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Lorentz Violation of The Standard Model
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Though the standard model of electroweak interactions[1, 2, 3] is commonly believed to provide
a successful unification of electromagnetic and weak interactions, the approximation in the massless
limit and the assumption of massless fermion in this model should be investigated further with
rigorousness. Here it will be shown that this approximation violates Lorentz invariance and it is
still necessary even with the assumption of a massless fermion and the Higgs mechanism[4, 5]. We
conclude that the unification of electroweak interactions is only valid with the assumption of Lorentz
violation.

PACS numbers: 12.15.-y,11.30.Cp

I. INTRODUCTION

The standard model of the Glashow-Weinberg-Salam
theory, suggested as a unified model of electroweak inter-
actions, is based on the massless approximation and the
assumption of massless fermion, not just that of massless
neutrino to be accurate. Here the physical argument of
electroweak unification will be investigated after clarify-
ing the ambiguity in the helicity and chirality of fermion
following the standard textbook[6]

II. HELICITY AND CHIRALITY

A Dirac field ψ can be written as a linear combination
of plane waves since it obeys the Klein-Gordon equation.

ψ(x) = u(p)e−ip·x

where p2 = m2 and let us consider solutions with positive
frequency, p0 > 0, for simplicity. One may obtain the
solutions of the Dirac equation in the rest frame, p =
p0 = (m, 0)

u(p0) =
√
m

(

ξ
ξ

)

for any numerical two-component spinor ξ. The general
form of u(p) in other frame can be derived by boosting
u(p0) in the rest frame. Let us define η, rapidity by con-
sidering a boost along the z-direction to the 4-momentum
vector. For finite η,

(

E

p3

)

= exp

[

η

(

0 1
1 0

)](

m
0

)

=

(

m cosh η
m sinh η

)

Applying the same boost to u(p0),

u(p) = exp

[

− 1

2
η

(

σ3 0
0 −σ3

)]√
m

(

ξ
ξ

)
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=

(

[
√

E + p3(1−σ3

2
) +

√

E − p3(1+σ3

2
)
]

ξ
[
√

E + p3(1+σ3

2
) +

√

E − p3(1−σ3

2
)
]

ξ

)

If ξ =

(

1
0

)

(spin up along the z-axis) in the boosted

frame of z direction,

uz+;h+ =









√

E − p3
(

1
0

)

√

E + p3
(

1
0

)









while for ξ =

(

1
0

)

(spin down along the z-axis) in the

boosted frame of z direction we have

uz+;h− =









√

E + p3
(

0
1

)

√

E − p3
(

0
1

)









Following the same steps, in the boosted frame of −z
direction we have

uz−;h+ =









√

E − p3
(

0
1

)

√

E + p3
(

0
1

)









uz−;h− =









√

E + p3
(

1
0

)

√

E − p3
(

1
0

)









where helicity h± is defined by the momentum of fermion
and its spin orientation: if spin orientation is in the
same direction as its momentum, it is called right-handed
helicity(h+). Therefore, a massive fermion field of the
Dirac equation can be described by two nonzero Weyl
spinors with left-handed and right-handed chirality

Ψ =

(

ψL

ψR

)

where ψL,R 6= 0 for a massive fermion and chirality (L,R)
is defined to indicate either of these two-component ob-
jects. However, the chirality is not a physical observable
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unlike the helicity since no corresponding physical mea-
surement is available and also a massive fermion satis-
fying the Dirac equation cannot be represented by only
one chirality since it only denotes a part of the solution
to the Dirac equations are there are always two chiralities
for a massive particle(ψL,R 6= 0). The helicity of a mas-
sive particle is also not well defined in the rest frame
where its momentum is zero and the left-handed and
right-handed particle are indistinguishable. It is also not
a fundamental property of particle since it is not con-
served under Lorentz transformations: one can always
find a boosted frame, where the helicity is opposite due
to its reversed momentum, for example, uz+;h+ can be
observed as uz−;h− in a boosted reference frame. There-
fore, the helicity of a massive fermion is not a Lorentz-
invariant observable and it cannot be considered as a
fundamental property of particle.
A massless fermion can be derived by taking the mass-

less limit or solving massless Dirac equation. For the
boosted frame of z direction we have

uz+;h+ =
√

E + p3







0
0
1
0






uz+;h− =

√

E + p3







0
1
0
0







In the boosted frame of −z direction,

uz−;h+ =
√

E + p3







0
0
0
1






uz−;h− =

√

E + p3







1
0
0
0







Unlike massive fermions, they can be represented by only
one chirality

Ψ =

(

ψL

0

)

or

(

0
ψR

)

Since a massless fermion has neither the rest frame nor
a boosted frame which reverses its helicity, the helicity
is well defined and can be considered as a fundamental
property of particle that is Lorentz invariant. Its chiral-
ity also can be considered as fundamental property as it
corresponds to its helicity, which provides the physical
measurement of chirality.
The distinction of massive and massless particles in

chirality and helicity should be treated with care in ap-
proximating a massive fermion in the massless limit. A
massive fermion in a large boost can be approximately
described as a massless particle. However, the exact so-
lutions of the massive Dirac equation in the rest frame
cannot be achieved by Lorentz transformations of the ap-
proximated ones back to the rest frame, for example,

u =
√
m

(

ξ

ξ

)

in the rest frame

→
(
√

E + p3ξ
√

E − p3ξ

)

in the boosted frame

→
√
2E

(

ξ
0

)

approximation

9

√
m

(

ξ

ξ

)

back to the rest frame

Therefore, the massless approximation violates Lorentz
invariance and thus it should not be justified to determine
the fundamental property of a massive particle as that of
massless one.

III. THE STANDARD MODEL

The weak interactions have a certain structure of (1±
γ5)[7, 8] as

Hweak = ψγµ
(1 ± γ5)

2
ψ,

while the electromagnetic interactions are

Hem = ψγµψ

In the standard model, they are unified as the electroweak
interactions in

Hew = ψL,Rγ
µψL,R

as massive fermions are represented with definite helici-
ties in the massless limit[1, 2, 3]. This model suggests to
interpret 1

2
(1±γ5) not as a structure of interactions, but

as a physical operator acting on fermion fields so that the
weak interactions are

Hweak = ψγµ
(1± γ5)

2
ψ

= ψγµ
[

(1± γ5)

2

]2

ψ

= ψ
(1∓ γ5)

2
γµ

(1± γ5)

2
ψ

= ψL,Rγ
µψL,R

where

ψL =
1

2
(1− γ5)ψ =

(

ψ′
L

0

)

ψR =
1

2
(1 + γ5)ψ =

(

0
ψ′
R

)

However, no massive fermion of the Dirac equation cor-
responds to ψL,R and thus it is only valid for a massive
particle in the massless limit. We may argue that the cal-
culation of Hweak would be the same regardless of this
approximation because 1

2
(1±γ5) associates with only one

chiral component.

Hweak = ψγµ
(1 ± γ5)

2
ψ

= ψh±γ
µ (1 ± γ5)

2
ψh±

→ ψL,Rγ
µ (1± γ5)

2
ψL,R

= ψL,Rγ
µψL,R
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However, we have two distinctive structure 1
2
(1±γ5) for

a fermion field since whether the particle is left- or right-
handed in some reference frames should not determine
which of these two structures we have in the rest frame
and thus the massless approximation is also required for
this argument.

1

2
(1 − γ5)ψh+ 6= 1

2
(1 − γ5)ψR = 0

while

1

2
(1 + γ5)ψh+ =

1

2
(1 + γ5)ψR

The electromagnetic interactions are also approximated
since a massive Dirac fermion that we observe is not ψL,R,
but ψh±.

Hem = ψγµψ

= ψh±γ
µψh±

→ ψL,Rγ
µψL,R

Therefore, the unification of electroweak interactions is
based on the approximation that violates Lorentz invari-
ance.
The most accurate description of electroweak interac-

tions should be obtained in the rest frame where the ex-
act solutions of the Dirac equations are available and
always the same whether they are observed as left- or
right-handed in other reference frames since the inter-
actions should be Lorentz invariant. In the rest frame,
there are still two different electroweak interactions.

Hew = ψ0γ
µ (1± γ5)

2
ψ0

6= ψ0γ
µψ0

Therefore, the unification of electroweak interactions fails
in the most accurate description of interactions and it is
only valid with the assumption of Lorentz violation.

IV. THE HIGGS MECHANISM

This Lorentz violation of the standard model might
be avoided by the assumption that a fermion is massless

as its mass is obtained from the spontaneous symme-
try breaking[4, 5]. In the Higgs mechanism, a fermion
is defined as a massless particle with a definite chiral-
ity ψL = 1

2
(1 − γ5)ψ. However, it would be inconsistent

if this definition of massless fermion remains valid even
after its mass is acquired since a massive fermion satis-
fying the Dirac equation cannot be represented by only
one chirality. When we describe the physics of a mas-
sive fermion, its nonzero mass should be accepted as a
given physical property of particle in the fundamental
equations that is independent of any proceeding physical
events that occurred before: a fermion field should be de-
fined by the massive Dirac equation regardless of how its
mass is given. Since the Higgs mechanism that explains
how mass is acquired is only a hypothetical event with
no physical observations for its verification available, the
given physical property of a massive particle should be
the same after the Higgs mechanism and thus the fermion
should be redefined with mass in order to be consistent.
Otherwise, the fundamentality of the Dirac equation and
mass would be contradicted since the helicity is obtained
from the massless Dirac equation while other fundamen-
tal properties such as the definition of antiparticle from
the massive Dirac equation. Therefore, the assumption of
a massless fermion is invalid to describe a massive fermion
after the spontaneous symmetry breaking and thus the
Lorentz-violating approximation is still required for the
unification of electroweak interactions.

V. CONCLUSION

The massless approximation of the standard model
proved to violate Lorentz invariance as the exact fermion
field in the rest frame cannot be obtained from Lorentz
transformations on the approximated one. The assump-
tion of massless fermion with the Higgs mechanism fails
to eliminate the necessity of this approximation since the
fermion should be redefined as a massive particle after its
mass is acquired. In conclusion, the unification of elec-
troweak interaction in the standard model is only valid
with the assumption of Lorentz violation.
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