
Vol.:(0123456789)1 3

Applied Physics B (2023) 129:103 
https://doi.org/10.1007/s00340-023-08035-6

RESEARCH

Laser‑induced proton decay

M. Ouhammou1 · M. Ouali1 · S. Taj1 · R. Benbrik2 · B. Manaut1

Received: 31 January 2023 / Accepted: 2 May 2023 / Published online: 6 June 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
In this research paper, we investigate the decay of the proton into neutron, positron and electron neutrino in the presence of 
an external electromagnetic field with circular polarization. Different physical quantities related to this decay process, such 
as proton’s decay rate and its lifetime, are calculated based on the S-matrix approach. The proton and positron are treated as 
Dirac–Volkov states, while the neutron and electron neutrino are free-states. We have found that, though it can not occur in 
vacuum, the proton’s decay process into neutron, positron and electron neutrino becomes possible in the presence of laser 
field with high intensities near or close to the Schwinger limit. In addition, near this limit and for some frequencies, the 
proton’s lifetime can be comparable to that of the neutron, and the required laser strength, from which this decay becomes 
possible, depends on the chosen laser source.

1 Introduction

The laser, as a source of pure energy in the form of mono-
chromatic and coherent photons, has become an irreplace-
able tool in many area such as medical technology, metal-
lurgy and the electronics industry. Since its invention by 
Theodore Maiman in 1960 [1], this extraordinary light 
source has had a breath-taking career, both in science and 
commercial applications. The various applications of the 
laser were consequences of its natural evolution led by both 
experimental and theoretical studies [2, 3]. The field of 
laser-matter interactions is receiving increasing attention in 
enormous fields of physics such as optics, atomic physics, 
nuclear physics, quantum electrodynamics, and recently in 
high energy physics [4]. In general, these electromagnetic 
interactions with matter may be classified into two catego-
ries. The first category is known as laser-assisted interac-
tions [5–11], where the latter can occur also in the absence 
of the laser field. It is found that the laser field may affect not 
only the cross section of the interaction process but also the 

decay width and lifetime of a particle. For instance, in [12] 
the authors showed that the lifetime of the pion increases 
and its decay width decreases by the presence of a circularly 
polarized laser field. In addition, similar results are found for 
charged kaon and gauge bosons decay [13–15]. However, in 
the second category (known as laser-induced processes), the 
interaction is induced by the electromagnetic field and can 
not occur without it [16–23]. In this case, the lifetime of a 
particle can be modified under the influence of acceleration 
by an external field, and new decay and scattering processes 
may become possible.

The fact that the entirety of our universe appears to be 
made of matter and not antimatter is a good reason to expect 
that the proton may decay. However, for many years, the 
Kamioka Nucleon Decay Experiment [24] ran looking for 
proton decay, and it yields no evidence for it. In addition, in 
[25], the authors conducted a research about proton decay in 
the Super-Kamiokande experiment detector via four modes 
( p → e+�0 , p → �+�0 , p → �̄�K+ and p → �̄�K∗ ), using 
a 141.3-kiloton year exposure of the Super-Kamiokande 
water Cherenkov detector, and they did not find any hints 
for proton decay via any of these modes. However, these 
experiments have been able to establish lower bounds on 
the proton half-lifetime. Recently, a precise results come 
from the Super-Kamiokande water Cherenkov radiation 
detector expected the lifetime of the proton as 2.4 × 1034 and 
1.6 × 1034 years via positron and antimuon decays, respec-
tively [26]. Consequently, the proton is regarded as a stable 
particle in the standard model. Theoretically and according 
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to conservation laws of particle physics, the proton can only 
decay, though its high lifetime, into lighter subatomic par-
ticles than itself such as a neutral pion and a positron, and 
it cannot decay into a neutron or any other combination of 
three quarks. Therefore, we study in this paper the prob-
ability of reducing the proton’s lifetime and turning it into 
an unstable particle that decays into heavier particles such 
as the neutron in association with a positron and electron 
neutrino by exposing the proton into a powerful laser pulse 
with circular polarization.

The rest of this paper is organized as follows: The next 
section deals with the theoretical calculation of the pro-
ton decay rate and its lifetime inside an electromagnetic 
wave with circular polarization. Then, we analyze and dis-
cuss the obtained numerical results about the decay rate, 
lifetime and the effective mass of the proton as a func-
tion of the laser parameters. A short conclusion is given 
in the last section. We use natural units throughout this 
paper such that ℏ = c = 1 . The choice made for Livi-Civ-
ita tensor is that �0123 = 1 , and the metric g�� is chosen as 
g�� = (1,−1,−1,−1).

2  Theoretical calculation

In this part, we consider the theoretical analysis of the decay 
rate and lifetime of the proton decay into a neutron, a posi-
tron, and an electron-neutrino in the presence of a laser field. 
This process can be described as follows:

where the arguments label the associated momenta. The 
proton is considered as spin-1

2
 particle. In the presence of 

an electromagnetic potential the wave functions of the rela-
tivistic proton and positron can be derived by solving the 
following Dirac equation:

For circular polarization, A�(�) has the following 
expression:

where the polarization 4-vectors a�
1
= |a|(0, 1, 0, 0) 

and a�
2
= |a|(0, 0, 1, 0) verify the following conditions: 

(a1.a2) = 0 and a2
1
= a2

2
= a2 = |a|2 = (�0∕�)

2 , with �0 is 
the amplitude of the electric field. k = (�, k) is the elec-
tromagnetic wave 4-vector such that (k2 = 0) and k�A� = 0 

(1)P(q1) ⟶ N(p2) + e+(q3) + �e(p4),

(i/∂ − e /A−m)ψe(x) = 0. (2)

(3)A�(�) = a
�

1
cos(�) + a

�

2
sin(�) ; � = (k.x),

(Lorentz gauge condition), and it is chosen to be along the 
z-axis. � is the phase of the laser field and � its frequency. 
The lowest-order scattering matrix element for the laser-
induced proton decay reads [27]:

where GF = 1.16637 ± 0.00002 × 10−5GeV−2 is the Fermi 
coupling constant. gv and ga are, respectively, the vector 
and axial-vector coupling constants. The incoming proton 
is positively charged. Therefore, its wave function is given 
by the relativistic Dirac–Volkov function normalized to the 
volume V as follows [28]:

where

u(p1, s1) is the Dirac bispinor for the free charged proton 
where the free momentum p1 and spin s1 are satisfying the 
following relation s1

u(p1, s1)ū(p1, s1) = /p1 +mp1 
with mp1

 is the rest mass of the charged proton. The 4-vector 
q1 = p1 + e2a2∕2(k.p1)k is the quasi-momentum that the 
charged proton acquire in the presence of the electromag-
netic field. Similarly, the Dirac–Volkov state of the positron 
in the laser field is expressed as follows [28]:

where

with q3 = (Q3, ��) is the effective four-momentum of the 
positron, and it is related to its corresponding free momen-
tum by the following equation:

The outgoing neutron and electron-neutrino are electrically 
neutral. Consequently, they do not interact with the laser 
field, and they are described by free-states as follows:

(4)
Sfi =

−iGF√
2

∫ d4x
�
Ψ̄p2,s2

(x)𝛾𝜇(gv − ga𝛾
5)Ψp1,s1

(x)
�

�
Ψ̄p4,s4

(x)𝛾𝜇(1 − 𝛾5)Ψp3,s3
(x)

�
,

Ψp1,s1(x) = 1 +
e/k /A

2(k.p1)
u(p1, s1)√
2Q1V

expiS(q1,s1), (5)

(6)S(q1, s1) = −q1x −
e(a1.p1)

(k.p1)
sin� +

e(a2.p1)

(k.p1)
cos�.

Ψp3,s3(x) = 1 +
e/k /A

2(k.p3)
u(p3, s3)√
2Q3V

expiS(q3,s3), (7)

(8)S(q3, s3) = +q3x +
e(a1.p3)

(k.p3)
sin� −

e(a2.p3)

(k.p3)
cos�,

(9)q3 = p3 +
e2a2

2(k.p3)
k.
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where p2 and p4 indicate the momentum of the neutron and 
electron-neutrino, respectively. si(i = 2, 4) and Ei(i = 2, 4) 
denote their spins and energies, respectively. Inserting the 
Eqs. (5), (7) and (10) into the Eq. (4) and after some alge-
braic calculations, we find that the S-matrix element can be 
written as:

where r is the number of exchanged photons. The quantity 
Mr

fi
 is defined as:

(10)

⎧
⎪⎨⎪⎩

Ψp2,s2
(x) =

1√
2E2V

u(p2, s2)e
−ip2.x

Ψp4,s4
(x) =

1√
2E4V

u(p4, s4)e
−ip4.x,

(11)

Sfi =
−iGF√

2

1

4V2
√
Q1Q3E2E4

+∞�
r=−∞

Mr
fi
(2�)4�4(p2 + p4 + q3 − q1 − rk),

with:

The coefficients B0r(z) , B1r(z) and B2r(z) are explicitly 
expressed in terms of Bessel functions as follows:

(12)

Mr
fi
=
[
ū(p2, s2)

[
C0B0r(z) + C1B1r(z) + C2B2r(z)

]
u(p1, s1)

]

×
[
ū(p4, s4)

[
D0B0r(z) + D1B1r(z) + D2B2r(z)

]
u(p3, s3)

]
,






C0 = γµ(gv − gaγ
5)

C1 =
e

2(kp1)
γµ(gv − gaγ

5)/k/a1

C2 =
e

2(kp1)
γµ(gv − gaγ

5)/k/a2

and






D0 = γµ(1− γ5)

D1 =
e

2(kp3)
γµ(1− γ5)/k/a1

D2 =
e

2(kp3)
γµ(1− γ5)/k/a2

.

(13)

(14)

⎧⎪⎨⎪⎩

B0r(z)

B1r(z)

B2r(z)

⎫
⎪⎬⎪⎭
=

⎧
⎪⎨⎪⎩

J r

2

(z)e−i
r

2
�0

1

2

�
J r

2
+1(z)e

−i(
r

2
+1)�0 + J r

2
−1(z)e

−i(
r

2
−1)�0

�
1

2 i

�
J r

2
+1(z)e

−i(
r

2
+1)�0 − J r

2
−1(z)e

−i(
r

2
−1)�0

�

⎫
⎪⎬⎪⎭
.

The argument of the Bessel function and its phase are 

expressed by: z =
√(�1

2

)2

+
(�2
2

)2

 and �0 = arctan

(
�2

�1

)
 , 

where:

The decay rate of the proton per particle and per time into 
the final states is obtained by: Squaring the scattering-matrix 
element given by Eq. (11), summing over the polarization 
of the final states, averaging over the initial one, and finally 
dividing by the time T. It is mathematically expressed as:

where

with

After the insertion of the expression of |Sfi|2 , the decay rate 
dΓ becomes:

�1 =
(e(a1.p1)

(k.p1)
−

e(a1.p3)

(k.p3)

)
; �2 =

(e(a2.p1)
(k.p1)

−
e(a2.p3)

(k.p3)

)
.

(15)dΓ =
1

T
|Sfi|2V ∫

d3q3

(2�)3
V ∫

d3p2

(2�)3
V ∫

d3p4

(2�)3
,

|Sfi|2 =
G2

F

2
1

16V 4Q1Q3E2E4

+∞

r=−∞
Tr (/p2 +mN )∆r(/p1 +mP )∆̄r

× Tr (/p4 +mν)Λr(/p3 −me)Λ̄r (2π)4V Tδ4(p2 + p4 + q3 − q1 − rk),

(16)

(17)

⎧⎪⎨⎪⎩

Δr = C0B0r(z) + C1B1r(z) + C2B2r(z)

Δ̄r = C̄0B
∗
0r
(z) + C̄1B

∗
1r
(z) + C̄2B

∗
2r
(z)

Λr = D0B0r(z) + D1B1r(z) + D2B2r(z)

Λ̄r = D̄0B
∗
0r
(z) + D̄1B

∗
1r
(z) + D̄2B

∗
2r
(z)

.
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where

We begin the analytic calculation of the decay rate by inte-
grating over d3p4 . We get:

wi th  E4 =
�����⃗|p4| = |r𝜔 + ���⃗q1 − ���⃗p2 − ���⃗q3| .  In  t he  p ro-

ton’s rest frame, we furthermore have Q1 = m∗
p
 and 

���⃗q1 = 0 , and this leads to E4 =
�����⃗|p4| = |r𝜔 − ���⃗p2 − ���⃗q3| . In 

Eq. (20), we replace d3p2 by the following expression 
d3p2 = |��|E2dE2d�2d cos(�2) . We obtain:

Let us put x = cos(�2) and denote the argument of the � func-
tion by g(x) which can be developed as follows:

We proceed by using the following standard formula:

where x0 is the solution of the equation g(x) = 0 and g�(x0) is 
the derivative of g(x) at x = x0 , and it is expressed as:

(18)

dΓ =
G2

F

32Q1

1
(2�)5

+∞
∑

r=−∞
|Mr

fi|
2

∫
d3q3
Q3 ∫

d3p2
E2 ∫

d3p4
E4

�4

(p2 + p4 + q3 − q1 − rk),

|M r
fi|

2
= Tr (/p2 +mN )∆r(/p1 +mP )∆̄r Tr (/p4 +mν)Λr(/p3 −me)Λ̄r . (19)

(20)
dΓ =

G2
F

32Q1

1
(2�)5

+∞
∑

r=−∞
|Mr

fi|
2

∫
d3q3
Q3 ∫

d3p2
E2

1
E4

�4

(E2 + E4 + Q3 − Q1 − r�),

(21)

dΓ =
G2

F

32Q1

1
(2�)5

+∞
∑

r=−∞
|Mr

fi|
2

∫
d3q3
Q3 ∫

2�

0
d�2|��|dE2 ∫

1

−1
�4

(E2 + E4 + Q3 − Q1 − r�)
d cos(�2)

E4
.

(22)

g(x) =E2 +
[

�4 + (E2
2 − m2

N) + (Q2
3 − m2

e) − 2�2
√

E2
2 − m2

Nx

− 2�2
√

Q2
3 − m2

e cos(�1)

+ 2
√

E2
2 − m2

N

√

Q2
3 − m2

e

[

cos(�1) sin(�1) cos(�2)
√

1 − x2

+ sin(�1) sin(�1) sin(�2)
√

1 − x2 + cos(�1)x
]

]1∕2

+ Q3 − Q1 − r�.

(23)�(g(x)) = |g�(x0)|−1�(x − x0),

which gives us immediately:

I n  t h e  l a s t  ex p r e s s i o n  o f  dΓ  ,  we  u s e 
d3q3 = |��|Q3dQ3d�1d cos(�1) . Now, we can get the total 
decay rate by performing the final integration over Q3 from 
zero to Q1∕2 , hence:

The quantity Q1 = m∗
P
=
√

m2
p
+ e2a2 represents the effec-

tive mass of the charged proton acquired inside the electro-
magnetic field. The trace calculations are performed by 
using FEYNCALC program [29]. The lifetime of the proton 
is defined by the following expression:

where Γ is the total decay rate of the charged proton inside 
the electromagnetic field.

3  Results and discussion

In this section, we discuss and analyze the numerical 
results obtained about the decay process of the proton 
into neutron, positron and electron neutrino. The proton 
is considered in its rest frame where its mass is taken as 
mp = 938.27 × 10−3GeV  , and the mass of the positron is 

(24)

g′(x0) = − 1
E4

[

�2
√

E2
2 − m2

N +
√

E2
2 − m2

N

√

Q2
3 − m2

e

[

cos(�1) sin(�1) cos(�2)
( x
√

1 − x2

)

+ sin(�1) sin(�1) sin(�2)
( x
√

1 − x2

)

+ cos(�1)
]

]

,

(25)

dΓ =
G2

F

32Q1

1
(2�)5 ∫

d3q3
Q3 ∫

Q1
2

Q1
2 −Q3

|��|dE2 ∫

2�

0

d�2
1

|g′(x)|g(x)=0

+∞
∑

r=−∞
|Mr

fi|
2
.

(26)
Γ =

G2
F

32Q1

1
(2�)5 ∫

Q1
2

0
|��|dQ3 ∫

1

−1
d cos(�1)∫

2�

0

d�1 ∫

Q1
2

Q1
2 −Q3

|��|dE2 ∫

2�

0
d�2

1
|g′(x)|g(x)=0

+∞
∑

r=−∞
|Mr

fi|
2
.

(27)�P =
1

Γ
,
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me = 0.511MeV  [30]. The laser wave is circularly polar-
ized, and its direction is chosen along the z-axis. The 
evolution of the proton decay rate and its lifetime will be 
discussed as a function of the external field parameters 
such as its strength and frequency. We mention that in the 
following discussion, the decay rate and the lifetime are 
summed over a number of exchanged photon r from −40 
to +40 . Different known powerful laser sources are used 
such as the CO2 laser, Nd:YAG  laser and the He:Ne laser, 
and which correspond to the frequencies 0.117eV, 1.17eV 
and 2eV, respectively. To obtain the lifetime in second 
(s) and decay rate in eV, we apply the following formula:

It is well known that the decay process of the proton into 
neutron, positron and electron neutrino is forbidden in vac-
uum due to the fact that the proton’s mass is less than that 
of the neutron. However, inside a laser field, the proton can 
acquire a supply of (mass) energy. Consequently, the process 
may be possible in the presence of strong laser pulse. The 
table below shows the effect of the laser field of circular 
polarization on the mass that the proton can acquire inside 
this field (effective mass).

Different laser sources, namely the Nd:YAG  laser, the 
He:Ne laser and the ��� laser, are studied with different 
laser field strengths. According to this table, the proton 
doesn’t acquire any effective mass for laser strengths less 
than the thresholds �0 = 1011 V .cm−1 , �0 = 1012 V .cm−1 
and �0 = 1012 V .cm−1 for ��� laser, the Nd:YAG  laser and 
the for He:Ne laser, respectively. In addition, from these 
thresholds the effective mass of the proton begins to increase 
rapidly until it reaches m∗

P
= 168.66GeV  for the ��� laser 

at �0 = 1015 V .cm−1 , and this effective mass is 180 times 
greater than its rest mass. We also notice that the effective 
mass of the proton at �0 = 1015 V .cm−1 is 168.92 × 10−1 GeV  
and 991.087 × 10−2 GeV  for the Nd:YAG  laser and for 
the He:Ne laser, respectively. We present in Fig.  1 the 

(28)�P[s] =
6.58212 × 10−16[eV .s]

Γ[eV]
.

dependence of m∗
P
 on a2 ( a2 = (�0∕�)

2 ) for different laser 
strengths from 10 to 1015 V .cm−1 and for the laser sources 
described in the Table 1. Figure 1 shows that the effective 
mass of the proton is the same for the same value of a2 but 
not for the same value of laser strength, and it confirms 
results of Table 1.

By a simple calculation, we find that the mass deficit 
which makes this process impossible to occur in vacuum 
is mn + me − mp = 1.8MeV  , where mn , me and mp are the 
masses of neutron, positron and proton. This deficit can be 
re-compensated by applying a ��� laser with a strength 
greater or equal to �0 = 1013 V .cm−1 . The Schwinger limit for 
a laser field is given by �limit = m3

e
c3∕eℏ ≈ 1.3 × 1016 V .cm−1 , 

and at this limit the electron-positron pairs start to be pro-
duced from vacuum. Therefore, the range of the laser 
wave strengths at which the results obtained have a physi-
cal meaning is approximately between 1013 V .cm−1 and 
9 × 1015 V .cm−1.

Obviously, since the proton acquires an effective 
mass inside the electromagnetic field, then its decay into 

Table 1  Effective mass of the 
proton ( m∗

P
 ) as a function of the 

laser field strength for different 
laser sources

�0 [V .cm
−1] m

∗
P
[GeV]

���   Laser (� = 0.117eV) Nd:YAG  Laser 
(� = 1.17eV)

He:Ne Laser (� = 2eV)

10 938.27 × 10−3 938.27 × 10−3 938.27 × 10−3

⋮ ⋮ ⋮ ⋮

1010 938.27 × 10−3 938.27 × 10−3 938.27 × 10−3

1011 938.42 × 10−3 938.27 × 10−3 938.27 × 10−3

1012 953.30 × 10−3 938.42 × 10−3 938.32 × 10−3

1013 192.99 × 10−2 953.308 × 10−3 943.443 × 10−3

1014 168.91 × 10−1 192.998 × 10−2 136.154 × 10−2

1015 168.66 168.92 × 10−1 991.087 × 10−2

Fig. 1  the proton’s effective mass as a function of a2 for different fre-
quencies and for laser strength from 10 to 1015 V .cm−1
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neutron, positron and electron neutrino may become pos-
sible. Besides, its lifetime and decay rate change with 
respect to the laser field strength. In Fig. 2, we show the 
variation of the proton’s decay rate as a function of the 
wave strength of different laser sources. As discussed 
above, the laser field strength is chosen to be ranging 
from 1013 V .cm−1 to 9 × 1015 V .cm−1 . It is obvious from 
the Fig. 2 that for all laser sources the decay rate of the 
proton decay into neutron, positron and electron neu-
trino increases progressively by increasing the laser 
strength. For instance, for � = 2 eV  , the decay rate is 
Γ = 4.583 × 10−30 eV  and Γ = 4.932 × 10−24 eV  succes-
sively at �0 = 5 × 1013 V .cm−1 and �0 = 500 × 1013 V .cm−1 . 
Moreover, for the same laser strength, the order of magni-
tude of the decay rate differs from one frequency to another, 
and it increases as much as the laser source frequency 
decreases. For example, at �0 = 500 × 1013 V .cm−1 , the 

decay rate is Γ = 3.250 × 10−19 eV  , Γ = 3.785 × 10−23 eV  
and Γ = 4.932 × 10−24 eV  for the ��� laser, Nd:YAG  laser 
and the He:Ne laser, respectively. As a result, the ��� laser 
seems to have a great impact on the decay rate from low 
laser strengths as compared to the other laser sources.

Figure 3 illustrates the dependence of the proton’s lifetime 
on the electric field strength �0 . Again the range of laser field 
strengths is taken between 1013 V .cm−1 and the Schwinger 
limit. As expected from Eq. (28), the lifetime of the pro-
ton begins to decrease significantly from �0 = 1013 V .cm−1 . 
For example, the values of the lifetime that correspond 
to the frequency � = 0.117 eV  are 879 s , 685 s and 133 s 
for �0 = 580 × 1013 V .cm−1 , �0 = 600 × 1013 V .cm−1 and 
�0 = 800 × 1013 V .cm−1 , respectively. In addition, this 
decreasing process of the lifetime as a function of the laser 
strength depends also on the frequency of the laser pulse. 
Indeed, low laser frequencies lead to a great decrease of the 
proton’s lifetime. For instance, for �0 = 400 × 1013 V .cm−1 , 
the proton’s lifetime is 4889.6 s , 4.7 × 107 s and 2.62 × 108 s 
for the frequencies 0.117 eV  , 1.17 eV  and 2 eV  , respectively. 
Therefore, we assume that the ��� laser is the most con-
venient laser source in this case. Consequently, by using 
the ��� laser with circular polarization, the lifetime of the 
proton can be shortened significantly without overcoming 
the Schwinger limit. More precisely, with the ��� laser, 
the lifetime of the proton is 879 s at �0 = 580 × 1013 V .cm−1 
which is approximately equal to that of the neutron [31]. In 
this respect, it is possible to turn the proton, which is a sta-
ble particle in the standard model, into an unstable particle 
decaying into heavier particle such as neutron in association 
with a positron and electron neutrino.

4  Conclusion

The decay of the proton inside an external field into neu-
tron, positron and electron neutrino is investigated in this 
paper. The lifetime of the proton and its probability to 
decay into neutron, positron and electron neutrino are cal-
culated analytically by using Dirac–Volkov formalism and 
the S-matrix approach. Then, these physical quantities are 
numerically computed, analyzed and discussed for dif-
ferent laser sources and for different intensities. We have 
found that laser wave with circular polarization has a great 
effect on the lifetime and decay rate of the proton especially 
for laser field strengths between �0 = 1013 V .cm−1 and 
�0 = 9 × 1015 V .cm−1 (near the Schwinger limit). In addi-
tion, using low frequency laser pulse lead to more signifi-
cant results. For instance, the ��� laser with the strength 
�0 = 580 × 1013 V .cm−1 decreases the lifetime of the proton 
until it becomes equal to that of the neutron ( ≈ 879 s ). With 

Fig. 2  Variation of the proton’s decay rate as a function of the laser 
field strength for different laser frequencies

Fig. 3  Lifetime of the proton versus the laser field strength for differ-
ent laser sources
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the current breakthroughs in laser technology, we hope that 
this result will be tested experimentally.

Author contributions MO, ST and RB wrote the main manuscript text. 
MO and BM prepared the figures and deal with data analysis.

Declarations 

Conflict of interest The authors declare no competing interests.

References

 1. T.H. Maiman, Stimulated optical radiation in ruby. Nature 187, 
493 (1960). https:// doi. org/ 10. 1038/ 18749 3a0

 2. T. Repsilber, M. Borghesi, J.C. Gauthier et al., Appl. Phys. B 80, 
905–913 (2005). https:// doi. org/ 10. 1007/ s00340- 005- 1800-y

 3. M. Schnürer, S. Ter-Avetisyan, S. Busch et al., Appl. Phys. B 78, 
895–899 (2004). https:// doi. org/ 10. 1007/ s00340- 004- 1433-6

 4. A. Di Piazza, C. Müller, K.Z. Hatsagortsyan, C.H. Keitel, Rev. 
Mod. Phys. 84, 1177 (2012). https:// doi. org/ 10. 1103/ RevMo 
dPhys. 84. 1177

 5. C. Muller, K.Z. Hatsagortsyan, C.H. Keitel, Phys. Rev. D 74, 
074017 (2006). https:// doi. org/ 10. 1103/ PhysR evD. 74. 074017. 
arXiv: physi cs/ 06021 06 [physics.atom-ph].

 6. M. Ouali, M. Ouhammou, S. Taj, R. Benbrik, B. Manaut, Laser-
assisted charged Higgs pair production in inert higgs doublet 
model (IHDM). Phys. Lett. B 823, 136761 (2021). https:// doi. 
org/ 10. 1016/j. physl etb. 2021. 136761

 7. M. Ouhammou, M. Ouali, S. Taj, B. Manaut, Chin. J. Phys. 77, 
826–836 (2022). https:// doi. org/ 10. 1016/j. cjph. 2021. 09. 012

 8. M. Ouhammou, M. Ouali, S. Taj, B. Manaut, Higgs-strahlung 
boson production in the presence of a circularly polarized laser 
field. Laser Phys. Lett. 18, 076002 (2021). https:// doi. org/ 10. 1088/ 
1612- 202X/ ac0919

 9. J. Ou Aali, M. Ouhammou, M. Ouali, L. Rahili, S. Taj, B. Manaut, 
Chin. J. Phys. 77, 2389–2398 (2022). https:// doi. org/ 10. 1016/j. 
cjph. 2022. 03. 051

 10. I. Dahiri, M. Jakha, S. Mouslih, B. Manaut, S. Taj, Y. Attaourti, 
Elastic electron-proton scattering in the presence of a circularly 
polarized laser field. Laser Phys. Lett. 18, 096001 (2021)

 11. M. Ouali, M. Ouhammou, Y. Mekaoui, S. Taj, B. Manaut, Z−
boson production via the weak process e+e− → �+�− in the 
presence of a circularly polarized laser field. Chin. J. Phys. 77, 
1182–1196 (2022). https:// doi. org/ 10. 1016/j. cjph. 2021. 10. 007

 12. S. Mouslih, M. Jakha, S. Taj, B. Manaut, E. Siher, Phys. Rev. 
D 102, 073006 (2020). https:// doi. org/ 10. 1103/ PhysR evD. 102. 
073006

 13. M. Baouahi et al., EPL 138, 14003 (2022). https:// doi. org/ 10. 
1209/ 0295- 5075/ ac63dc

 14. M. Baouahi et al., Laser Phys. Lett. 18, 106001 (2021). https:// 
doi. org/ 10. 1088/ 1612- 202X/ ac1e86

 15. M. Jakha, S. Mouslih, S. Taj, Y. Attaourti, B. Manaut, Influence of 
intense laser fields on measurable quantities in W−-boson decay. 
Chin. J. Phys. 77, 1156–1167 (2022). https:// doi. org/ 10. 1016/j. 
cjph. 2021. 09. 011

 16. R. Müller, Phys. Rev. D 56, 953 (1997). https:// doi. org/ 10. 1103/ 
PhysR evD. 56. 953

 17. A. Jaroń, A. Becker, Phys. Rev. A 67, 035401 (2003). https:// doi. 
org/ 10. 1103/ PhysR evA. 67. 035401

 18. A. Čerkić, D.B. Milošević, The role of incoherent scattering in 
laser-induced and laser-assisted processes. Laser Phys. 19, 783–
790 (2009). https:// doi. org/ 10. 1134/ S1054 660X0 90403 67

 19. L.B. Madsen, K. Taulbjerg, J. Phys. B 30, 2747 (1997). https:// 
doi. org/ 10. 1088/ 0953- 4075/ 30/ 11/ 024

 20. G.E.A. Matsas, D.A.T. Vanzella, Phys. Rev. D 59, 094004 (1999). 
https:// doi. org/ 10. 1103/ PhysR evD. 59. 094004

 21. P. Panek, J.Z. Kamiński, F. Ehlotzky, Phys. Rev. A 65, 022712 
(2002). https:// doi. org/ 10. 1103/ PhysR evA. 65. 022712

 22. S. Geltman, Phys. Rev. A 51, R34(R) (1995). https:// doi. org/ 10. 
1103/ PhysR evA. 51. R34

 23. D.A.T. Vanzella, G.E.A. Matsas, Phys. Rev. Lett. 87, 151301 
(2001). https:// doi. org/ 10. 1103/ PhysR evLett. 87. 151301

 24. H. Nishino et al., Super-Kamiokande collaboration. Phys. Rev. 
Lett. 102, 141801 (2009). https:// doi. org/ 10. 1103/ PhysR evLett. 
102. 141801

 25. T. Scott, Clark, Searches for proton decay with the Super-Kamio-
kande detector, (2007); M. Miura, Search for Nucleon Decay in 
Super-Kamiokande, Nuclear and Particle Physics Proceedings 
273–275, 516 (2016). https:// doi. org/ 10. 1016/j. nuclp hysbps. 2015. 
09. 076

 26. A. Takenaka et al., Super-Kamiokande collaboration. Phys. Rev. 
D 102, 112011 (2020). https:// doi. org/ 10. 1103/ PhysR evD. 102. 
112011

 27. W. Greiner, B. Mueller, Gauge Theory of Weak Interactions, 3rd 
edn. (Springer, Berlin, 2000)

 28. D.M. Volkov, Z. Phys. 94, 250 (1935). https:// doi. org/ 10. 1007/ 
BF013 31022

 29. R. Mertig, M. Bohm, A. Denner, FEYN CALC: computer alge-
braic calculation of Feynman amplitudes. Comput. Phys. Com-
mun. 64, 345–359 (1991). https:// doi. org/ 10. 1016/ 0010- 4655(91) 
90130-D

 30. P.A. Zyla et al., (Particle Data Group) (2020) Prog. Theor. Exp. 
Phys. 2020, 083C01

 31. F.M. Gonzalez et al., UCN� Collaboration. Phys. Rev. Lett. 127, 
162501 (2021). https:// doi. org/ 10. 1103/ PhysR evLett. 127. 162501

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.

https://doi.org/10.1038/187493a0
https://doi.org/10.1007/s00340-005-1800-y
https://doi.org/10.1007/s00340-004-1433-6
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1103/PhysRevD.74.074017
http://arxiv.org/abs/physics/0602106
https://doi.org/10.1016/j.physletb.2021.136761
https://doi.org/10.1016/j.physletb.2021.136761
https://doi.org/10.1016/j.cjph.2021.09.012
https://doi.org/10.1088/1612-202X/ac0919
https://doi.org/10.1088/1612-202X/ac0919
https://doi.org/10.1016/j.cjph.2022.03.051
https://doi.org/10.1016/j.cjph.2022.03.051
https://doi.org/10.1016/j.cjph.2021.10.007
https://doi.org/10.1103/PhysRevD.102.073006
https://doi.org/10.1103/PhysRevD.102.073006
https://doi.org/10.1209/0295-5075/ac63dc
https://doi.org/10.1209/0295-5075/ac63dc
https://doi.org/10.1088/1612-202X/ac1e86
https://doi.org/10.1088/1612-202X/ac1e86
https://doi.org/10.1016/j.cjph.2021.09.011
https://doi.org/10.1016/j.cjph.2021.09.011
https://doi.org/10.1103/PhysRevD.56.953
https://doi.org/10.1103/PhysRevD.56.953
https://doi.org/10.1103/PhysRevA.67.035401
https://doi.org/10.1103/PhysRevA.67.035401
https://doi.org/10.1134/S1054660X09040367
https://doi.org/10.1088/0953-4075/30/11/024
https://doi.org/10.1088/0953-4075/30/11/024
https://doi.org/10.1103/PhysRevD.59.094004
https://doi.org/10.1103/PhysRevA.65.022712
https://doi.org/10.1103/PhysRevA.51.R34
https://doi.org/10.1103/PhysRevA.51.R34
https://doi.org/10.1103/PhysRevLett.87.151301
https://doi.org/10.1103/PhysRevLett.102.141801
https://doi.org/10.1103/PhysRevLett.102.141801
https://doi.org/10.1016/j.nuclphysbps.2015.09.076
https://doi.org/10.1016/j.nuclphysbps.2015.09.076
https://doi.org/10.1103/PhysRevD.102.112011
https://doi.org/10.1103/PhysRevD.102.112011
https://doi.org/10.1007/BF01331022
https://doi.org/10.1007/BF01331022
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1103/PhysRevLett.127.162501

	Laser-induced proton decay
	Abstract
	1 Introduction
	2 Theoretical calculation
	3 Results and discussion
	4 Conclusion
	References




