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Abstract: Tau 7~ is the most massive lepton. Therefore, it has several decay channels. Unlike other leptons, tau can decay
into hadronic and leptonic particles. In this article, we have studied the leptonic (t~ — v.£~¥;) and two-body hadronic
(t— — v.h™) decays of tau, where ¢~ represents the electron or muon, and /&~ refers to one of the mesons 7~ or K, in the
presence of a circularly polarized monochromatic laser field. Using the Dirac—Volkov formalism for fermions and that of
Klein-Gordon for mesons, we have analytically calculated the expression for the total width of the laser-assisted tau decay
at the lowest order. We have examined the variation of the total decay width, the multiphoton absorption and emission
process, as well as the branching ratios and lifetime as a function of the parameters that characterize the laser field. The
results show that the insertion of the laser field reduces the total decay width, and consequently extends the lifetime due to
the quantum Zeno effect. More importantly, we found that the application of a laser field with an appropriate frequency and

field strength alters the decay width by enhancing some decay modes and suppressing others.
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1. Introduction

The tau lepton t~ decays via a charged weak current.
Unlike other leptons, it can decay into hadrons such as
pions and kaons because of its high mass of
m; = 1.777 GeV. This heavy mass also allows decay in the
form of resonances. The tau lepton was discovered in 1974
by M.L. Perl and his team from the SLAC group (Stanford
Linear Accelerator Center) during their research on heavy
leptons and anomalous leptonic interactions, which con-
stituted a significant discovery for physics. In recognition
of this discovery, M.L. Perl shared the Nobel Prize in
Physics with F. Reines in 1995 [1]. Since its invention in
1960, laser technology has attracted great interest in the
scientific community due to its significant improvements in
intensity and pulse duration [2]. This fascination stems
from the discovery of previously unknown phenomena
resulting from the interaction between radiation and matter,
which has led to a better understanding of the atomic and
molecular structure of matter, as well as the behavior of
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high-energy particles and associated phenomena. It is now
widely recognized that lasers can modify the physics of
unstable particles [3]. Therefore, the study of the laser field
effects on the scattering and decay processes of high-en-
ergy particles is one of the main ways to obtain information
about them and to probe the internal structure of matter.
Several researchers have been interested in the decay of the
tau lepton in the absence of an external field. In 1971, Tsai
assumed the existence of leptons heavier than the muon in
his work that investigates the decay correlations of heavy
leptons in e™ +e~ — It + [~ [4]. In 1984, Gilman con-
sidered the calculation of exclusive decay modes of the tau
[5], and in 1986, Burchat treated the subject of decays of
the tau lepton [6]. Since the 1970s until today, the pro-
cesses of scattering and decay within an intense electro-
magnetic field have been studied in several works [7-9].
Recently, several studies have focused on laser-assisted
scattering processes, such as top-quark pair production by
electron-positron annihilation in a circularly polarized laser
field [10] and laser-assisted scattering of an electron by a
muon [11, 12]. In the context of decay, several works have
been published, such as laser-assisted muon decay [13],
laser-assisted pion decay [14], and the leptonic and
hadronic decay of the W~ boson [15, 16]. The one-meson

© 2024 TACS


http://orcid.org/0000-0003-4801-2142
http://crossmark.crossref.org/dialog/?doi=10.1007/s12648-024-03143-1&amp;domain=pdf
https://doi.org/10.1007/s12648-024-03143-1

R Chabhri et al.

tau decays have been studied lately in [17-21]. For its
leptonic decay modes, these have been addressed recently
in [22-24]. Regarding decay processes, a controversial
discussion arose in 2007 on the possibility that a laser field
could affect the lifetime of unstable particles. This began
when Liu et al. [13] carried out pioneering work, in which
they examined the effect of the laser field on the lifetime of
a muon when it decays in the presence of a linearly
polarized laser field. As a surprising result, they found that
lifetime was considerably reduced; exactly, from its normal
value of 2.2 x 107 seconds to 5 x 1077 seconds or even
less. This work was controversial and received criticism
and comments [25, 26], and was subsequently reviewed
twice more by other researchers [27, 28]. In this context,
we raised the following question. Can an external elec-
tromagnetic field really affect the lifetime of a particle and
contribute to its enhancement or reduction? To answer this
question, we carried out a series of theoretical studies of
the decay processes in the presence of a laser field in an
attempt to contribute to enriching the debate on this area of
research. The first unstable particle we studied was the
pion, in which we discussed this controversial debate in
detail [14]. Therefore, we agree that there should be no
effect of the laser field on lifetime. However, what we
emphasize, and what we have demonstrated through the
results obtained in a series of investigations, is that this
conclusion is valid only when we reach a number of
exchanged photons (called the cutoff number) that satisfies
the sum rule. The latter means that the lifetime summed
over all exchanged photons (the cutoff number) gives the
laser-free lifetime. On the other hand, as long as the
number of photons exchanged is smaller than the cutoff
number, which varies according to the laser field strengths
and frequencies used, the effect of the laser field on the
lifetime will be present. As theoretical physicists, until now
we do not know if there is a way to experimentally identify
and control the number of photons exchanged. We also
cannot know exactly how many photons the decay system
exchanges with the laser field at a given field strength and
frequency. The current work, which investigates tau decay
in a circularly polarized laser field, is part of a series of
studies we have conducted in an attempt to contribute to
enriching the debate on this area of research. The first
unstable particle we studied was the pion, in which we
discussed this controversial debate in detail [14]. This
paper focuses on the leptonic and two-body hadronic decay
process of tau 7, at the lowest order, in the presence of a
circularly polarized laser field, in the framework of the
electroweak theory. We analyzed the simultaneous varia-
tion of the total decay width as a function of electric field
strength and laser frequency. We also examined the multi-
photon process and presented the branching ratio (BR)

results of the different decay modes as well as the tau
lifetime. The main objective of this work is to explore the
impact of the laser field on the total decay width of tau
from a theoretical point of view. To do so, we studied the
behavior of the tau lifetime and branching ratios as a
function of the parameters that define the laser field, such
as the electric field strength, the frequency and the number
of photons exchanged. The next sections of this paper are
organized as follows: Sect. 2 deals with the detailed ana-
lytical calculation of the total lepton and two-body
hadronic decay width of tau in the presence of a circularly
polarized laser field. In Sect. 3, we present the numerical
results obtained for the total decay width, the multiphoton
process, the branching ratios and the tau lifetime. Finally,
in Sect. 4, we briefly summarize our conclusions.
Throughout our study, we use natural units (7 = ¢ = 1), we
choose the Livi-Civita tensor such that €y23 = 1, and we
use the Minkowski metric tensor
g =diag(l,—1,—1,—1).

2. Theoretical framework

This section is devoted to the analytical calculation of the
partial decay width of tau t~, which is one of the most
important quantities in decay processes. In general, tau 7~
can decay into several leptonic (e”,u~) and hadronic
(n~,K~,..) channels. However, these decay channels are
different in terms of decay width. Indeed, we first calculate
the expression of the partial decay width in the case of
leptonic channels. Then, we calculate its expression in the
case of two-body hadronic channels inside a strong circu-
larly polarized electromagnetic field.

2.1. Leptonic decays of the tau 7~

We consider the leptonic decays process of tau T~ into two
leptons ¢~ = (e™, p7). It is expressed as follows:

T (p1) = velki) + € (p2) + ve(ka), (1)

where ¢~ can be an electron or muon, and the arguments
are our labels for the associated four-momenta. The lep-
tonic decays of tau v~ are described in the framework of
the standard model by the Feynman diagram illustrated in
Fig. 1.

In the presence of the electromagnetic field, the transi-
tion matrix element S associated with the decays of tau 7~
into leptons (e, u~) is written as [29]
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Fig. 1 Lowest order Feynman diagram for the leptonic decay of tau
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where g is the electroweak coupling constant and Wy, (x —
y) is the W~ -boson propagator given by [29]:

d4q efiqA(xfy) quqy
Wty =i [ LI ]
e =) /(2n)4q2_M%V ] ®

The four-momentum of the W~ boson propagator is
represented by ¢, while its rest mass is given by My. We
warn the reader here that the contributions from the
longitudinal W-polarizations (g"q" /M%V terms in Eq. (3))
are extremely suppressed and numerically irrelevant and
are retained in all subsequent expressions only for the sake
of completeness. We consider that the decay of tau t occurs
inside a circularly polarized laser field. The classical
quadri-potential of this laser field is expressed by A*, such
that:

A*(¢) = dl cos ¢ + db sin ¢. (4)

The variable ¢ represents the phase of the laser field,
defined as ¢ = (k.y). The two four-vectors, a; and a,, are
chosen such that they are orthogonal, with af =
la(0,1,0,0) and dj =|a|(0,0,1,0). This orthogonality
property is  characterized by the  condition
ay-ay; =ap-a; =0. Moreover, the squared norm of
these 4-vectors is given by a? = a3 = —|a|* = —(&/w)?,
where &, represents the electric field strength and w its
frequency. We assume that the quadri-potential satisfies the
Lorentz gauge condition, k,A* =0, which means
(k-a1) = (k-ap) =0, indicating that the wave vector k

is chosen to be along the z-axis. Due to its large mass and
to the electric field strengths considered here, the tau 7 is
much less affected by the laser field than the other leptons
¢~ = (e”, ). Therefore, the lepton 7~ is described by a
Dirac free wave function as follows:

Ve () = % x el 5)

where u(py,s;) represents the bispinor for the free lepton
T with 4-momentum  p, and spin 81
satisfying >_, u(p1,s1)u(p1,s1) =p, + m.—.  The  Dirac—
Volkov function ,(y) normalized to the volume V
represents the state of the lepton ¢~ in the external
electromagnetic field. The form of this function for a
circularly polarized laser field is [30]:

e

u(pa, $2) iS(gow
k.p2) BA| oy x et (6)

V20,V

vely) = [1+ 5
with

S(q2,y) = —q2 -y — %Sin(dﬂ + %COS(M
(7)

The electron charge is denoted by e = —|e|. The effective
four-momentum of the lepton £~ acquired inside the laser
field is defined as ¢» = (0>, q,), where Q, is the effective
energy and q, is the momentum vector. It is obtained from
the corresponding free momentum p, via the relation
g» = pr — e*a®/(2(k - p2))k, where k is the wave four-
vector of the laser field. We have
G=pi-ed=m —ea>=m? where m; is the
effective mass of the lepton considered. The tau neutrino
v, and the anti-neutrino v, are considered as massless
particles, with a four-momentum k; and spin #;. The Dirac
free wave functions that describe these particles are given
by:

u(ky, 1)

— —i(k;-x)
x) = X e ,
lpvf( ) \/ﬁw (8)
vik2,12) itk
Y5, () = x e

where u(ky, 1) and v(k,, 1) represent the Dirac bispinor for
the free neutrino and antineutrino with 4-momentum k;—; »
and spin liz12, respectively, satisfying
S ulkn t)alky,t) =k and Y, v(ka, t2)0(ka, t2) = Fo. By
inserting Eqs. (3-8) into Eq. (2) and after some algebraic
manipulations, we find
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X [ﬁ(kl,tl) (1 = ~P) u,(pl,sl)] X

[(k1—p1—q).2]

(9w
q% — M, 5‘/

eilk2+q).y—S(az,y)]

w q/th/]Wav) (9)

x [a(p2,52) (14 Clp2) dyRcos(@) + Clp2) doksin(@)) 77 (1= 7%) vlkz, ),

where C(p;) =e/(2(k-p;)). Now we can transform the
exponential term in Eq. (9) by introducing the two
quantities z and ¢, such that:

Br+ B3 o = arctan(B,/By),
pr= el g (p) "
(k- p2) (k- p2)

We get the expression as follows:

(k2 +q) -y —S(q2,9) = (k2 + g2+ q) - y — zsin($ — ).
(11)

As a result, the S-matrix element S;; becomes:

2
Sp(t™ = vl ) = W/W
ilki=p1=q)4] gil(ka+q2+q)¥]

/s / #
7 —M2w
x [ﬁ(p27sz) (A()#-i-/\]ﬂcos(gb) + Ay sin(¢)) v(k27t2)]7

(12)

where the three quantities Ag,, A1, and Ay, are given by:

[ i(ky, 1) pH(1 *“/S)u(pl,sl)] oizsin(9—ay)

Qv
AO[J, = '7u(1 - 75) ]\tjg (1 - )7
Al,u = C(p2) ?il%('yu(l - '75)

A2;¢ = C(P2) ¢2% (’Yu(l - 75)

%”v”(l 7)), (13)

.9 5

Using the Jacobi-Anger identity [31], we can convert the
spinorial part of Eq. (12) into terms of the functions B, (z),
B, (z) and By, (z), the latter being expressed in terms of the
Bessel functions J,(z) as follows:

+00

e—izsin(¢p—y) _ Z B,,(z)e_i"d)7 (14)
N +00 .

cos(¢p) e inlé=d) = Z Biu()e ", (9

sin(gp) e~ (=0 Z By, (z)e ™, (16)
with
Bn(Z) Jn (Z)Cin(bo
By,(z) | = (JnH(Z)ei(rH—l)% +Jus (Z)ei(n—1)¢o)/2
B1,(2) (Jus1 ()& D90 — J,  (2)ei=D0) /2i

(17)

where z is the argument of the Bessel functions given in
Eq. (10) and n, their order, is usually interpreted as the
number of exchanged photons [32]. Applying these
transformations in Eq. (12), Sy becomes:

+o00 2

- g
St = v lTVy) =
il D=2 3 16K7K3p0 0,V

n=—00

/d4 /d4 i[(ky—p1—

[ i(ki, 1) (1= )u(Pl,Sl)}

9)x] gil(ka+ga—nk+q)-y]

o M%v
(P2 52) (AoBi2)

+ AyBi,(z) + AyBoy (Z)> v(ka, 12)} )
(18)

where g%/8 = GF M2 /\f with  Gr = (1.166 37 +
0.000 02) x 107> GeV 2 is the Fermi coupling constant
[33]. Integrating over d*x, d*y and d*q, we get:

+00
Sp(t™ = vl V) = >
\ e (19)
Gr My, (2m) 3 (ky + g2 + ky — p1 — nk) x M,

V2 V16K0K3p0 0, V4

where the quantity M}i is defined as follows:
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1
(k2 + g2 — nk)* — M3,

[ikr10) 9(1 = 3°) u(pi,s0)
X [ip2,52) (AouBa(2) + AuBua2) + AzBau(2)) vike,t2)|.
(20)

n

G =

The decay width of tau t~ is determined by multiplying the
square of S; by the phase space and per unit time T,
summing over the spins of the outgoing leptons (¢~ v, V)
and averaging over the spin of the incoming tau t~. The
laser-assisted leptonic decay width of tau v~ is given by:

3 3 3
't > vl v = : /‘(/: ;]2 /‘(/j ];32/‘(/;1 ;21 |S_ﬁ‘2
T T T

+o0o
= Z It~ — vl ),

n=—0o0

(21)

The summation of the photon number n in Eq. (21) from
—o00 to +oo is mathematically introduced by ordinary
Bessel functions to solve certain transformations, as shown
in Egs. (14-16). So there are two cases for the number n:
either it is negative, indicating photon emission, or it is
positive, which indicates the absorption of photons. In
order to calculate the leptonic decay width resolved by the
number of exchanged photons I'(t~ — v 0~ V), we
proceed by inserting the expression of > 7 |./\/lj'fi|2
(23) into Eq. (22). We use the formula below to evaluate
the integration over d3k; and d*k, [29]:

Vdk, [ Vd*k .
P Tt ki ko 6tk ko — (pr — k
/ 2 / a0 K kg (ki ke = (p1 = g2+ k)

=51 {(Pl — g2 + k)’ gup

+ 2(]’1 —q2 + nk)%(Pl —q2 + nk)/;:| .

(25)
where the leptonic decay width resolved by the number of ally. (o - . )
photons, I'"(t~ — v.£~ v;), is defined by: Finally, I"(c” — ve¢"¥;) can be written as:
2 aph 2
. - GF M4 d3q2 Plo [Pk T —vly) = oMy T
r (‘L‘ — vl V({) 0 | A0 192 (27‘()5 pO
(2n)’ p9 2ky ) 2k : (26)
T Qomax
8k + ko — (1 — g2 + k) [ [ s lasf sino) a0 <y,
0 Jm: ’
ni2 ¢
x 2D IMGF, o
512 1y where the quantity [Hz|” is written as:
(22)
where
ki kQﬁ a (1 _ AB Vi1 _ AP
Zzw =T b I Te [y 7#(1=4%) (p, +mr)r” (1 =)
< Tr[(p, + me) (AouBa(2) + AuBia(2) + AzuBan(2)) 77 (A0B3 () (23)
+ A1Bi,(2) + A2 B3, (2) |.
In Eq. (23), the three quantities /i()v, /ilv and KZV are
expressed by:
Aoy =7,(1=7°) = et nki[(zb t - i)y (1 =4,
- ko + g2 — nk), (ks + g2 — nk
By = Clo) (11 =) - B2t £ =00y ) (24)
- ko + gz — nk)y (ko + g2 — nk),, :
Ry = Olp) (o1 %) — ot 0 lla e =00y o) g,
w
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Fig. 2 Lowest order Feynman diagram for the two-body hadronic
decays of tau: T — v.h~
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leptonic and hadronic currents, which can both be
expressed as follows:

jL(y) :l//r(yvt)'y,u(l 7y5)lpt',(y7t)a (31)
and
Th-(0) = iV2 fir b5 Y- (), (32)

where f;- = f; = 90.8 MeV and f,- = fx = 24.9 MeV are
called, respectively, the decay constants of the charged
pion ©~ and kaon K~ [29]. To be clear, this choice in the
values of the pion and kaon decay constants is such that:
V2fy =~ FrlVia| and V2fx ~ Fk|Vis|, where F,p =~ 130
MeV, Fkx ~ 155 MeV and the CKM matrix elements
Via = 0.97417 and V,; = 0.2176 [35]. The tau 7~ inside

{(Pl — g2+ 1k)?gap + 2(p1 — g2 + 1k)a(p1 — g2 + nk)ﬂ}

(27)

+ AB1a(2) + A2,B2n () 77 (R0Bi(=) + M Bl (2) + 8, B3, (2) |-

In a particular case, using the same steps, the leptonic
decay width of the tau t~, in the absence of any external
electromagnetic field, is written as follows [4-6, 34]:

GZ‘ 5 ‘
I(z —>vfl’\7é):1;2n;g xf(%), (28)

where F(A) =1 —8 A +8 A® — A® — 12 A* In(A?).
2.2. Two-body hadronic decays of the tau 7~

We will now consider the decay process of tau t~ into
neutrino v, and hadrons 4~, which is illustrated as follows:

T (p1) = velp2) +H(p3), = (0, KT) (29)

where A~ can be a pion or kaon, and the arguments are our
labels for the associated four-momenta. The two-body
hadronic decays of tau T~ are described in the framework of
the standard model by the Feynman diagram shown in Fig. 2.

The two-body hadronic decays process of tau in a cir-
cularly polarized external electromagnetic field is a weak
interaction process, its classical quadri-potential A* is
described by the same formula given in Eq. (4). In the first
Born approximation, the Sj-matrix element for the laser-
assisted two-body hadronic decays of T~ can be written as a
product of two currents such that [29]:

Syt — veh) = ‘\g / &y TH0) T (30)

The two currents J,(y) and J-(y) are, respectively, the

the laser field is described by the relativistic Dirac—Volkov
function normalized to the volume V such that [30]:

where
iy (a1 -p1) . (a2 - p1)
S(q1,y) =—q1-y—e &-p1) sing + e k1) cos ¢.

(34)

The four-vector ¢g; = (Q1,q;) is the effective four-
momentum that the tau t~ acquires in the presence of an
external electromagnetic field,

e’a’

(T K-, 35
ql pl 2(]( . Pl) ( )
while the zero component Q; is its effective energy. The
square of this effective four-momentum is given by:

qlzzplz_ezazzm%_ezazzm*z (36)

T

where m is the effective mass of tau. Inside the laser field,
the charged pion and kaon are described by the Klein-Gordon
equation of a charged scalar (spinless particle) coupled to an
electromagnetic field," which is given by [36]:

! The effect of the laser field on the tau lifetime and branching ratios
studied in this paper is more significant at low frequencies, where the
point-like approximation for the pion/kaon is best justified.
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(@0 — e A =y |- () = 0, (37)

where my,- = (m,- or mg-) is the rest mass of the charged
pion or kaon. From Eq. (37), we can obtain the following
wave function:

1

l//h* (y) = \/ZQT X e*iS(t[}.y) ) (38)
where
S(q3.9) = —q3 -y — Msin(<15) + MCOS(@-

’ ) (k- p3) (k-p3)

(39)

The quasi-momentum g3 = (Q3,qs3) and the effective mass

my,-, are expressed by:
2.2
ca 2 2 2 2

3 py) ko om_, =m_ —ea. (40)
The outgoing tau neutrino v, is described by a Dirac free
wave function given in Eq. (8), with a four-momentum p,
and spin s;. By inserting Eqgs. (31) and (32) into Eq. (30)
and substituting wave functions, we find that the S-matrix
element S for the laser-assisted two-body hadronic decays
of 77 can be written as:

q5 = ph —

*

Gr fi-
202

f (2n)*s? (p2+ a3 — q1 — nk)
V01p303V3

where the quantity Mh” is defined by:

Si(tT = vhT) =

(44)

h
x Mg,

n=—0o0

M = [g(pz,sz) (Ao B, (z1) + A1 Bi(z)

+A; an(Zh))u(Pl,Sl)} ,
where

A0 = pg(l - A/5)a

Ar = C(p1)p,(1 = 7°)kah, (46)
Ay = C(Pl)lﬁg(l - 75)%0/2-

To calculate the two-body hadronic decay width of tau in

the presence of an electromagnetic field, we follow the
same procedure as for the lepton decay width. We obtain

+00

S T — ), (47)

n=—00

Fh(‘L'_ — Vrh_) =

where the two-body hadronic decay width resolved by the

i(S(ﬁsf‘/)—s(Q:sJ/)'FPZl/)
Splr™ = voh) =S I [y —
2v2 V@Q1p3QsV? (41)
x [P, 52)7(1 = 47) (1 + Co1)kgh cos(@) + C(p1)kak sin(6) Julp,s1)| b,
where C(p,) =e/(2(k-p1)). Now, we will transform the  number of photons, I';(t~ — v;h™), is defined by:
exponential part in Eq. (41) by introducing the two 2 3 3
quantities z; and ¢y, such that: Iyt~ — vh™) G ff" /d a3 /d p2
(a1-p1) (a 'P3)>2 ((az 1) (@ 'P3))2
= - + - , ot —q) —nk 48
“ \/( G &) ) G Q’”‘” a1 = k) “8)
. (a2 p1)(k-p3) — (a2 - p3) (k- p1) X = | M2,
o = rean (G S (ar- ok 1)) ZZ
(42)
where *pr+as—qr—nk) =8 (py + a3 — q,—
We get nk)é(pg +03—-0; — nw) After integrating over d’p,,
S(q1,y) = S(g3,y) +p2-y =2+ a3 — q1). @ get:

Y =z sin(¢ — oy).-

Therefore, the S-matrix element Sy becomes:
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8(2m)° 04
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0sp)

AS St

ST 8

S(PI+ 03— Q1 —nw)  (49)

We use the relation d3gs = |qs)* d|qs| dQ,, where

dQ,- = Ozn do [y sin(0) dO is the solid angle associated
with the charged pion or kaon. The remaining integral over
d|q;| can be evaluated by using the usual formula [29]:

_FO»)

with  G(|qs]) :pg + 03 — 01 — nw.

Thus, we get:

_GEfE [T lasl® sin(0) 40
16701 Jo 0319 |G'(las])]

Lt —vh)

1 51
w — Mh.n 2 ,
2;%:' A
where P = Il = lay — a3 + nK| and
03 = y/|as|* + m;2. The absolute value of G'(|qs|) is

obtained from the first derivative of G(|q;|) with respect to
|q3]. It is given by:

IG'(lqs1)]
e’a’
- |q3] — wcos(0) x <n—m)
2 2 N
2 e‘a ) e‘a
\/‘13 — 2wlqs]| cos(0) x (” _W> + (" —m>
+ |gs]
4[> + mj?
(52)
and

Ao = p, (1 -7,
Ay = Cp)gikp,(1 =77, (54)
Ay = C(p1)abkp,(1—7°).

In the absence of the electromagnetic field, the two-body
hadronic decay width is given by [5, 6, 34]:

2
[(t7—vh )= G Jir m3(

2 (2
mh,
I (1 ) (55)

2
my

2.3. Lifetime and branching ratios

In the previous subsections, we developed theoretical
expressions for the leptonic and hadronic decay widths
under the influence of a circularly polarized laser field. The
inverse of the total decay width, called lifetime, is the most
important quantity that depends on the decay widths. The
total decay width of the tau lepton 7~ is the sum of the
leptonic and hadronic decay widths. Therefore, the lifetime
of the tau lepton in the presence of an electromagnetic field
can be expressed as follows:

1

T T (56)
where
i =T — vl %) +T (" — v, + Hadrons).

(57)

I'(z~ — v.£7v,) is the laser-assisted leptonic decay width
of tau given by (21) and I'(z~ — v, 4+ Hadrons) represents
the sum of all the laser-assisted two-body hadronic decay
widths of tau t~. That is:

IF(tm = vl v) =TT = vee V) + T (77 — vt V),
I'(t™ — v; + Hadrons) = I', (1™ — v:h")
+ I'(z~ — Other modes),

(58)

where I'(t~ — Other modes) is the sum of the decay

% Z Z ‘M}fl;le :% T‘I‘[pg <AO Bn(zh) + A1 Bln(zh) + A2 B2'VL(Z1L)) (pl + m'r)

s1 82

(53)

x (B0 Bj (1) + A1 Bi, () + B2 Bi,(an) )|

with

widths that correspond to the other channels and I'(z~ —
v.h™) is the laser-assisted two-body hadronic decay width
given by (47), its expression is:
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Table 1 Numerical values, in natural units, of the physical constants
and masses [33]

Constant  Value Constant  Value

me 0.511 x 1073 GeV Gr 1.16637 x 1075 GeV~2
Mw 80.379 GeV my, 0.10566 GeV

m; 1.777 GeV My 0.13957 GeV
e=—le|] —8.542454 x 1072 mg 0.4937 GeV
I't"—=vh)=Tt —v+n)+T(t" —=v,+K).

(59)

After giving the definition of the lifetime, we can establish
the branching ratios for the different decay channels of the
tau lepton (t7) under the influence of an electromagnetic
field using the following definitions:

BR(t— — vt 7y) = L= Vel TT0) 0
— ) -\ e Y ( )
(T V€ vy v ,
total
BR(‘Lf — hf) = M (61)
T Il ’
total
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Fig. 3 Laser-assisted differential partial decay width dI""/d0(z~ —
vel~vp)/T; (26) and AT /dO(z~ — v.h~)/T; (51) as a function of the
number of exchanged photons n for different values of &, and Aw,

I'(t~ — Other modes)
I't, '

total

BR(7t~ — Other modes) =

(62)

The experimental values of the lifetime and branching
ratios in the absence of the electromagnetic field are given
as follows [33]:

- =(2.90340.5) x 1075,
BR(t™ — v.£7 ) = (3521 £0.04)%,
BR(t™ — v;h™) = (11.51 £ 0.05)%,
BR(z~ — Other modes) = (53.28 £ 0.09)%.

3. Numerical results and discussion

After the theoretical calculation of the tau decay to the
leptonic and hadronic modes in an intense external elec-
tromagnetic field, we will now discuss and analyze the
different numerical results obtained. We note here that the
various integrals and traces given in Egs. (26), (27), (51)
and (53) were calculated numerically. Similarly, the fig-
ures presented in this section are obtained using Mathe-
matica software and FeynCalc-9.3.1 package [37, 38]. We

E] : '. . §&=10" Vicm
§=7x10° V/icm
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(T v+ h)

dr’/dé

0.0005

oy . ' Y “ " e \' .
0.0000 _J—\--h-—JM ".a" I LT Y '9 L._.g_._‘__
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Number of exchanged photons n

choosing the spherical coordinates such that ¢ = 0° and 0 = 90°. The
other parameters are: a and ¢ & = 107 V/cm; b and d o = 1.17 eV
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Electric field strength[x10* V.cm™']

0.5 1.0 1.5 2.0
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Fig. 4 Variation of the total decay width I'f, ,;/T"; (57) as a function

of the electric field strength &, and frequency. The number of
exchanged photons chosen is n =+ 5

will discuss the effect of each laser parameter (frequency
and electric field strength) on laser-assisted partial differ-
ential and total tau decay widths, branching ratios and
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lifetime. The different numerical results are obtained in the
natural unit system (A =c=1). We give the various
numerical values used in our program in Table 1. Note here
that we have adopted, for the electric charge e, a conven-
tional notation in natural system units that sets |e| = /o
(with o ~ 1/137 is the fine structure constant), and this
should not cause any confusion.

We begin our discussion by analyzing the variations of
the laser-assisted partial differential decay width
dr'/do(z— — v, £~ v)/T;  (26) and dI'"/dO(z~ —
v h~)/T; (51) as a function of the number of exchanged
photons n (emitted for n <0 or absorbed for n > 0) in order
to introduce the notion of cutoff for different frequencies
hw and electric field strengths ¢&,.

Figure 3a, c show the laser-assisted partial differential
decay width dI'"/d0(z~ — v, £~ v,)/T. (26) and
dI/dé(z~ — v, h™)/T; (51), respectively, for different
laser frequencies Nd:YAG (fiw = 1.17 eV), Ti:sapphire
(how = 1.54 eV) and He:Ne (hw =2 eV) with a fixed
electric field strength at 107 V/cm. We observe that the
envelopes are symmetric with respect to n = 0 and that the
partial differential decay width becomes zero for a cutoff
number. It also appears that all spectra are symmetric
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Fig. 5 The branching ratio behavior as a function of the electric field strength ¢&,, for different numbers of exchanged photons. (a) for
BR(t™ — v.£7 V), (b) for BR(t~ — v;A™) and (¢) for BR(t~ — Other modes). The laser frequency is iw = 1.17 eV
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Table 2 The numerical values of the tau lifetime .- (56), as a
function of the electric field strength &, for three numbers of
exchanged photons n

& (Vem™)  Tau lifetime 7.~ (s)
S5<n<+5 20<n<+20 =50 < n <450

10! 2.903 x 10713 2.903 x 10713 2.903 x 10713
10? 2.903 x 10713 2.903 x 10713 2.903 x 10713
103 2.903 x 10713 2.903 x 10713 2.903 x 10°13
10* 2,903 x 10713 2,903 x 10~3 2.903 x 10713
10 2.950 x 10~ 2.903 x 1013 2.903 x 10~13
10° 4142 x 10713 3.164 x 10713 2952 x 10713
107 5.285 x 10713 4.825 x 10713 4216 x 10713
108 5.431 x 10713 5385 x 10713 5.295 x 10713
10° 5.447 x 10713 5442 x 10713 5.433 x 10713
1010 5.448 x 10713 5448 x 10713 5.447 x 10713
10" 5.449 x 10713 5449 x 10713 5.448 x 10°13
10'2 5.449 x 10713 5449 x 10713 5.449 x 1013

The laser frequency is fixed at i = 1.17 eV

envelopes with respect to the positive and negative sides,
which means that the photon absorption (n > 0) is equal to
the photon emission (n<0). The cutoff number can be
explained by the properties of the Bessel function, which
decreases when its argument (z) is close to its order (n). We
also note that there is an inverse proportionality between
the number of photons exchanged and the laser frequency,
which means that if the frequency increases, the number
exchanged of photons between the decay process and the
laser field decreases. For example, the cutoff numbers are
approximately n = £150, n = £90 and n = %55 in the
cases of hiww =1.17 eV, howo = 1.54 eV and hicw =2 eV,
respectively.

In Fig. 3b, d, we present the same decay widths of tau
for a fixed frequency of 1.17 eV and for different electric
field strengths. It is observed that a direct proportionality
appears and that the number of exchanged photons
increases with an increase in the electric field strength. We
can read from these figures that the numbers of exchanged
photons are approximately n = 80, n = £110 and n =
+155 for the cases of &, = 5 x 10° V/em, & = 7 x 10° V/
cm and &, =107 V/cm, respectively. The coupling
between the particles involved in the tau decay process and
the laser field depends on the argument z (and z;)océy/w?.
Thus, an increase in the electric field strength or a decrease
in the laser frequency will result in an increase in the
“cutoff” and an increased exchange between the decay
process and the laser field. It is important to note that the
partial decay width of tau is influenced by the laser field.
We will now investigate in Fig. 4 the simultaneous
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Fig. 6 Laser-assisted tau lifetime 7,- (56) as a function of the electric
field strength &, for three frequencies: hw = 0.117 eV(CO; laser),
how = 1.17 eV(Nd:YAG laser) and 7w = 2 eV(He:Ne laser). The
chosen number of exchanged photons is n = £ 50

dependence of the laser-assisted total width I'f,,/T; (57)
on different values of the electric field strength &, and
frequency 7w, for the same number of exchanged photons
n==>5.

We obtain contour-plots that reinforce the results of
Fig. 3. They show that the total decay width decreases with
the electric field strength and increases with the laser fre-
quency. To be more precise, we emphasize here that the
choice of a certain number of photons and the truncation of
the sum over this number is a random choice to give an
illustrative result of the effect of the laser field on the
measured quantities, since we cannot know exactly how
number of photons the decaying system actually exchanges
with the laser at a given field strength and frequency.

In the next part, we will discuss another important
quantity, which is the branching ratio of the different decay
modes. Figure 5 illustrates the variation of BR(z~ —
v.l~vy) (60), BR(t~ — v:h") (61) and BR(z™ —
Other modes) (62) as a function of the electric field
strength &, for different numbers of exchanged photons.

We find that, for low electric field strengths
(10 — 10* V/cm), the BR curves do not change and remain
constant, whatever the number of exchanged photons. In
this case, the BRs are equal to BR(t™ — v.£~ ) = 0.35,
BR(t™ — v;h") =0.11 and
BR(z~ — Other modes) = 0.53, which are the same as
without laser field. Above the threshold of 10° V/cm, we
observe that the leptonic branching ratio BR(t~ — v.£~ V)
and the hadronic one BR(t~ — v.h™) start to decrease
until they reach a value close to 0. On the other hand, the
branching ratio for the other hadronic modes
BR(t~ — Other modes), which is the most probable in the
absence of the laser field, starts to increase until it reaches a
value close to 1, for an electric field strength of 10° V/cm.
Regarding the dependence on the number of exchanged
photons, as n increases, the improvement degree in the case
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of Fig. 5c and the suppression degree in Fig. 5a, b is
delayed. It is reported that the laser field helped to enhance
the (t— — Other modes) to be more predominant and to
reduce the decay modes (1~ — v.¢~v;) and (t~ — v;h7),
which are attenuated and reduced. The results also show
that the three branching ratios are complementary because
their sum equals 1. Therefore, an increase in the branching
ratio BR(t~ — Other modes) will be compensated by a
decrease in the BR(t~ — v.£~¥;) and BR(t~ — v;h7).

Now, let us examine how the lifetime is affected by the
laser field. In Table 2, we illustrate the behavior of the tau
lifetime 7.~ given by Eq. (56) as a function of the electric
field strength &, for three numbers of exchanged photons.
From this table, we can see that, for low fields, the lifetime
remains unchanged from its value in the absence of the
laser field. When we increase the electric field strength &,
the lifetime of the tau also increases. This effect is most
visible when the electric field strength exceeds a given
threshold, namely 10° V/em for —5<n <45, and
10° Viem for —20<n <420 and —50 < n < +50.
Regarding the effect of the number of photons exchanged n
on the lifetime of tau, we observe that when » increases, the
impact of the laser field on the lifetime of tau decreases,
until a given threshold is achieved where the influence
disappears. However, due to our limited computational
capabilities, we cannot sum over a high number of photons
to include this result. These results are comparable to those
found in other studies, such as the two-body top-quark
decay in a circularly polarized laser field [39], two-body
hadronic kaon K* decay in a circularly polarized laser field
[40], and the leptonic and hadronic decay of the boson W~
in the presence of a circularly polarized laser field [15, 16].
To understand these results, we refer to the Turing paradox
discovered in 1954 by Alan Turing. This phenomenon was
reformalized in 1974 by Degasperis, Misra et al. They
called it the quantum Zeno effect [41]. It means that the
coupling to a laser field acts as a kind of measurement and
that the repeated application of measurements blocks the
evolution of the decay. It was not until 1989 that the Zeno
effect was observed experimentally with laser-cooled ions
trapped by magnetic and electric fields [42].

In addition to the effect of the number of exchanged
photons n and the electric field strength on the lifetime of
the tau 7.-, we will also explore the dependence of the
lifetime on laser frequency. In Fig. 6, we have represented
the variations of the tau lifetime 7.~ as a function of the
electric field strength &, for three different frequencies:
how = 0.117 eV (CO, laser), ho =
1.17 eV (Nd:YAG laser) and 7w =2 eV (He:Ne laser).
All graphs were plotted with a fixed number of exchanged
photons equal to £50.

We observed in Fig. 6 that the laser field globally
increases the lifetime of tau for very high electric field
strengths (&, > 10® V/cm). This increase in lifetime is
expected and acceptable because the lifetime is inversely
proportional to the total decay width of tau Iy . For
example, for the same frequency 7Am = 0.117 eV, the
lifetime of tau has increased from 2.903 x 10~"3s to
5.449 x 10~ "3s. It is important to note that the tau lifetime
7.~ also depends on the laser frequency because the effect
only appears at certain electric field strength threshold
values. Moreover, this threshold value increases as the
laser frequency increases. For example, it is 10° V/cm for
the CO, laser and 10° V/cm for the Nd:YAG and He:Ne
lasers. This means that the effect of the laser field decreases
at higher frequencies.

4. Conclusions

In this paper, we have theoretically investigated the lep-
tonic and hadronic tau t~ decay assisted by a circularly
polarized laser field. We have presented analytically and
numerically the total tau decay width, branching ratios and
lifetime. We have observed that the laser field contributed
strongly to the reduction of the total decay width of tau,
which significantly extends the lifetime of tau. In addition,
the laser field enhanced the decay mode
(t— — Other modes) to be more dominant and suppressed
the two decay modes (1~ — v.£ ;) and (v~ — v;h7),
which were attenuated and reduced. Finally, we hope that
the results presented here will contribute to paving the way
for possible future experiments, in parallel with the rapid
advances that laser technology has recently achieved.

References

[11 M L Perl and F Reines The nobel prize in physics
(1995).  https://www.nobelprize.org/prizes/physics/1995/advan
ced-information

[2] J W Yoon et al. Optics Express 27 20412 (2019)

[3] A Di Piazza, C Miiller, K Z Hatsagortsyan and C H Keitel Rev.
Mod. Phys. 84 1177 (2012)

[4] Y-S Tsai Phys. Rev. D 4 2821 (1971)

[5] F J Gilman and S H Rhie Phys. Rev. D 31 1066 (1985)

[6] P R Burchat Stanford Linear Accelerator Center 17 17075948
(1986)

[7]1 A V Kurilin Il Nuovo Cimento A 112 977 (1999)

[8] T A Obukhov, V K Perez-Fernandez and V R Khalilov Sovier
Phys. J. 30 383 (1987)

[9] V Ritus Sov. Phys. JETP 29 532 (1969)

[10] R Chahri, S Mouslih, M Jakha, B Manaut and S Taj Laser Phys.
Lett. 20 026002 (2023)
[11] W-Y Du, P-F Zhangy and B-H Wang Front. Phys. 13 1 (2018)


https://www.nobelprize.org/prizes/physics/1995/advanced-information
https://www.nobelprize.org/prizes/physics/1995/advanced-information

Tau decay in a circularly polarized laser field

[12] L Bai, M-Y Zheng and B-H Wang Phys. Rev. A 85 013402
(2012)

[13] A-H Liu, S-M Li and J Berakdar Phys. Rev. Lett. 98 251803
(2007)

[14] S Mouslih, M Jakha, S Taj, B Manaut and E Siher Phys. Rev. D
102 073006 (2020)

[15] M Jakha, S Mouslih, S Taj, Y Attaourti and B Manaut Chin.
J. Phys. 77 1156 (2022)

[16] S Mouslih, M Jakha, I Dahiri, S Taj, B Manaut and E Siher
Phys. Scr. 97 045306 (2022)

[17] V Cirigliano, A Falkowski, M Gonzalez-Alonso and A Rodri-
guez-Sanchez Phys. Rev. Lett. 122 221801 (2019)

[18] S Gonzalez-Solis, A Miranda, J Rendon and P Roig Phys. Lett. B
804 135371 (2020)

[19] M A Arroyo-Urena, G Hernandez-Tomé, G Lopez-Castro, P
Roig and I Rosell Phys. Rev. D 104 L091502 (2021)

[20] M A Arroyo-Urena, G Hernandez-Tomé, G Lopez-Castro, P
Roig and I Rosell J. High Energ. Phys. 2022 173 (2022)

[21] V Cirigliano, D Diaz-Calderon, A Falkowski, M Gonzalez-
Alonso and A Rodriguez-Sanchez J. High Energ. Phys. 2022
152 (2022)

[22] A Ferroglia, C Greub, A Sirlin and Z Zhang Phys. Rev. D 88
033012 (2013)

[23] M Fael, L Mercolli and M Passera Phys. Rev. D 88 093011
(2013)

[24] J M Marquez, G L Castro and P Roig J. High Energ. Phys. 2022
117 (2022)

[25] N B Narozhny and A M Fedotov Phys. Rev. Lett. 100 219101
(2008)

[26] A-H Liu, S-M Li and J Berakdar Phys. Rev. Lett. 100 219102
(2008)

[27] D A Dicus, A Farzinnia, W W Repko and T M Tinsley Phys.
Rev. D 79 013004 (2009)

[28] A Farzinnia, D A Dicus, W W Repko and T M Tinsley Phys.
Rev. D 80 073004 (2009)

[29] W Greiner and B Muller Gauge Theory of Weak Interactions,
vol 5 (Berlin: Springer) (1996)

[30] D Volkov Z. Phys. 94 250 (1935)

[31] H Korsch, A Klumpp and D Witthaut J. Phys. A: Math. General
39 14947 (2006)

[32] V B Berestetskii, E M Lifshitz and L P Pitaevskii Quantum
Electrodynamics, vol 4 (Oxford: Butterworth-Heinemann)
(1982)

[33] R L Workman et al. (Particle Data Group) Prog. Theor. Exp.
Phys.2022 083C01 (2022)

[34] S Jadach, J H Kiihn and W Zbigniew Comput. Phys. Commun.
64 275 (1991)

[35] S Aoki et al Eur. Phys. J. C 77 112 (2017)

[36] C Szymanowski, V Véniard, R Taieb, A Maquet and C H Keitel
Phys. Rev. A 56 3846 (1997)

[37] V Shtabovenko, R Mertig and F Orellana Comput. Phys. Com-
mun. 256 107478 (2020)

[38] S Wolfram Mathematica 30 Standard Add-on Packages (Cam-
bridge: Cambridge University Press) (1996)

[39] R Chahri, M Jakha, S Mouslih, B Manaut and S Taj Laser Phys.
33 026002 (2023)

[40] M Baouahi, I Dahiri, M Ouali, B Manaut, R Benbrik and S Taj
Europhys. Lett. 138 14003 (2022)

[41] B Misra and E G Sudarshan J. Math. Phys. 18 756 (1977)

[42] D J Wineland and W M Itano Phys. Rev. A 20 1521 (1979)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.



	Tau decay in a circularly polarized laser field
	Abstract
	Introduction
	Theoretical framework
	Leptonic decays of the tau \tau ^{-}
	Two-body hadronic decays of the tau \tau ^{-}
	 Lifetime and branching ratios

	Numerical results and discussion
	Conclusions
	References


