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7 Lepton Decays and Applications

DAI Lianrong

(School of Science, Huzhou University, Huzhou 313000, Zhejiang, China)

Abstract: A novel algebraic approach recently proposed is presented in this paper for investigating the 7
lepton decay process. In this approach, we use the basic weak interaction and angular momentum algebra
and finally obtain analytical decay amplitudes, finding that this formalism can relate the different decay
processes and also lead to a different interpretation of the important role played by G-parity in these de-
cays. Then we apply this formalism to explore some meaningful and interesting applications on 7 lepton
decays, including the polarization amplitudes and tests on the nature of scalar resonances or axial-vector
resonances. The results show that one magnitude is very sensitive to the « parameter and useful to test
different models Beyond the Standard Model. And very importantly, we firstly open up a new direction in
the 7 decays to test the nature of resonances which were obtained as dynamically generated from the
pseudoscalar-pseudoscalar or vector-pseudoscalar interactions. In these 7 decays we make predictions for
invariant mass distribution and the final branching ratios, the results show that these ratios are within
measurable ranges on related experiments in the possible future large research facility of the Super Tau-

Charm Facility of China.
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1 Introduction

The fact that the 7 is the only lepton heavy
enough to decay into hadrons makes the hadronic 7
lepton decays a priceless test of the strong interaction
at low energy in the light flavor sector. 7 lepton de-
cay is important to learn about weak interaction as
well as strong interaction!!]. Therefore, it is import-
ant and meaningful to explore theoretically the
lepton decay, especially it is closely connected with
the recent proposed large research facility of the Su-
per Tau-Charm Facility of China (STCF). However,
currently the theoretical investigation is scarce on T
physics.

In this paper I will present a novel algebraic
method proposed recently to investigate the 7 lepton
decays and also present some interesting applications.

7 decays into v, and a pair of mesons make up
for a sizeable fraction of the 7 decay width in pPDGE
in which several modes are well measured for
7~ —=v,PP and 7 —v,PV, here P denotes the
pseudoscalar meson and V the vector meson. However,
very surprisingly, there are no 7~ —v,VV reported.
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Actually, the pseudoscalar and vector mesons differ
only by the spin arrangement of the quarks, hence it
should be possible to relate the rates of decay for two
pseudoscalar mesons and the related pseudoscalar-vec-
tor or vector modes, for instance, 7~ —v,K°K~,
v, KK~ v, K*°K—, v, K*OK*~.

Now we present a novel approach and obtain the
analytical amplitudes for 7 decays with no any free
parameter. The formalism is obtained in the standard
model (SM)[B’], leading to a different interpretation of
the role played by G-parity in these decays. We eval-
uate and also predict the invariant mass distributions
and branching ratios of rates for the different 7 reac-
tions.

) )

Then we discuss some interesting applications in
7 decays, including the polarization amplitudes and
tests on the nature of scalar resonances or axial-vec-
tor resonances. We extend the analytical amplitudes
on 7 decay to models Beyond the Standard Model
(BSM) with (7* — ay"v;) structurel (=1 for the
SM). It is the first time to investigate polarization
amplitudes in 7 decays. We find some observables are
very sensitive to the value of «, which should stimu-
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late experimental work to investigate possible physics
BSM. The f,(980) and ay(980) are predicted as dy-
namically generated resonances from the interaction of
pseudoscalar mesons in coupled channels”! and have
been successfully tested in many reactions!?. Now we
firstly open up a new direction in the 7 decays to test
the nature of scalar resonances!”). In the chiral unit-
ary approach that the f,(1285), b,(1235), h,(1170),
h1(1380), a1(1260) and two poles of the K,(1270) are
dynamically generated axial-vector resonances from
the interaction of vector-pseudoscalar meson in
coupled channels[S], these resonances also have been

6], Now we also

successfully tested in many reactions
firstly open up a new direction in the 7 decays to test
the nature of axial-vector resonances!”). We predict
the invariant mass distributions and branching ratios
of rates, finding these numbers are within measurable

range.
2 Formalism

The first step is to look at the 7= — v,qG decay
for the Cabibbo-favored du production. We can ob-
tain the Cabibbo-suppressed mode substituting the d
quark by an s quark. However, we are interested in
the production of two mesons, not just one, as it
would come from the mechanism when ¢g merge into
a meson. The procedure to produce two mesons is
hadronization by creating a new ¢q pair with the
quantum numbers of the vacuum. This is depicted in
Fig. 1.

)
.

q, S5=s
L2
m

Fig. 1  (color online)Hadronization of the primary du

pair to produce two mesons, s is the third com-
ponent of the spin of g propagating as a particle,
while S5 — s is the third component of the spin of
g, where Ss is the third component of the total
spin S of qq.

Where JM(J'M') are the final angular mo-
menta and third component of the two mesons pro-
duced. The sum over the M’ and M components was
donel and also keep track of the individual M’ and
M contributions!*.

The matrix element of the Hamiltonian of the
weak interaction in SM is given by

H=CL"Q.,, (1)

where the C contains the couplings of the weak inter-
action, playing no role since we are only concerned
about ratios of rates. The leptonic current is given by

L = (a, " = " yslus ), (2)
and the quark current
Q" = (Ualy" — "5 va)- (3)

For the spinors at rest @y’u — (x'|1|x), and
wy'ysu — (X'|oi|x), here o; is the Pauli matrices and
X is spin wave function with bispinors. Then the mat-
rix elements

Qo= (XI1Ix) =My, Qi={Xloilx)=N:, (4)

and one can find more details about the derivation of
matrix elements M, and N, terms/3).

3  Applications

3.1 Polarization amplitudes

The first interesting application is about the po-
larization amplitudes to 7 leptonic decays[4]. In this
work we extend the formalism to a case, with the op-
erator " — ay"vys, that can account for different
models BSM. We study the 7= — v, K*°*K~ reaction
for the different polarizations of the F*0 (4,

The final
J=1, J’=0 (vector- pseudoscalar) are obtained by

1) M=0

= 1 1/1\°
ZZMQ:m m 6<47T> {(ETEV+p2)+

20 (ETEV - pQ) } ) (5)

transition amplitudes for the

2) for M =1

iz |t|2 :mflmyé (417r) {(ETEV +p°)+
2%(E,+E,)p+ 2B, B, +(E, — E,)p| a2} :
(6)

iz 1t :m}mu% (4;) {(ETEV +p?)—
2a(E,+E,)p+ [2E,E,—(E,~E,)p] a2} :
(7)

where p is the momentum of the 7 in the M, M,

(with M1, M2 pseudoscalar or vector mesons) rest
frame given by
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inv

A1/2 (m2 m2 M2(M1M2))
T v

b= )

2M(M1M2)
E,=p, (8)

with Az, y,2) = 2% + y* + 2° — 2oy — 222 — 2yz.
Finally the differential width is given

dr 2m.2m, 1 U 2
MK T (21)3 4m2 p”plzzw . (9)

inv

E. =+/m2+p?

where p, is the neutrino momentum in the 7 rest
frame and p; the momentum of K*° in the K*0K-
rest frame.

The total differential width is

B dr dr
_dMS(*OK_) M=+1 * dME:f*OK_) M:O+
dr

dM<K*OK7) ‘M:—l : (10)

We find that the polarization amplitudes vary very

much with different values of a. In particular we find

a magnitude &

dr | 7 dr { ]
dJM(K*OK*) M=+1 dM(K*OK*) M=-11"
inv inv

which is extremely sensitive to «. The results are
shown in Fig. 2, it is shown that this magnitude is
very sensitive to the a parameter and even changes
sign for some value of a. It is obviously to be most
suited to investigate possible physics BSM.

- T
| - ]
I 0.8 ]
= o6 ]
5|z 04r-
0.2
| I
¥ooor — =01 — a=1.0 ]
I —02r ---0=0.2 ---0=1.5 b
= i — =05 — a=0.5 ]
g 04 i 0=0.8 ]
%gﬂ@ ]
L= 081 ]
& qol— .
140 145 150 1.55 1.60 1.65 1.70 1.75
MER/GeV
Fig. 2 (color online)The difference as a function of «.

3.2 Tests on the nature of scalar resonances

Now firstly we open up a new direction to test
the nature of scalar resonances f;(980) and a(980)
in the 7 decays. In the present work the
T = v,m fo(980) and 7T — v,mae(980) reactions
are investigated[7].

In Fig. 3 we show the triangle mechanism to pro-
duce the f,(980) state via 7 — v, K*°K~ (K°K*~)
followed by K* — n~K and the posterior fusion of
KK . Similarly, the process producing the a,(980)

state is depicted in Fig. 4.

(a) v,
W

T T
(P)

(W] Ve
W

T T

Fig. 3 Diagram for the decay of 7= — vrn—7wta—.

The double line, labeled R, indicating the
KK — ntn— scattering amplitudes. The brackets
in figure (a) indicate the momenta of the

particles.
(a) Ve
W
T T
(b) Ve
W
T T
Fig. 4 Diagram for the decay of 7= — vy~ 70n.

We obtain that the M, terms cancel for the pro-
duction of f,(980) and add for the production of
a0(980). This is, the f,(980) production proceeds via
the N; term and the ay(980) production via the M,
term. Since 7~ f,(980) has negative G-parity and
7~ a0(980) positive G-parity, we confirm that the M,
term in the loop corresponds to positive G -parity and
the N; term to negative G —parity[3].
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For the production of 7~ f,(980)

S

C? 1 1 1
- (B.E,—3p*) 2
m,m, ( 3p>3(4ﬂ')2><
k2|tL|2g2‘2tK+K_,ﬂ'+ﬂ'_|2’ (]‘1)

Similarly, for the production of 7 ay(980)

11
ZZ’IS (E.E, +p)6(47r)2><
kQ]tL] P (12)

For 7= — v.m—wtw~ decay, the double differen-
tial mass distribution for M, (7t7~) and M, (7~ fo)
is given by

1 d2r _
F-r dan( 7f0)dan(7T+7T7) B

1 Y 2m. 2m, 9
W*k TV ZZW ;o (13)
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with
)\1/2 I:MIEIV( 7f0) 2 Mav( 7)]
2an( fO) ’
o= AL/ [m m, M2 (7 _fo)]
v om., ’
. A2 MG (ntm),mE, m2
A Lk R (14)

2M ()

Similarly, for the 7= — v, 7~ 7% decay, we can
get the double differential mass distribution for
M, (7°n) and M, (7~ ag).

In the calculation, the factor % =
107> MeV ™3
ing ratio of B(r — v, K*°K~) decay and thus we can

(2.10 + 0.40) x

is obtained by the experimental branch-

provide absolute values for the mass distributions.

The loop function in Fig. 3 (a) is given by

¢ _J‘ d3 1
P (27)3 Sugrwgrwi— 0

1

— Wi+ — Wg* +1

1 q-k
2
T ( " |k2>x

2
1

PO+ wp—

2P%p— 4+ 2Kwptr — 2(wp— + wiet ) (Wi

+ Wi+ — k0 PO — Wg—

0 max ) x
S (Gmax — )

+ Wit + Wier)

PO — Wi —wg—

with P° = M, (7 fy), wr- =@ +m%, wp+ =
(g +k)>+m%, and wgx =/q> + mi. ,

kO MI21V( 7f)+m _Mﬁv(ﬂ—+ )

2]\4mv( fO) ’
MR (r fo) 2 M ()]
zan( fO) ,
. Eg q-k q°
a ‘{[Minv(wwﬂ‘l Bt Ml wﬂ}’”"'

(16)

Similarly, we can get the triangle amplitude for
the m~a, case. Note that an ie in the propagators in-

volving wpg« is

In Fig. 5 we show the contribution of the tri-
angle loop, the real, imaginary and the absolute value
parts of ¢; as a function of M, (7~ R), with M,,(R)
fixed at 985MeV (R standing for f,(980) or ay(980)).
It can be observed that Re(tr) has a peak around
1393MeV, and Im(t7) has a peak around 1454MeV,
and there is a peak for |tr| around 1425MeV. The
peak of the real part is related to the K*K threshold
and the one of the imaginary part, that dominates for

T ) (15)

2

+1

[
the larger 7~ R invariant masses, to the triangle sin-
gularity. This triangle mechanism has the same origin
as the explanations for the COMPASS peak in
7 f0(980) that was initially presented as the new res-
onance “a, (1420)” 1],

10 L T T T T T T T T T ]
— D

8F ~-- Re(w)
- Im(n) /

/(107 MeV2)
o 3] EN N

1 1 1 1 1 1 TCp~--nq----
1200 1300 1400 1500 1600 1700
M, (n—R)/MeV

inv

Fig. 5 (color online)Triangle amplitude Re(t;),

Im(t,) and [t, |, taking M, (R) = 985MeV.

In order to give a branching ratio for what an ex-
perimentalist would brand as 7~ f,(980) or 7 a,(980)

decay, we integrate the strength of the double differ-

1 dr
Ir dMj, (7~ R)
in Fig. 6. We see a clear peak of the distribution

ential width and obtain which is shown



- 702 - IE R/ W %37 &
- 1.5 T T T T T T 1 dF _
2 T R=AO8D) I, dM,,(m-A)
= -~ R=a,(980) L 1 om.om _
£ 10 - T Y, D t1?, 20
S T @ am2 P> I (20)
& .
I with
5= 05
3 _ N2, m, M (nm A)]
. by = 2m7- )
0 - - T _
1200 1300 1400 1500 1600 1700 5= NV2 MG (™ A),m3, m3 ] (21)
M, (n-R)/MeV v 2M, (7 A)
Fig. 6 The mass distribution for = — v, 7~ R.

around 1423 MeV for 7 f3(980) production and
1412 MeV for 7w~ a(980) production.

dej(ﬁ over M, (m"R), we ob-
tain the branching fractions

Integrating

and p is the momentum of the 7 in the 7~ A rest frame.

We make predictions for invariant mass distribu-
tions. In Fig. 7 we show the mass distribution for
77 = v, b (1235) decay, with G-parity positive
b,(1235) state.

B(r™ = v, fo(980); f5(980) = wtm) = ~ M amy
(3.9+0.8) x 1074, E [ --- Phase space
B(t™ — v, ae(980); ao(980) — 7°n) = L 10k 4
(7.141.4) x 107°. (17) T
These numbers are within measurable range, 5 é 05hL 4
since branching ratios of 1075 are quoted in the PDG. %
3.3 Tests on the axial-vector resonances —IN Lo T S R S
1100 1200 1300 1400 1500 1600 1700 1800
Now in the 7 decays we firstly test the nature of M, (1=b,)/MeV
axial-vector resonances. The decays of 7 — v, mA re- Fig. 7 (color online)Mass distribution for 7= — v,77b;

actions, with A an axial-vector resonance, are invest-
igated[g].

The process proceeds through a triangle mechan-
ism where a vector meson pair is first produced from
the weak current and then one of the vectors pro-

(1235) decay.
In Fig. 8 we also show the mass distribution for
T~ = v, a,(1260) decay, with G-parity negative
a,(1260) state.

. . . 5 T T T T T T T T T T T
duces two pseudoscalars, one of which reinteracts with o a,(1260)
the other vector to produce the axial resonance. The E 4L --- Phase space .
G-parity is important to explicitly filter different ‘é -
states, and finally we obtain analytic formulas as fol- = 3 - |
low: s, L i
L2
a) G-parity positive axial states: 3 %’ -
1+ _
— c? 1 7 1 L
YD ltP= “G(ETEV—?)PQ)X U TN N
mam, (47) 600 800 1000 1200 1400 1600 1800
2 . e |2 M, (n—a,)/MeV
G |gawer| [ (KR (1) e
Fig. 8 (color online)Mass distribution for 7= — v-7~a1
b) G-parity negative axial states: (1260) decay.
— ) c2 1 1 o o s We also give the decay of 7 — v, KK,(1270).
ZZ i :meV (47)2 3 (B B, +p°) 9"k % The axial-vector resonance K;(1270) corresponds two
. 2 states, one of them at 1195 MeV coupling mostly to
‘gA,K*I_{tL(K K*) +2Dga prtr(pp)|” K ’ — Y
(19) m, and another one at 1284 MeV coupling mostly

The differential mass distribution for M, (7~ A)

is given by

to pK . Proceeding analogously to the previous cases,

we obtain:
a) K,(1) state:
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b C2 1 * Tk
D = G O M (R g e

11 o T 1,
5 {3 (ETEV+p)+6 (ETEV 3p )] ,
(22)
b) K,(2) state:
o 2 C2 1 2 1.2 2 2
ZZW :W(4W)29 K [to(pp)]” (V2)*
1 2 4 2
3 (B E, +p°) 3 [ (23)

Then in Figs. 9 and 10 and we get the differen-
tial mass distributions for M, (K~ K;(1270)) and
M (K~ K5(1270)) cases, respectively,

. 1.2 T T T T T T T T T T T T
§ R— | .
> ol (D ]
= Lo Phase space |
S 08t .
12 06F .
X L -
5[E 04 |
<t -
<02 . B
—‘l ~ I Lo-al” . f 1 L 1 L 1 L 1 L \\‘ ]
1200 1300 1400 1500 1600 1700 1800
M, (n=K,)/MeV
Fig. 9 (color online)Mass distribution for == —

v K~ Ki(1) decay.

_ 3 T T T T T T T T
N —K, (2
5| (@)
s - -- Phase space
S 2t i
%: L
5|E 1t -
= \
s ot \
—Is 0 1 s z 1 1 “'
1400 1500 1 600 1700 1 800
M, (n—K,)/MeV
Fig. 10 (color online)Mass distribution for =~ —
v K~ Ki(2) decay.
From the experimental branching ratio
B(r = v, K*°K*~)=(2.1+£0.5) x 107, we obtain

& =50x107* MeV~.

Then we integrate the differential mass distribu-
tions for different 7 — v, PA decay channels to ob-
tain the branching ratios, which are listed in Table 1.

The results show that these numbers are within
measurable range. It would be very interesting to
measure these branching ratios in the possible future
STCF large research facility.
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Table 1  The branching ratios for + — PA decays
B

h1(1170) 3.1x1073
a1(1260) 1.3 x 1073
b1(1235) 2.4 x 1074
f1(1285) 2.4 x 1074
h1(1380) 3.8 x107°

K1(1) 2.1x 1075

K1(2) 4.1 %106

4  Summary

In this talk I presented a novel study on 7 lepton
decays and the meaningful and interesting applica-
tions. Recently we proposed and developed the novel
algebraic approach to investigate the 7 decay process
by utilizing the basic weak interaction and angular
momentum algebra. In addition, the hadronic wave
functions of the mesons in the final states were not
taken into account which could be further investig-
ated in future studies. Finally we obtain the analytic-
al decay amplitudes for different PP,PV and VV pro-
cesses, which can relate the different decays and also
lead to a different interpretation of the important role
played by G-parity in these decays.

Then we apply firstly this formalism to explore
some interesting applications, such as polarization
amplitudes and final state interactions. We discuss
different polarization amplitudes, finding an interest-
ing result that one magnitude is very sensitive to the
« parameter, which makes the investigation of this
magnitude very useful to test different models BSM.

The scalar resonances f,(980) and a(980) and
axial-vector resonances h;(1170), a,(1260), b,(1235),
f1(1285), hy(1380) and K,(1), K,(2) are studied as
dynamically generated states and have been success-
fully tested in many reactions. We firstly test the
nature of these resonances in the 7 decays. The in-
variant mass distributions and branching ratios are
predicted, we find that these ratios are all within
measurable range.

The present work is of quite meaningful and in-
teresting, since it is closely connected with the future
large research facility STCF large research facility,
but currently the theoretical investigation is scarce on
7 physics. And more importantly, we open up a new
direction in the 7 decays to test the nature of many
interesting resonance states.
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