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We present a basic formalism for using the Weyl spinor notation in Feynman rules. We focus on Weyl spinors with mixed
Dirac and Majorana mass terms. To clarify the definitions we derive the Feynman rules from the path integral and present two
examples: loop corrections for a fermion propagator and a tree level analysis of a seesaw toy model.
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1. Introduction

Despite the tremendous success of the Standard Mod-
el (SM), there is no doubt that it cannot be a com-
plete theory due to numerous experimental evidences
for which the SM fails to find an explanation. One of
these experimental evidences is the observation of
neutrino oscillations; for a short review of these ex-
periments see references [EI, ﬁ]. The oscillations prove
that at least two of the neutrinos have masses, but
the original assumptions of the SM forbid these mass
terms. So the neutrino sector and possibly the Higgs
sector should be extended with some new degrees of
freedom, i. e. new particles, to allow for the possibility
that neutrinos have a mass.

The simplest “building blocks” for a fermionic
particle content are Weyl spinors. Thus the model
building is usually done in the Weyl spinor notation.
However, if one looks at the standard textbooks on
quantum field theory (QFT), like [E, H], one can see
that it is unusual to find a proper treatment for Weyl
spinors. This is in contrast to supersymmetry (SUSY)
references [E, E]. As a result, non-SUSY calculations
using Weyl spinors are somewhat absent in the litera-
ture, although the Weyl spinor formalism is known
for an easier implementation on computer algebra
systems [ﬂ]. This is not very surprising as we have
only Dirac mass terms in the SM: the 4-component
spinor formulation is way easier to deal with in this
case. But considering a possible Majorana neutri-
no [E], theories with mixed Majorana and Dirac mass

terms for fermions become relevant; for a review of
seesaw mechanisms see [E]. Then the usual 4-com-
ponent spinor techniques are not so transparent to
understand the dynamics of mass mixing, whereas
the Weyl spinor notation gives a natural diagram-
matic approach to these cases, as we will see in Sub-
section 4.4.

The difficulty of using Weyl spinors also arises from
having many possibilities of different conventions. We
present the definitions, which are essential to under-
stand these possibilities in Section 2. With the conven-
tions from FE] we rederive Feynman rules in order to
make these conventions visible by using the path in-
tegral approach in Section 3. We focus on the exam-
ples that are relevant for studying a seesaw model. This
includes loop corrections for a Majorana particle in
Subsubsection 3.4.2 and Subsection 4.3 and a diagram-
matic approach of the seesaw itself in Subsection 4.4.

2. Weyl spinors

2.1. Definitions

The Weyl spinor [@, ] is the fundamental represen-
tation of the group SU(2). The Lorentz group is ho-
momorphic to SU(2), ® SU(2), [@], where L and R
are labels to distinguish the two subgroups. Particles
fall into representations of these groups. A particle
which is in the fundamental representation of the L
subgroup and in the trivial representation of the R
subgroup is called a “left-handed” spinor and has left
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chirality. The opposite is true for the “right-handed”
spinor.

The two subgroups of the Lorentz group are related
by Hermitian conjugation and by parity transforma-
tion [@]. So if we do a Hermitian conjugation or a pari-
ty transformation on a left-handed field, we get the field
in the right-handed representation. Both of the two
transformations flip the representations L <> R, but
the Hermitian conjugation also makes a charge conju-
gation. For more detailed discussion see [@].

A Weyl spinor is anticommuting, so the symbols
that give the spinor metric are antisymmetric. Denot-
ing spinor indices by Latin letters, we write for left-
handed spinors

x=e"¢x,, 1)

where € is the totally antisymmetric symbol, which
takes a left-handed spinor into its dual space by
the definition E .

Er= e, § = ¢ 8 v, = 8, @)

where § is the Kronecker symbol. Note that the com-
ponents of the spinor are Grassmannian (i. e. they an-
ticommute). The Hermitian conjugation puts a spinor
into the opposite handiness. The right-handed
spinor index is written as a Latin letter with a dot, so
(&) = &% Doing Hermitian conjugation of the scalar
product of left-handed spinors

7= (" x,)" = (&%) = xi¢" 3)
and defining the raising and lowering of a right-hand-
ed index in a similar way as for the left-handed spinors

a— ,ab b bc —
=, & =, &, =8, (4)
we can write the definition of this metric:

12 _

€ —612_6 =6 =1landé eéizelzzeij:—l.(S)

Since the fields anticommute, we get

Sx=8&%, =& =-ec x& =x¢ =x§. (6)

We define a summation convention for left-handed
(undotted) spinor indices to sum from up to down.
The Hermitian conjugation reverses this summation,
hence dotted indices are summed from down to up; to
conclude,

§= =80, =1, X = X8 =8t =yt )

2.2. Basic properties and the Lagrangian for Weyl
spinors

The four components of a 4-vector can be written in
the space of the direct product SU(2), ® SU(2),. Since
the fundamental representation of SU(2) has 2 de-
grees of freedom, a 4-vector can be seen as the pro-
duct of two fundamental representations of SU(2),
i. e. two Weyl spinors. Hence we can find a connec-
tion that transforms two spinors from these two Lor-
entz’s subgroups into a four-component vector in
the Minkowski spacetime. The connection is

ETE'/‘X = fza'uda . = _Xao'/‘:afa = _XO':“&‘T (8)
with the definition
ghia = ebeibgt )

These connections can be written as

= (I) - g)a'a’ O'l‘; = (I) 3)(241’ (10)
where (? is a 3-vector of Pauli matrices, and I'is the 2 x 2
identity matrix. The product in Eq. (8) is a 4-vector
composed of two Weyl spinors. If we multiply it with
some other 4-vector, we will get a Lorentz scalar,

E(A-O)x=§A,5" x = 8" A 5 ¢,

= (A 0hE = (A - 0, (11)

u- bb
where in the first and the last equality the summation
convention is being used, which holds for these sig-
ma symbols as well. Assuming A represents a vector
field, Eq. (11) forms a valid spmor—vector interaction
term in a Lagrangian.

Free field terms in the Lagrangian must be bilinear
and Hermitian. Given Eq. (7), it is easy to write down
the mass term for a single Weyl spinor. We can write
the mass term for a single left-handed spinor & as

1

LM=—5M(§L§L L EME), (12)

The parameter M is made real by absorbing
its phase in the Weyl spinor. The term defined by
Eq. (12) is called a Majorana mass term. A sin-
gle Weyl spinor with such a mass term is called
a Majorana particle, since from this Weyl spinor
one can construct a four-component Majorana
spinor. The factor of is conventional, to avoid ad-
ditional numerical factors in amplitudes due to
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the symmetry of this coupling. Another possible in-
variant mass term can couple two Weyl spinors:

£D — _ngRTXL _ mLXL“rgR_ (13)

These terms are called Dirac mass terms. If two
Weyl spinors share a Dirac mass term and do not have
a Majorana mass term, they are usually combined
into one Dirac spinor, which is nothing more than
two Weyl spinors with the same mass. Such particles
are called Dirac particles. It is also possible for Weyl
spinors to have all those mass terms, with the result
that the Weyl spinors are not in their mass eigenstates.
In this case, the diagonalized mass matrix in general
will give two different masses for two different Weyl
spinors. Those are often called two Majorana parti-
cles, since the diagonalized mass terms can be written
as in Eq. (12). The difference between Dirac and Ma-
jorana fermions is discussed in [].

From Eq. (11) we see how a vector connects to
spinors. The partial derivative 9 is also a vector. So
we can write Eq. (11) with 0, in place of the vector to
form the kinetic term

L, =i8"5'0 &, (14)
which is Hermitian up to a total derivative, which
does not affect dynamics:

L = if”&”a#EL = ifLaf‘aFf” +total derivative.  (15)
Note the chirality structure of this term. If we recover
indices, we see that

g0 1 = (16)
has only a dotted index, which means that acting on
a spinor with 00 or 00 gives a spinor that has the oppo-
site chirality than the spinor the operators were acting
on.

The superscript L that we used in &"and x* is just
aname of the field. We stick to this convention for nam-
ing left-handed spinors with superscript L and right-
handed spinors with superscript R that correspond to
particles and not to antiparticles. So & is in the right-
handed representation, but it is purely our convention
that we call &' an antiparticle. All the results that are
obtained for the charge conjugated left-handed spinor
apply for a right-handed spinor and vice versa. The chi-
rality is all what matters in taking care of the algebra in
this formulation. Hence, keeping track of indices with-
out suppressing them is often useful in order to make
less mistakes. Whenever we do not use spinor indices,
recall the summation conventions shown in Eq. (7).

A lot of spinor algebra relations consistent with
these definitions can be found in [E]. For our pur-
pose, we only need

[O.,ua.v + gV o ]f = 2gll"55,

(17)

[Gt0" + 50" |, = 2g"0. (18)

The spinor indices are suppressed using the sum-
mation convention of Eq. (7). g*is the usual Minkows-
ki metric, taken to be diag(1,-1,-1,-1). When con-
necting these symbols with spinor indices, one can
connect only barred to unbarred sigmas. As we will
see, this knowledge helps in choosing the right rule
for writing amplitudes.

3. Propagators

When dealing with the path integral formulation, it is
convenient to go to the momentum space. For this we
need to define Fourier transformations of the fields.
For the left-handed Weyl spinor & we define

EH )= fe e (), 61 ()= [ee k), (19)

where

= d_Dk =[d°x
//:_./(2,1-)0’/;_./ ’
and D is the number of spacetime dimensions. In
the spirit of dimensional regularization D is set to 4 at

the end of the calculations. The Dirac delta function
in D dimensions is represented by the integral

(20)

(@n) 8k ~ k)= [, 1)

Using Eqs. (19) and (21) in the action § = [ L,
with £ given in Eq. (14), we arrive at the action in
the momentum space:

Sk = [ @@ DE D=1 (P(@ )END)- (22)

The Majorana mass term in the momentum space
becomes

Sy = JIME)E(x) + MIET(x)E(x)}

= fp {ME(-p)&(p) + M€V (-p)E(p)}. (23)

For a Dirac particle, where we have 2 Weyl spinors,
we could define L and R fields to Fourier transform
in the same way. Then we would arrive at a Fourier
transformed action, where all fields are expressed in
the same p direction. But to have the same appearance
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of the p dependence as in the Majorana case, we rather
keep a definition for all left-handed fields the same, i. e.
we require & to Fourier transform the same as &, and
define

£ = [0, B W =[e R, (4
For two Weyl spinors & and &%, sharing the same
Dirac mass, we have the momentum dependences

8, =J {8 () @ P)EP) + E(=p) (0 p) E(-p)

_m E(=p) E(p) -m' E(-p) E1(p)} . (25)
Note that we do not have the freedom of choos-
ing the definition of the Fourier transformation in
the Majorana case, since we have twice less degrees
of freedom.
Eq. (25) can also be written in an alternative form
as is evident from Eq. (15). We have

L&) @ p) &) =~/ Ep) (- p) &1(p)
=+ [E(p) (0 p) E(p). (26)
Using Eq. (26), the action of Eq. (25) can be written as
8, =J{Ep) (0 p) E(-p) + &) G- p) E(p)

- m E¥(=p) §(p) - miE¥(-p) & (p)}. (27)

As we will see, the fact that we can write the ki-
netic term for a single Weyl spinor in two different
ways (Egs. (25) and (27)) results in the freedom of
choosing one of two rules for a single propagator line.

We introduce source functions to the Lagrangian
density in the position space as

JH(x) &(x) + J*(x) &%(x) + H.c. (28)
and we define the Fourier transformation of the source
functions for left and right fields:

JHx) = Je k), J(x) = f, e E (k). (29)

The Fourier-transformed version of Eq. (28) then
becomes

FR)EP) + F(-p) E(-p) + *(p)E ()
+ J¥(=p) E9(=p). (0

The definition for the derivation with respect to
the source function is

8,00 s s
a]b(Pz) (p| pz) s

| (31)
5*];(171) =5(p1 _pz)ab' 6Ja(pl)

& (p,) ")

Since all Weyl spinors anticommute, this is true for
the sources as well, i. e. {J, J} = {5, J'*} = {J™, J**} = 0.
It also holds for their derivatives.

3.1. Propagator definitions

A propagator is a 2-point correlation function. Given
the path integral Z(J) = [[D¢]e?, where [D¢] stands
for a formal measure of all possible field configura-
tions, and the action S(J) = fx(L +J¢), the 2-point cor-
relation function of some scalar field ¢ is given by

(00000} =27 ¢/ = O [DPJo (I e

ofed o e, B

Since the correlation functions are evaluated at
vanishing sources and the path integral is a function
of sources, we abbreviate

Z=Z7(],]" and Z| = Z(J, ]*)|HT:O. (33)

Modifying the propagator definition for Weyl
spinors poses some complications mainly because
of their anticommutativity properties. We consider
a left-handed spinor & with an effective action S(J, J/)
=[(L+J¢& + &%) . The product of J& = &] is invariant,
but there is an ambiguity in the sign if we differentiate
with respect to the source function. Since we defined
+J°€_in the action, we have the property

0
oJ*

(34)

be Y_ (7 i: ,
(%8,)=-0"8) 5 =L,

where the arrow indicates the direction of acting. This
arrow is introduced in order to compare the defini-
tions with [E], where this opposite direction of acting
for source derivatives is frequently used. Remember-
ing the summation convention for dotted indices, we
have

B ()i D g
5 Vig")= Uit )5JZ Ev.

(35)
Given this, one can relate the definitions for prop-
agators using source derivatives acting only from

the left, with the definitions for propagators given in
[E]. They are:
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) s s 6 1o 8p) 8
ta a _ 1 - d
(0] @e* o) =z i5Ja(y)i5J;(x)Z‘ 8 (x) A P87 (x)87 (p) (41)
_ 1 5 6 (36) —ipx
B0 B0 - [n W 5o an's,
sJt(x)  8JH(p) o 8 (p)
N N
<0 Y )‘0>_Z i8J(y)i6J° (x)Z‘ One can check that for the opposite chirality we
s , S ‘ have
i6J(x) " i8I ()" (37)
:f e+ipx (ZE)D(S . (42)
58 87" (x) 87" (p)
0 =7Z"- e
< ) . i6J, () i6J" (x) Putting Eq. (41) into Eq. (40) we get
=z 0 VA J ‘ (38)
i8.J°(x)" i6J,(») (0 )=27" o . 0
i0J,(v) i6J°(x)
Y ) @r)s Y5 (@n)°s @
ol M (ET(M]0) =2~ : e L £
(0l @5 Ol0)-2" S L s e
8, 5y SR depends only on the spaceti
5.6 5oy & e propagator depends only on the spacetime

We use the full definition for propagators, where all
corrections for a propagator are encoded in the path
integral Z. The definitions for propagators in [E] are
presented in the free field theory only, but the struc-
ture is the same. The only difference is the factor Z™' in
front of the expression, which we need to include to
keep the right normalization of correlation functions
in the presence of higher order corrections.

3.2. Propagator in momentum space

Since the momentum space is natural for Feynman
diagram calculations, we will define the Fourier-
transformed version of the previous propagator ex-
pression.

First consider a propagator for the left-handed
field & of the form

(0

()|

4 6 _ o Z\
i0J,(y) i6J°(x)

0)=(/[D&1e*) fIDE1E () & ()e®
(40)

We first take a look how derivatives with respect
to source functions transform under Fourier trans-
formations. Making use of the Fourier transforma-
tions defined in Eq. (19) and the chain rule for func-
tlonal der1vat1ves which is just a generalization of

7_2 ,weget
fﬁx v,

difference x-y and not on x and y separately. So
the propagator should Fourier transform with a sin-
gle factor of x-y. By rearranging exponents from
Eq. (43) and adjusting the signs of the momentum to
have the e 7> factor in front, we get

<0 0>:/ e*iP(XZV)
P

Z—l/‘ e—n(p P') (271') o) (271') o ‘
i6J,( p) 15J"(p)

This expression still depends on the spacetime
point y, because we did not yet restrict the coordinate
space propagator to depend only on the spacetime
difference x-y. But the translational invariance of
the action always gives this spacetime dependence for
correlation functions, hence the correlation function
is a translational invariant itself. To preserve this sym-
metry we need to have p’ = p in the momentum space;
the additional exponent in the brackets of Eq. (44) will
just give the identity all the time. There is also an ad-
ditional integration f which might seem strange at
first glance. But actually, this integration is what is
needed to set p’ = p. To understand this, consider that
we have two derivatives with respect to sources. Since
the sources are set to zero, the terms that contribute
from the action must also come as bilinear func-
tions of sources. After differentiation with respect to
the sources we should have two Dirac delta functions,
recalling the definition of differentiation in Eq. (31).
Because we have an action in the momentum space as
/ L(w), we have only one integration measure coming

"(y)|
(44)
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from the action, which uses one Dirac delta function
to fix one momentum. So the integration f is need-
ed to fix the other free momentum. Hence p’ serves
just as a dummy integration variable that matches di-
mensions and sets p’ = p at the end of the algebra.
As a result of these considerations, we can safely omit
the exponent in the brackets (e?*?7>1) from our
definitions for propagators. Furthermore, since we
always have p’ = p in the end, there is no difference

on what source function we put this integration varia-
@r)’s (n)°s @en)’s (@n)°s

W) W) a0 p) G
Eq. (44) without any consequence. However, the signs
of the momenta depend on the choice of the Fourier
transformation.

We define Fourier transformations for 2-point
correlation functions to be

(0], & )0} =/ e o

ble: we can change

+
0>FT(1)) (45)

and
= o)
(0 0)=/fe &

where FT(p) labels that the Fourier transformed ver-
sion of (0[¢ (x) &(y)|0) depends only on the momen-
tum p. The propagators in Eqgs. (36) and (39) have
an opposite chirality structure compared to those
of Egs. (45) and (46). We defined that fields that are
of opposite chirality to each other transformed with
the opposite momentum sign in Eq. (19). In order
to be consistent with this definition, we have Fou-
rier transformations for the propagators in Egs. (36)
and (39) with the opposite momentum sign rela-
tive to Egs. (45) and (46). This is also consistent with
momentum dependences in the free field actions of
Egs. (22), (23), (25) and (27). Given these definitions,
we get the expressions for all four types of propagators:

b
0
>FT(/J) > (40)

ol . =2 Qr )D5 (27r)D6

{ole7g0)iriy=27f, 5100 5T 0) (47)

0 0)yyy =27 [ QU8 @n)°s

< =7 s ere 49
b _ o @r)’8 @n)’s

11000 =7 sy ey 40

(0l 10}y =27 LEVECEVO 71

ri8J(p) 18J1)

Now we take two Weyl spinors, & and &*, with
the same Dirac mass that couples them together.

Since we introduced a Fourier transform in such a way
that & transforms the same as &%, we can already write
propagators for this Dirac particle by just relabelling
fields and without changing momentum dependences:

@rn)°s (27r) 6

(0|£1%8/0) 1) = Z plaJL@) 15J”() , (51)
(0lEFE X 0)pr(y) = z, f;;,?az)'ig;fi(fp,)z, (52)
(068110} er(y =2 /p,igfze):ip)'g]?(;fs)Z , (53)
(0lgf&"0)er(,) = 'lfp,i%-gﬁgfj)z (54)

These propagators can be written differently, for
example, one can use the propagator (0[&"£!|0)
instead of (O|EWEL“|O)FT@).
from Egs. (47) to (50).

FT(p)

The changes should be clear

3.3. Propagator for a free field

Considering free fields, it is always possible to shift
fields in the action in such a way that the field depend-
ent part is separated from the source dependent part.
To be more precise, consider we have a field £ and we
shift it to £ such that the path integral becomes

Z()) = /ID{e™ = [IDE1eS 0 = Ne,

N=/[D¢"]e"®, (55)

The integration over fields gives just a constant
factor N to the path integral Z(J).

Now let us consider the possible shift for Weyl
spinors. We use left- and right-handed fields & and &*
sharing a Dirac mass term. Then the fields are shifted
by a linear combination of sources, i. e. the left-handed
field will be shifted by a linear combination of left- and
right-handed sources. From Subsection 2.2 we know
that constructing something that is left-handed from
an originally right-handed spinor can be done with
op. It is easier to see this if we restore spinor indices.
When two spinors have only a Dirac mass, the shift for
the left-handed field will have the form

§(p)> & (p) +x-(0p) , JUC-p) +7-Ji(p),  (56)
where x and y are just some unknown constants.
The minus sign in the momentum dependence comes
from the fact that the propagation of the right-hand-
ed field in the negative time direction is the left-hand-
ed field in the positive time direction. The important
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thing is keeping track of the chirality. Having in mind
our labelling of R and L, the shift for &* is the same as
for & except for interchanging the labels R <> L and
the connection o > o due to the opposite chirality of
&R, In the case of one left-handed spinor with the Ma-
jorana mass only, we can identify R > Lt in Eq. 56).

It is possible to calculate the coefficients x and y
by straightforwardly inserting the shift, Eq. (56), into
the action and requiring terms that couple sources with
fields to cancel. However, since this form of the shift
includes the transformation between the left and right
chiral states, it makes sense to combine the left and
right chiral states into one 2-component vector, where
the components are Weyl spinors. This is just the usu-
al 4-component spinor in the chiral representation.
How this is done one can find in the appendix of [E].
The source dependent part of the action for two Weyl
spinors sharing a Dirac mass term is

iS(J)=—f{ I )1(0 p)J L(p)+JR )1(0 r) J*Cp)

» (57)
+p2 oINPT () s T p)J”(p)}

D me

Remembering the definitions of propagators in
Egs. (51) to (54) we get

(o ¢0),,,, =172 (58)
(ols™e o), =i (59)
(le'&70),, =i~ )
(oereH o) =i (61)

FT(p)  p* —mp '
Comparing Eq. (57) with Egs. (25) and (27), we
see that the same action can be written as

iSU)=/. TJL(—m “i—'@ﬂ*(—@uk@) 8 )

+J (p)p 'jn JH )+ R p)

D

— ”(p)} (62)

Egs. (58) and (59) can be written in alternative
forms by changing p > -p and exchanging ¢ < ©.
Hence we conclude that in this notation
—i0 - p

p —mp

_i6-p g equivalent to (63)

2 2
p —mp

If we have a Weyl spinor with a Majorana mass
term, the action can be written as

iSU)=-2 {J”@) SR ) SO )

+

2‘ MzJL(—p)JL(p)JF - M 3 ”(—p)J”(p)}. (64)
~ En

It is obvious that the same equivalence for propa-
gators shown in Eq. (63) holds too. Using this action
we get only two independent propagators instead of
four, but all four forms, as seen from Egs. (47) to (50),
are present.

3.4. Propagator for the interacting theory

In the previous section we saw the free field terms
of the action. If we consider an interacting theory,
we have an additional term S, and the path integral
becomes

7 ~ elSinttiStree = eiSinteiStree |

(65)

Most of the models in particle physics are built
to describe the interactions as a perturbative series
of this expression. The only case when the pertur-
bation theory is not applicable is when we have
a bound state. Since we are interested in models that
should describe interactions with neutrinos (which
do not participate in such states), treating iS,_ as
a perturbation is general enough. The free field
term is expressed in terms of the source functions,
so the interaction term then can be expressed as de-
rivatives with respect to sources acting on the free
field action: S, is promoted to an operator §_. Then
the path integral becomes

7 ~ g e — [l +iS,, +l (iS'im)2+ ..}eisﬁee- (66)
2

Given the Lagrangian of a theory and using
the definitions for propagators of Eqs. (47) to (50)
or Egs. (51) to (54), we can calculate corrections
for the tree level propagators to the desired order.
The first term of this expansion is just a free field ap-
proximation that we discussed in the previous sub-
section. The second term becomes zero after setting
sources to zero as will become clear after we work
out the expressions for iS,_. The third term in the ex-
pansion gives a loop correction for the propagators.
In the following subsection we summarize the ex-
pressions of iS_ for possible interactions with Weyl
spinors.
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3.4.1. Vertices

We will consider possible couplings that appear in
renormalizable models in four dimensions. We will
leave, however, the letter D in the exponents of phase
space integrals, denoting the number of dimensions
as a free parameter in our expressions. This empha-
sizes that dimensional regularization can be used be-
fore setting D = 4.

In four dimensions a spinor can couple to a vec-
tor or a scalar. The spinor-vector coupling term in
the action is

iS,, = +g [ ) (A()-0)5" ()

—ig [£"T()(Ax) T)E" (x). (67)

This is the same term written in two different
ways, where g is some coupling constant. We promote
this term to an operator iS! by changing the fields
to the corresponding derivatives with respect to
the sources. By making use of Egs. (41) and (42) we go
to the momentum space. The expressions for iS,_ are

(27[)D5(p1 +p,t P3)055,
PPy P3
(271') 5§ @m’s @n)’s

16‘]# () 15-]” “p3) 15JL (p)

s’ = =+ig

int

(68)

or

(2”)D6(p1 +py,t p}) Ghe

Pro>P2sPy

(27[) 5 @n's (@r)’s
15J” (p,)i6J"(p,) i8I~ P3)

V _ .
ISlm =g

(69)

where we restored spinor and vector indices. We
see that there is a freedom in choosing the connec-
tion between the vector and the spinors, i. e. we can
choose either o or -0 to write down the same ver-
tex. The minus sign for the momentum comes from
the definition of the Fourier transformation present-
ed in Egs. (19) and (24).

The spinor scalar coupling can come in two forms:

%qujé "' 4 Hee, and y,pEYEF+ Hee. (70)

Here the first term couples some scalar ¢ to the same
Weyl spinor and the second term couples it to two dif-
ferent spinors. We will always introduce the factor
in the definition of the coupling of a scalar with two
spinors of the same field in order to cancel additional
combinatorial factors that appear due to the symmetry
of this term. We take ¢ to be a complex scalar for gen-
erality, so that we have a complex coupling constant.

Using Eq. (41) we get i8$ for the scalar case in
terms of the source functions

. D
IS,f,f 1)’1/ (2m) 6(py+ py+ps)
P1-P2:P3

1
(277)D5 '(271')D5 .(271_)D5 (71)
i5J¢(p]) i5JL”(p2) i5Jj(p3)
or
igi?n = iyz/;ﬁ(’%ngé(ﬂ"'l)z"'l’ﬁ
(72)

X(Zn)D5 @n)’s  @n)’s
i8J,(p) 6J%(p,) i6JH(p,)

The Hermitian conjugate of iS just gives the Her-
mitian conjugate coupling constants and opposite signs
for the momentum dependences in the source func-
tions.

3.4.2. The spinor-vector loop

Now we can calculate corrections to all propagators de-
fined in Egs. (51) to (54). We see that the term linear in
iS,_ vanishesforapropagatorafter settingsourcestozero,
since all possible interaction terms acting on the free
field part of the path integral will leave an odd number
of sources. Therefore the loop correction comes from
%(igim)2 in Eq. (66). To see how the path integral for-
malism applies, we work out the example for the loop
correction to the propagator defined in Eq. (51).

Consider the loop correction to a propagator for
a fermion with only a Majorana mass and a vector bo-
son in the loop. Let us call the spinor & and the vec-
tor A . The free field term for this fermion is given
in Eq. (64). The interaction operator then is either
Eq. (69) or Eq. (68). Let us use the form of Eq. (68).
Then the interaction operator to order O(g?) is

(ISmt) (1g) f 27)°8(pp,+ps) (21) 8 (ke +h y+hy)
P1sD2sPyskyskoysky

. Cn)’s @r)’s  @r)’s

“i8J4(p) 6L 1(- p,)i6JH(p,)

v 27 Y8 @r)’s  (@r)’s
" i&]‘:q(kz) i&]? (_ k3) i&],f (kl )

(73)

We abbreviate the fermion propagators of the free
field as

(p)—“”’ PP . (74)
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suppressing the spinor indices. We will use the let-
ter G as an abbreviation for the boson propagator,
which is an even function of the momentum:

G(p) = G(-p). (75)

Let us take Ay to be neutral. In this context, it is
enough to say that a neutral field is self-conjugate, i. .
it is its own antlpartlcle On the Lagrangian level we
have a factor of + in front of the bilinear terms due
to this extra symmetry, hence the free field term for
a neutral boson after completing the squares is

is—— 1 [ PG @) (p)- (76)
27
For the propagator of the A field we write G, (p),
which is also symmetric under Y.
With the definition of the propagator in Eq. (51),
the correction to one loop order is

<0| gLngLa 0

B ens ons

FT -/;7 i5JaL (p) i5J§T(P’)

| 77)
X %(iﬁillt)zels fre ’

where the number in the brackets of the superscript
denotes the order of the correction. In Eq. (77) we
have 8 derivatives with respect to the sources in to-
tal. Since the propagator is evaluated at vanishing
sources, only the term —(lsfm) will contribute from
the expansion of the free field part of the path inte-
gral. Looking at Eq. (73) we see that in Eq. (77) we
have derivatives with respect to 3 J's, 3 J'sand 2 ] s.
The only non-vanishing terms are those that have
the same number of sources. These contributions
from (s ) are
41" free

Lt5 7L
Aw7w3w44'2JGJ(J P or -

/L;lw oo, 4' JAGAJAQHPJL) (JLP JL) (J”P Ju)

where @, @.... are the momenta of different pairs
of source functions. All the indices are contracted.
The momentum dependences of the source func-
tions can be seen in Egs. (76) and (64). Acting with
source derivatives we get 8 Dirac delta functions that
are integrated over with the momenta @ , @..... In
the end one arrives at an expression that can be dia-
grammatically expressed as a Feynman diagram.

To see explicitly how this is done, we take the first
term of Eq. (78) as an example:

4/-anﬁ er)°s
i6J"(p) 15J”(p )

X — (ISmt) f

(79)
IO

L0, 3 O 4|

The easiest start is to differentiate this term first

with respect to the vector bosons, since it can be
er)’s (2n)°s
1074 (p,)i6J (k,)’

the definition of differentiation, Eq. (31), we get

done independently: Remembering

@r)’s @r)’s 1 )
i5J§(p2) i6.J) (kz)'/:"lEJ (—wl)GApc(wl)J (@)

=[xV 3, +0) Gy @ )2m) @, <k,) - (80)

= 2mP3(p, + k)G, (k).

Ay

Differentiating in the same manner with respect
to the spinor sources from Eq. (73) and integrating
with respect to the momenta @ ,, ., and @, we are
left with 6 Dirac delta functions in total (2 coming
from Eq. (73)). The integrations over all momenta,
coming from iS,_ in Eq. (73), will connect these mo-
menta to preserve momentum conservation. The last
integration over p’completes it with setting p'= p as
discussed in Subsection 3.2. IT, shown in Eq. (79), be-
comes the sum of

B,-B" (p){+ Lon)50)isY
(81)

of | P0IOLD 0 00 1),

B =ph (p){_ % (@m) "8 (0)ig)’

X_/. DApv (pz)o-gz'zp @ Cvl +p2)o-}‘:1,'PbaCD] )} >
p1,p2

(82)

T=~Gg) [P*“(p)atiP(p)] D,,,, 0)[ [0}, P"®)], (83)
and

L=+PX(plligy [P “(p+R) 0t Dy (D]P Up) . (84)

These terms are represented as Feynman dia-
grams in Fig. . Arrows on the lines show the flow of
the left chirality, i. e. they point from dotted to un-
dotted indices. The momentum flow is taken from
left to right as shown with additional arrows near
the momenta.
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Fig. 1. Feynman diagrams showing the terms in Eqs. (81)
to (84). The bubbles B, and B, shown in (a, b) are can-
celled by the normalization of the path integral. T,
the tadpole connected to the propagator, shown in (c),
vanishes. A, shown in (d), is the contributing loop cor-
rection to the propagator.

The amplitudes in Egs. (81) and (82) are the so-
called vacuum bubbles. They are cancelled by Z™ to
all orders. To prove it for this order, see the O(g*)
of Z at vanishing sources. By the same argument of
matching the number of derivatives with the number
of sources we get

%GSint)z € e = %(is\‘im)2 %(IS free } . (85)

. . 1ra 2 1( 3
The only non-vanishing terms from E(lsim) 5(15 )
are

loa V2 31 — N2

E(‘Sim) ./;)lywz’w};?]ADAJA(J”PJL) and

Lo 2 3 Lop o\l gup it
2(1Sim) -/.wl,wz,w;3!2JADA‘[42(J BJ )E(J P ) (86)

Working out the first term, one arrives at the terms
that are shown in the brackets of Egs. (81) and (82).

There is also an interesting factor of 5 in Egs. (81)
and (82), which stands for the symmetry factor of these
diagrams, i. e. the diagram is identical if you change
places of two identical fermion propagators or places
of two vertices. Also, there is a minus sign in Eq. (82).
This is due to the anticommutativity of fermions: each
closed fermion loop gives a relative minus sign to
the amplitude. Just as expected, the symmetry factors
and the rule for closed fermion loops are the same as in
the usual Feynman diagram calculus.

An interesting diagram is drawn from Eq. (83),
which is a tadpole connected to a propagator. Note
that it has a minus sign due to the closed fermion loop.
This already looks strange from a physical perspec-
tive: the gauge boson of momentum 0 is vanishing
into the vacuum. Since a vector has a Lorentz index,
we might worry about the Lorentz invariance if this
would contribute. But it does vanish: the propagator
P(k) is an odd function of k, so the term k[ozbﬁ” )]
gives 0 when integrating over all values of the momen-
tum. Note that the propagator P, (k) is even: a tadpole
diagram appearing with this propagator would give
a contribution. This cannot happen with a gauge bo-
son, but it appears in the interaction with scalars as
will be discussed in Subsection 4.3. So we are left only
with Eq. (84) contributing to the one loop correction.

P ¢
(a) {LT(’L 4>p {La (b) gLa p—‘—> f”‘i
+iok —ig"“p, +ig"p, —iofip,
2_ 2 or 2 2 2_ 2 or 2 2
p —m p —-m p —m p —m
© T @ >
6(’1 T §Rb ¢ ta 55
ims " im's !
pz - p2 _ P

Fig. E Feynman diagrams and rules for propagators.
These are all possible diagrams for propagators of Weyl
spinors. The corresponding Feynman rule is written un-
der each diagram. For the propagators shown in (a, b)
one can choose between two possible rules. The mass
term can be either Dirac or Majorana in these rules, but
for the Majorana case one has to identify & = £ in (c, d).
Propagators in (¢, d) are even functions of the momen-
tum, hence the direction of the momentum flow is irrel-
evant and not shown in the diagrams.

4. Feynman rules

4.1. Propagators and mass insertions

All the definitions in this paper are consistent with
the definitions of [E]. To present Feynman rules for
Weyl spinors, one has to include a chirality flow in
the diagram. An arrow on the propagator line is de-
fined to show the direction in which the left chirality
flows, i. e. the arrow is directed from the dotted in-
dex towards the undotted index. Whenever a chiral
symmetry breaking term appears (such as a mass),
the directions of arrows indicate this by showing op-
posite directions in the diagram. This is in contrast
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with Feynman diagrams for 4-component spinors,
where the direction of an arrow is defined as fer-
mion flow, which has to be preserved all the time in
order to have fermion number conservation. Feyn-
man rules for propagators of Weyl spinors are shown
in Fig. [l

We first consider the propagators shown in Fig. @(a,
b). We draw an additional arrow near the propaga-
tor line showing the momentum flow. The definition
of momentum flow is crucial for these propagators
in order to assign the correct rule. To see why this is
the case, recall Eq. (63). We have two alternative forms
of writing down the expression for the same propaga-
tor and this form is related with the direction of mo-
mentum. This freedom can be understood comparing
the two equivalent expressions for the same action
shown in Egs. (25) and (27) in terms of Weyl spinors
or in Egs. (57) and (62) in terms of sources functions.
These alternative forms of writing down the same ac-
tion are reflected in the rules shown in Fig. @(a, b). We
can go from one form to the other by either flipping
the arrow of the propagator, or by changing the direc-
tion of the momentum. For Fig. @(a), where the left
chirality goes from left to right, we have the propagator
~ op or by changing p > —p we have ~op. Equivalently,
if we flip the direction of chirality as in Fig. @(b), we
have the propagator ~ap or ~-op.

The propagators of Eqs. (60) and (61), shown in
Fig. (c, d), exist only if the mass term is not zero. These
propagators are even functions of the momentum,
hence the direction of the momentum is not impor-
tant. Since the mass term for fermions couples different
chiral states, the direction of the arrow is not preserved
along the propagator line for these propagators.

All the rules for propagators shown in Fig. P are
obtained using the action of Eq. (57) and the defini-
tions of the propagators from Egs. (51) to (54). Al-
ternatively, one could start from a chirality preserv-
ing action, where the mass terms are zero, and treat
the mass terms as couplings. Then we have massless
propagators as the first approximation in Fig. (a, b).
Taking a Dirac mass term, Eq. (13), as a coupling, we
get the Feynman rules shown in Fig. Ewith m=m,
Making an infinite sum of even numbers of mass in-
sertions into the massless propagator for the Weyl
spinor, we recover the mass term in the denomina-
tors of the propagators shown in Fig. (a, b). Making
an infinite sum of odd numbers of mass insertions
gives rise to the propagators of Fig. @(c, d). If we have
a Majorana mass as in Eq. (12) instead, we will have just
the same rules of Fig. E with m = M. Making the infi-
nite sums of these insertions will give all the same rules
shown in Fig. @ identifying & = & and m = M.

(a) (b)
XA A X

-imé; ~im'6"

Fig. 3. Mass insertion diagrams and rules. These diagrams
correspond to mass terms if they are treated as couplings.
These rules can be used for either a Dirac or a Majorana
mass term in the same way, i. e. m = m_ if we have a Dirac
mass term as in Eq. (13) and m = M if we have a Majorana
mass term as in Eq. (12). The direction of arrows shows
the chirality structure of the mass term. The momentum
conservation along the line is understood. The direction
of the momentum flow is irrelevant just as in Fig. 2(c, d).

4.2. Vertices

To define the set of rules for interactions with Weyl
spinors, one just needs to understand the chirality
structure of the interaction terms. The scalar-spinor
interaction term changes chirality. Hence the arrows
of the spinor lines point in opposite directions in
the diagrams as shown in Fig. #(b, c). The momenta
are defined to flow into the vertex and the Dirac delta
function of these momenta gives the momentum con-
servation at the vertex. In Fig. 4(b) we define the cou-
pling constant y to come from the term that couples
two left-handed spinors as in Eq. (70). Figure @(c) is
just the Hermitian conjugate of Fig. H(b) with a cou-
pling y'. If the scalar field is real, then one can define
the phase of the spinors in such a way that y" = y.

@ ®)
.

igod(3,p) or -igod(Zp)  3(Tp)

© |

<o

iy's(Zp)

Fig. 4. Feynman diagrams and rules for vertices. The cor-
responding Feynman rule is written under each diagram.
There are two possible rules for a vertex with a vector bo-
son, as shown in Fig. 4(a). All momenta are defined to
flow into the vertex, so that §(¥p,) gives momentum con-
servation. The rules for vertices with scalars are shown in
Fig. 4(b, ).
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The spinor-vector interaction term, shown in
Eq. (67), preserves chirality. Hence arrows on the prop-
agator lines must show in the same direction for this
coupling. There is also a freedom in choosing the con-
nection: either o or 0, as seen in Eq. (67). These two rules
are related by a relative minus sign. The rules, shown in
Fig. H(a), are consistent with this sign convention:

L =+géo- V& =—gtliz. VE. (87)

Note that we also have a freedom in writing the ex-
pression for the propagator as shown in Fig. H(a, b).
But o can only be connected with & and vice versa as
discussed in Subsection 2.2. Once we choose a rule for
the vertex, we cannot choose the form of the propaga-
tor freely anymore. That means, if we choose a vertex
as ~0, both propagators must be ~o to form a product
~000. We illustrate this by an example in the next sub-
section.

4.3. Using Feynman rules: loop correction

To check the consistency of the rules and to present
an example of using them, we derive Eq. (84) directly
from the diagram shown in Fig. H(b). This example
helps to understand the property in Feynman rules
for Weyl spinors that is not apparent in the usual
Dirac spinor notation: the one to two correspond-
ence between the diagram and the rules appearing
in Fig. H(a), Fig. @(a) and Fig. @(b). We use the same
abbreviations for the free field propagators as in
Egs. (74) and (75). Taking the momentum flow from
left to right, the rules presented in Fig. E(b) tell us
that we can choose either P(p) or P(~p) for each fer-
mion line. The rules for the vertex, shown in Fig. @(a),
give us the freedom to choose between iogd(Xp,) and
-i0gd(Xp,). As noted at the end of the previous sub-
section, we can connect only barred to unbarred sig-
mas. We integrate over internal momenta of propa-
gators which use up the delta functions that enforce
momentum conservation at each vertex. So we are led
to two possible ways to write this correction:

(p) =P (p) [ [ Gg0) P(p+ k)D(k)(igG)} P(p)  (88)

or
H(—p)=P(—p)[ IS iga)P(—p—k)D(k)(—igE)}P(—p)- (89)

Because P and P are odd functions of the momen-
tum, IT and II are also odd functions. If we recover
contracted indices, one can see that the functions I1
and I1 differ only by the index structure and this in-

dex structure is the same as for P and P, respectively.
The diagrams for these functions are presented in
Fig. E The propagator shown in Fig. P(b) together
with its correction in Fig. E(b) can be written as

P(p) +11(p) or — (P(p) + I1(p)),

whereas the diagram in Fig. E(a) leads to a correction
for a propagator shown in Fig. (a):

P(p) +I1(p) or — (P(p) +11(p)).

The corrections do not spoil the index structure
and the properties under p>-p for correlation func-
tions, which just means that we managed to consist-
ently define Feynman rules. The freedom of choosing
one of two rules for a vertex shown in Fig. H(a) and for
propagators shown in Fig. @(a, b) at one loop order is
reflected by the two functions for the same diagram as
shown in Fig. E This justifies the freedom of choosing
one of the two rules for the same propagator shown in
Fig. @(a, b) and for the vertex shown in Fig. H(a) at one
loop order.

(90)

(91)

(a) (b)

M(p) or Ti(-p) T(p) or T1(-p)
Fig. 5. Gauge loop corrections for the propagators shown
in Fig. 2(a, b), respectively.

As discussed in Subsection 3.4.2, the vacuum bub-
bles do not contribute to the corrections. Also, the tad-
pole with a gauge boson connected to the propagator
gives a vanishing result. The scalar tadpoles shown in
Fig. E do not vanish. Usually one requires as a renor-
malization condition that these tadpoles cancel to-
gether with the tadpoles and counterterms arriving
from corrections to the vacuum expectation value of
the scalar field. However, it is important to note that
other possibilities in defining renormalization con-
ditions exist and, in principle, tadpoles can also be
taken into the definition of a propagator.

(a) (b)

Fig. 6. Tadpole diagrams that give non-vanishing results.

The corrections for a single propagator shown in
Fig. (a) has four possible forms. This is because there
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are four forms of propagators in the Weyl spinor no-
tation, hence we are led to four possible combinations
of external legs shown in Fig. [ﬂ

(a) (b)

(c) (d)

Fig. 7. All possible diagrams for correcting the propaga-
tor shown in Fig. 2(a). 1PI stands for the sum of all one
particle irreducible diagrams.

4.4. Using the Feynman rules: example of the Seesaw

The seesaw mechanism [] is an illustrative
example for the usage of the sets of rules for Weyl
spinors shown in Figs. E, E Instead of looking at
the seesaw extension of the SM, we consider a simpli-
fied toy model. We take two Weyl spinors & and &*
coupled with a Dirac mass term and we give a large
Majorana mass to &, taking M>>m;:

Lm=—@%§%Rﬂu{@—%w«§“§”+Hc). (92)

We treat the Majorana mass term as a first approx-
imation for the mass of &% and the Dirac mass term
as a coupling, shown in Fig. E, which means that to
the first approximation & is massless and does not
have propagators like in Fig. (c, d).

The mass term m  mixes the fields & and &*. To
estimate the size of this mixing consider the diagram
shown in Fig. H(a), which represents this mixing term.
We can interpret this diagram as the field & trans-
forming into &* with the coupling of (-im) = (-im,).
We take the positive momentum direction and assign
propagators to external lines for " as in Fig. @(a) with
m? = 0 and for & as in Fig. @(b) with m? = M2 This
correction reads

ipo
i M

ipo  imp  my iM

2 2 2 2 2’ (93)
p p-M" M p—M

(=imp)

where we used the property presented in Eq. (18) to
get (p - 0) (p - 0) = p>. Eq. (93) is an expression for
the propagator for &, of the form shown in Fig. (c)
with m = M and an additional factor of “2. This
means that the propagating field & transforms into &*
by a fraction ~ ’”T\;

We further explore diagrams that give correc-
tions to the " propagator. The correction arising from

the Dirac mass term for a propagator of &" is shown in
Fig. E(a). The diagram of Fig. g(b) gives rise to a prop-
agator of a form shown in Fig. @(d) that is absent in
the case when the Dirac mass term is neglected. Con-
sidering the case, where &" is near its mass shell, we
have p> < M?. The diagram in Fig. E(b), using the rules
from Figs. @, H, gives

M.
_1p<z' i ! > -1mD~lp?
P -M P (94)
mp 1 1 m;,
T s M
M p M

which is a new propagator for . This expression is
the first term in the infinite sum of

(95)

- = —— Cim)—+
p —m p p p
which we get when considering infinite copies of

this diagram. Note that we have an opposite sign to
the normal convention for this propagator.

(a)
< >
¢k I ¢k
(b)
—Het—> Y <
'S R ek

Fig. 8. Mass insertion diagrams for correcting the prop-
agator of &-.

Taking the diagram shown in Fig. H(a) and using
p* < M? we get

ipo. ipG . ipo . po (im, )
7 Wy 2D T T 2 2
p -M p p M

(96)

Equivalently, considering the infinite sum of cop-
ies of this diagram, one gets

2 4
A CRCE e i
p p2[1+"71)J

2

From this propagator, we see that the field is
2

m
rescaled by a factor of 1+ 5.

Having the result from Eq. (93), we can define
anew ﬁel}c}i to include the admixture of é® with a frac-
tion of - —2:

(98)

L _gL Mpepy
new_é _VDé :
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Then the transformation for &% reads

Rt _Mp ¢ R
=—C"+ . 99
fal=T0e 18 (99)
These fields are normalized up to the first order in
mT;. This is evident from Eq. (97), which says that &
rescales with a factor of

2 2
1+%=1+0{%J~ (100)

One can also check that inserting these redefini-
tions leaves the kinetic term unchanged up to the first
m
order in ;. Inserting the inverse transformation

L _gL mp g Ry 101
g éncw+M new ( O )

Rt _ _Mp gL RY (102)
é M énCW + new

into Eq. (92) we get
2
Lm = _% (_m_]\;éfew tfew+H'c'J
(103)

2
—%M(.ffjw fefN+H.c.)+O(%J ,

We see that the phase of & should be redefined
in order to get the right sign for the mass term. This
redefinition of the phase to get a positive mass term in
the Lagrangian also cancels the minus sign in Eq. (95),
which means that we recover the normal convention
for a propagator. The phase of the parameter '"ﬂ" can
also be absorbed into the field definition. So the final
mass term for the redefined fields can be written as

Lm = _% mf; (&nl;:w érfew-i_ HC)

104)
Lo rort cn n, (
—-—M +Hce.)+ 0| —+ 1|,

2 (énew new ) M2

where m, and M are real Majorana masses. By these
redefinitions, we get rid of the mixing between
the two spinors up to the first order in “2. The mass
parameter m, is the same as in Eq. (94).

5. Conclusions

The main confusion in using Feynman rules in
the Weyl spinor notation comes from keeping track
of definitions. We see that in the Weyl spinor formu-
lation we have an additional freedom of choosing
between two equivalent rules for the same diagram.

This one-to-two correspondence between diagrams
and rules, as we see in Figs. Pl and @, makes it even
more complicated to follow where minus signs must
appear. We try to ease this confusion by presenting
explicit derivations of Feynman rules from the path
integral and emphasizing on the definitions. We also
define propagators in the momentum space rather
than in the position space. This leads to the unusual
looking propagator definitions presented in Egs. (51)
to (54). Concentrating on the momentum space we
explore different choices of momentum dependences
of the fields: Majorana spinors do not have the free-
dom in choosing momentum signs in the Fourier
transformation, whereas the Dirac spinors do. In
order to have the same definition for both cases, we
introduce the convention to fix the momentum de-
pendences of the Dirac spinor.

The examples presented here, loop corrections
and the seesaw mechanism, are related to our future
work. We plan to explore the nature of Weyl spinors
with mixed mass terms in broken gauge field theo-
ries. The Standard Model with the seesaw mecha-
nism for one family will be our next step. Later we
will include mixings between families and a richer
Higgs sector than in the Standard Model. The mixing
terms then complicate the analysis and Weyl spinors,
as the smallest representation for fermions can show
their full advantage over the usual 4-component
spinor notation.

The authors thank the Lithuanian Academy of Sci-
ences for the support (Project DaFi2015).
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FEINMANO TAISYKLES VEILIO SPINORIAMS SU SUMAISYTAIS DIRAKO IR
MAJORANOS MASES NARIAIS

V. Dudénas, T. Gajdosik

Vilniaus universiteto Teorinés fizikos katedra, Vilnius, Lietuva

Santrauka

Pristatome formalizmg, reikalingg norint nau-
doti Veilio spinorius remiantis Feinmano taisyklémis.
Pagrindinis démesys skiriamas Veilio spinoriams,
sumaiSytiems su Dirako ir Majoranos masés nariais.
Tam, kad buty aiskas visi naudojami apibrézimai, mes

iSvedame Feinmano taisykles i§ trajektorijy integralo.
Taip pat pristatome du paprastus Veilio spinoriy nau-
dojimo pavyzdzius: fermiono propagatoriaus kilpos
pataisy integraly sukonstravima ir Zaislinio sipuokliy
modelio pirmojo artinio masés nariy i$vedima.
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