. Spectator model

One of the first models proposed for the explanation of
semi-leptonic decays is the spectator model [47]. In this
model, the constituents of the meson are considered,
the quarks, linked and non-interacting, in addition, one
of them is considered active, which decays
independently of his partner as shown in Figure 2

Figure 2. Semi-leptonic decaye—pv,, being(a) the
initial meson (B )the outgoing meson @), the loaded
lepton(e’,u",t7), Vv, the corresponding antineutrino

and + the intermediate particle [4].

When the mesén (o) change of flavor is emitted mesén
(B). The flavor change of the active quark of the inn it
is due to the action of the weak force that manifests
itself through the change of identity, the flavor, of the
linked quarks. The quark of the meson incoming
transforms into another quark of the meson outgoing
(B) and the excess energy of the process is carried by
the intermediate particle (W), that decays in a lepton
with its corresponding antineutrino(iv,). The decaying
active quark is considered as being isolated from its
antiquark partner. Although strong force is present in
the process it cannot change the flavor of quarks [47],
[5].

The main characteristic of the model of the spectator
quark, is to consider the mesons constituted by a heavy
quark of aflavor and with the same order of average life
time [47]. Making use of this model, the semi-leptonic
decay D°(c,ii) > (d,in)e’v, It can be analyzed as follows:
the quark (¢) of the meson (D)) changes its flavor by
transforming into a quark (d) giving rise to meson(p) as
illustrated in Figure 3.

O O—OE

Figure 3. The quark (¢) changes flavor to a quark (4.
The meson (0" becomes to meson . Source: own.
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When the quark ¢ of the meson D change of flavor is
issued meson mand the excess energy of the process is
carried by the intermediate particle /#*. This particle
then decays into a lepton with its corresponding
neutrino. The predictions of the spectator model for
semi-leptonic decay processes with weak interaction
can be considered as a first approximation to this class
of decays. However, since the viewer model does not
consider the linked states in which the quarks are
located, this leads to a limitation of the model. Models
that consider the linked states of quarks can be obtained
in the literature as is the article by Nathan Isgur and
Daryl Scora (Semi leptonic B and D decays in the quark
model [67, in which the equation of a state is shown
bound with a binding potential for strong interaction,
obtaining more accurate results with respect to the
experimental data.

In the processes of” semi-leptonic decay to three bodies,
leptons and mesons appear in the final state. In these
decays, the energy of the system is distributed equally
in the phase space, giving rise to different percentages
of decay. In addition, it is important to note that quarks
are grouped in pairs giving rise to three classes of
families. Transitions between quarks of” the same family
are more likely to occur than those carried out in
different families. Therefore, some semi-leptonic decay
processes will have a higher probability of occurrence
than others, since transitions between quarks between
the same family are more likely than transitions
between different families.

The elements of the Cabibbo-Kobayashi-Maskawa
matrix (CKM) [77], characterize the transition
probability of the quarks between the ditterent families,
that is, the transition probability of a quark (q) from one
meson, to another quark (q) of another meson is
characterized by one of the elements of the matrix (
CKM) based on the electroweak theory framework [87,
[97, [107]. The experimental data for each element of
the Cabibbo-Kobayashi-Maskawa matrix are [ 7 ]:

Vid Vus Vb 0.97417+0.00021  0.2248+0.0006  (4.09+0.39)x10 - 3
Vi =|Vea Ves Vep |=| 02200005 0.995+0.016  (40.5+1.5)x10-3
Va Vs Vi (82£0.6)x10-3  (40.0+2.7)x10-3  1.009+0.031

The Cabibbo-Kobayashi-Maskawa matrix is also
parameterized from the three mixing angles and the
phase that violates conjugation-loading (CP) [117,
(127, [137]. These parameters are fundamental for the
explanation of the processes between particles, so their
determination is very important and in general they are
obtained considering different semi-leptonic decay
processes. The determination of the element (Vud) is
carried out from the study of beta decay, however, more

precise measurements have been made from the
neutron's lifetime [147. On the other hand, with the
experiment PIBETA [157 in which the decay
measurement has been improved (z» we've) you get a

better value of the item (V,4). The determination of the
value of (V) is performed by comparing the different
semi-leptonic decay modes of the Kaon, obtaining a

value of | V4| = 0.2237£0.0009 [167]. From the semi-
leptonic decays (p—= ) the value of the element Ves is

obtained, | V,4]|=0.220 £ 0.005 [17][187. The
determination of the element (7¢s) is obtained from
semi-leptonic decays ( D—>K¢v ) and leptonic decays
obtaining the value of | V¢cs|=0.995 £0.016 [177]. The
value of the element (¥¢b) is obtained by determining
the semi-leptonic decays (B — D ¢v') [197], giving a value
of |Veb|=(42.2 +0.8) x10". The determination of (V,,)
[t is done through semi-leptonic decay ( B— X, (v),
although it is difficult to measure since there is a great
noise in its determination [177], [197]. To find the value
of the elements (V,) y (V,) Its determination is made
from oscillations (z-5) [17_]. Finally, the measure of the
value of the element (V,) is done by calculating the
decay fraction defined as: (&=s¢->m/s¢>wp )where, ¢ =b,s,d

[207,[21].
3. Decay width and phase space

The decay width of a given process is defined by two
terms that are the Feynman amplitude (M) and the
phase space [227]. The Feynman amplitude describes
and possesses all the dynamic information of the
process, which can be calculated using the Feynman
diagrams and rules for the corresponding interaction
[227, [237. The phase space contains all the kinematic
information of the process, which depends on the mass,
energy and momentum of the particles involved in the
interaction [287]. Therefore, the decay width for a given
process is defined as [227]:

dr a |[M|* « (phase space). (1)

The decay width of a particle to N particles can be
expressed as follows [227],

1 2 no o nodtp,
ar=— S M's‘P. - P '
2Ea(27r)3”'4z‘ [5°(R, Z ’)H(ZE),-’

(2)

where (p,) is the quadric-moment of the mass particle
(m;) with total energy

s i= i=1
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The phase space for (7) particles in the final state is
written in general as [QQ]
()

. d*py
di(Z_)a’b7C""’nl)=§ (PZ_Pa c’ > nl)H

L 2E),,

However, when you have many particles in the final
state, the phase space can be reduced to subsets of
particles where the choice of fractionation depends on
the convenience and interest you want to study the
process [227], [237]. The Dirac delta function indicates
the law of conservation of the energy and momentum
of the particles during the interaction.

4. Decay to three bodies

A characteristic of weak interactions is the violation of
parity [97, which means that we acted only on the left
sides of the weak current. This fact leads us to consider
the weak currents of a left nature, being that for its
description it is convenient to use a combination that
specifies this behavior. The way to explain this
procedure is to introduce the factor 7,° = 2 which
establishes a vectorial-axial combination(V — A) [47,

defined as:

o, =y, Vectorial

(4)
and the weak charged current is written as [47],
L5, =07, (A=75).

Consider the decay of a particle to three bodies with

O =v,Ys Axial,

interaction )(4V—, is to assume that they are of the weak
current type. Therefore, the decay width for these
processes is generally given by [227:

I(B—Qlv,)=[M[" ®@®,M,P,m,), (5)
where B,Q are mesons constituted by a pair quark-
antiquark B(,5)%Q@.d. The term /,V, is the leptonic pair
and e =ee.mr.m)the phase space.

Using the electroweak model [47, [57] and assuming
that the hadron decays independently of the other
constituents of meson [47, Feynman's breadth of the
processis given by [4], [227]:

a

G - , - _
M==Lv, 0@y ),

umuU
7 BU By,

(6)
Taking the square of the absolute value of the Feynman
amplitude and replacing the spinorial products by the
projection operators (97, (107, [227,

=75
2

SUNHUWN=y"R,+m =R+m,

s=1,2,3
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D UW@QU(Q) =r"P, +m,=P,+m,

qu
=123

Q2UbU®b)=y"R, +m,=

s=1,2.3

(7)

B +m,

1s obtained

M|} = ooTHy" (L= 7B+ me)y” (- 7, )P, + myc)]

o Ty, (=7 XB +mo)y* (- y)(B +me)].

Evaluating the traces of the previous equation, the
dynamics of the systemis given by:

IM|* =128G*/V25q(P, ® P.)(P,  P).

()
On the other hand, the kinematic contribution of the
process is only possible if,

m, >m, +m+m, (10)
where m,,m,,m,,m, they are the masses of the particles
participating in the process. The moments of the final
particles (q) y (! )from the reference frame of the
particle can be expressed as,

1/2 1/2
R=ler-m]” s p=ler-m 1 0y
with the respective energies,
2 2 2 2 2 2
EI:mb M Eq:mb My — M, (12)
2m, 2m,

Therefore, the phase space for the given process is then

given by:

3 3 =
dy(b—> qIv))=6*(R~P,~B—P) Ip,d’p d'P.

2E, 2E, 2E,

(13)

Choosing a subset X formed by the union of the
particles [y Iv, the phase space is given in the form [47],

a’p
p"d(X—>/v,) (14)

q

d;(b—>qlv))=

defining,X; = P, — P; with, i = q,1 or v. The decay width

for the process is then given by:
a’p

1 ‘M‘z Py

dar(b v,)=——— d,( X —>1v).
(b—qlv)) 1285,777.'5 qu L (X —>1v)

(12)

Replacing the equation (9)in

2E ar :Gbeq

“d’p, Ex’

(15),1s obtained:

[(R e R)PR s RYA,(X —>17)).

(16)

The solution of theintegralis [47],
[(Rer)Pe P,)dz(XﬁIVl):zﬁ—‘l[g“ﬂqu +2x, X/ R.P,. (17)
Calculating the products RP.X,RyX,R,, using
d'p,~m,EdE, x, -, d, - ™%, and replacing the previous
integral in (16) Jthe decay w1dth is:
o Gl my (18)

R <[x, R+ R+ (R - B -2X,']
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Defining, X;* =m,’(1-x,) [47], is obtained:
Gy 'm,

L I m - x B B+ (R =Ry —am - x) k. (19)
b

The algebra can be simplified by taking P,=0, without
losing precision in the result,
2 6

(20)

. o . 2E,
The limits of variation of x, =—= are:

b

2mq

m,

2 2
< 2Eq < m,” +m, (21)

m, 2m,’

By replacing the limits of variation in the last integral,
the decay width is finally given by:

; ) N
- sz‘\/,,q‘zmb(’{ m’+m, . m; +m,’ 2m, Y 1(2m, 4l
= - - 4= .
96E, " L m,’ 2l m’ m, 2\ m, |J

(22)

The factor V, that was introduced in (6) gives an
account of the transition probability of the quark b of
the meson Bto quark gof the meson Qin the framework
of the electroweak theory [97, [107. It usually
corresponds to an element of the Cabibbo-Kobayashi-
Maskawa matrix which characterizes this probability

73
5.  Semi-leptonic decays

Semi-leptonic decays develop

D' —»K'e'v,,
with interaction V-4 supported by the spectator model
and the previously obtained equations. Table 1 presents
the data that will be used to calculate the decay width
and the decay fraction of the proposed decays [77].

D' >Ku'v,, D°—>reé€v, B'->Dev,B ->Dev,

Name Simbol | Value

Fermi constant G, 116639 <10~ Gev™2
Quark mass ¢ m, 1.275 GeV
Quark mass s m; 0.095 GeV
Quark mass d m, 0.0048 GeV
Quark mass b m, 4.65 GeV
Average life of D* | 7. 1040 107" S
Average life of D° | 7, 410.1x107"°S
Average life of B® | 7, 1.519x10* S

Table 1. Experimental data used for the decay
processes that are calculated. Source: own.

5.1. Decay D" —K’e'v,

For the decay to take place D" (c,d) - K’ (s d)e'v, the quark

cof meson change flavor to a quark s issuing meson K,,.
Figure 4 shows the semi-leptonic decay decay of the

meson D':

Figure 4. The semi-leptonic decay is shownD™ — K%e*v,
The constant |V,,| it is a parametrization element
of the Cabibbo-Kobayashi-Maskawa matrix. [4]
The decay width given by (22) is:

risz\VCS\me m+m/’ ;_l m’+m’ 4_ 2m, 3+l 2m, !l

o %’ m’ 2l m? m, 2\ m, }j,
replacing the corresponding values in Table 1, we
obtain:

(23)

I(c— se'v,)=2,463168997x10"*V.|" GeV, (24
orin terms of seconds™,
I(c— se'v,)=3,744016876x10"|V, " s’ (25)
The total decay width of the particleis,
— i — 1 — 11l 26
o=~ = Toaoaig T o= 2615384615%10" ', (26)
and the fraction of decay is,
fraction of decay = Hese™ve) _ 0,039 - |V s |%. (Q7>

T'total

5.2. Decay D’ —>Ku'v,

For the decay to take placeD’(cu) » K (su'v, the quark cof
meson D’ must change flavor to a quark sissuing meson
K. Figure 5 shows the semi-leptonic decay of the meson
D

Figure 5. Semi-leptonic decay
D’ >k u*v,. The circles indicate the linked states that
make up the mesons 1, k. The constant v, it is an element
of the Cabibbo-Kobayashi-Maskawa matrix. [4]

The decay width is:
I(c— su'v,)=2463168997x10™"|V,|" GeV, (28)
orinterms of seconds”,
Fec>su'v,)= 3,744016876><101°\\/CS\2 s (29)
The total decay width of the particleis given by:
Tiotar = LA S —— =2,438429651%10'* s (30>
r 410.1x10° s
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and the fraction of decay is,
syt
fraction of decay = M =0,015 [V 2% (31)
total
5.3. Decay D" —ré'v, The decay width is:
3 = x107'? 2
For the decay to take placed'@w—@uev, the quark c of T(b— ce'v,) = 8,064943488 10|V, [ GeV, (36)
meson D" must change flavor to a quark dissuing meson , o
oo . . . or in terms of seconds,
7 . Figure 6 shows the semi-leptonic decay of the meson
0. . 13 2 &l
D \ I(b— cev,)=122587141x10"|V,,|" s'. (37
c
4 The total decay width of the particleis given by:
" Ve T = = —————— = 6,583278473x10"" & (38)
c d ee T 1519%10™ s '
D' Yed n and the fraction of decay is,
U > u -
fraction of decay = F(b%elm =18,62- |V,[2%. (39)
. . . 0 - tota
Figure 6. Semi-leptonic decay D" —7 €V, The 5.5. Deca
constant cdV it is a parametrization element of the Y B — D%y
Cabibbo-Kobayashi-Maskawa matrix. [4] ¢
For the decay to take place B (b,u)— D’(c,u)e’v, , the

You take the fact that P #0 in (22). Therefore, the decay
width for this case is given by,

T(c—> dev,)=7,699938975x107|V, |" GeV,  (32)
orin terms of seconds”,
I(c—> de'v,)=1170390724x10" V| s'.  (33)

The total decay width of the particleis given by:
1 1
Howr =2 = 41010 s

and the fraction of decay is,

=2,438429651x10'? s™'.

Sdet
fraction of decay = w = 0,048 - |V 4|*%.

total

5.4. Decay B’ - D'eve

(85)

For the decay to take place B°(b,d)— D' (c.d)ev,, the
quark bof meson B’must change flavor to a quark ¢
issuing meson D. Figure 7 shows the semi-leptonic
decay of the meson B®

d _
Figure 7. Semi-leptonic decay is indicated B’ — D'e'v,.
The element 7, it is a parametrization constant of the
Cabibbo-Kobayashi-Maskawa matrix. [4]

Universidad Distrital Francisco José de Caldas

quark b of meson B" must change flavor to a quark ¢
issuing meson D". Figure 7 shows the semi-leptonic

b C
vhc

decay of themeson B:

B DI]

Figure 8. Semi-leptonic decay B — D’e'v,. The circles

indicate the linked states of the respective meson By D
The constant V.lit is a parametrization element of the
Cabibbo-Kobayashi-Maskawa matrix. [4]

The decay width is:

I'(b— cev,)=_8,064943488 Xloflz‘\/cb‘z GeV, (40)
orin terms of seconds”,

T(b— cev,)=1,22587141x10°|V,,|" s (41)
The total decay width of the particleis given by:

T oo = % = 1,641+1()"2s = 6,093845216x10'' 5", (42)
and the fraction of decay is,

fraction of decay = % =20,11- |Vp|*%. (43)
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6. Results

Table 2 presents the theoretical calculations of the
decays using the spectator model, which are compared
with the experimental data obtained from the table

Particle Data Group [7]
Decay Mode Spectator Model (%) Experimental Data (%)
D" —K'€'v, 0.039- |V, | 2 8.8310.22
D'>Ku'v, 0.015 |V} 3.30£0.13
D’ >z éev, 0.048- |V, 0.287+0.008
B' > Dev, 18,62- V|’ 0.0218+0.0012
B — D', 20,11- ‘\/Gb‘l 0.0229+0.0008

Table 2. The table indicates the fractions of decays
calculated using the spectator model. The obtained
data are compared with the experimental data. Source:
own.

Introducing the values \Vbq\z of the elements of the
Cabibbo-Kobayashi-Maskawa matrix [7] involved in
each decay process, Table 3 is obtained.

Spectator Model (%)

Experimental Data (%)

0.037

8.83+0.22

0.014 3.30+0.13
2.434x107® 0.287+0.008
0.031 0.021+0.0012
0.034 0.022+0.0008

Table 3. A comparison is made between the spectator
model and the experimental data given by the Particle
Data Group table for the calculated decay processes.
Source: own.

On the other hand, the processes of decay o -Kev, 0’5k,

they require the same taste change ¢ — sindicating that
the decay width predicted by the spectator model is the
same for the particles D’,D". However, when the decay
fraction is calculated for both processes, it difters
because the half-lives of the particles are different. In
the same way it happens for the processes &-oe, 8-0swhich
require the taste change b—c¢ with the same decay width
but with a different decay fraction.

[t is important to note that quarks are grouped in pairs
giving rise to three classes of families. It can be seen
trom the elements of the Cabibbo-Kobayashi-Maskawa
matrix [77], that transitions between quarks g—¢’ of
the same family are more likely to occur than those
carried out in different families. Therefore, the
processes of decay D* — K"e'v,, D’ — K u'v, where

the constant [V, |~1, are more likely to occur than decay
processes D’ -z €'v, , B’ > D'ev,B —D'ev,where the
constants |V,,|<1y|V,,| < 1,since for the last transitions the
quarks must decay in different families.
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