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By applying the recently developed loop regularization (LR) with string-mode regulators to super-
symmetric field theories, we explicitly verify the supersymmetric Ward identities in several super-
symmetric models at one-loop level. It is interesting to observe that supersymmetry is such a
remarkable symmetry that the supersymmetric Ward identities hold as long as a regularization scheme
is realized in the exact four-dimensional space-time with translational invariance for the momentum
integration, and the gauge symmetry can be maintained once the regularization scheme preserves
supersymmetry and satisfies the consistency condition for logarithmic divergences. As a manifest
demonstration, we carry out a complete one-loop renormalization for the massive Wess-Zumino model
by adopting the LR method, and it is found that all the quadratic divergences cancel out and the relations
among masses and coupling constants hold after renormalization, which agrees with the well-known
nonrenormalization theorem. It is concluded that the LR method preserves not only gauge symmetry but
also supersymmetry. A simple and definite derivation of Majorana Feynman rules is found to be very

useful.
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L. INTRODUCTION

Supersymmetry has attracted physicists for several dec-
ades since it was proposed in the 1970s [1]. It is well
known that symmetry has played an important role in
particle physics, and three of the four basic forces in nature
are governed by gauge symmetries and have successfully
been described by quantum field theory. However, quan-
tum field theories are bothered by the infinities which must
be regularized to be well defined. On the other hand,
whether the symmetries of the classical Lagrangian still
hold at the quantum level remains an important issue. This
is because sometimes it is difficult to distinguish between a
real anomaly and an apparent violation of the symmetries
due to the use of a symmetry-violating regularization
method. In general, when a symmetry of the original
Lagrangian is still a symmetry of a full quantum effective
action, such a symmetry is regarded as being preserved in
the quantum level, but there are several exceptions such as
chiral anomaly. Thus one may ask whether supersymmetry
is a symmetry of the full quantum theory. This question has
been studied in a regularization-independent way in
Ref. [2], and the answer is yes. This means when inves-
tigating the quantum effects of the supersymmetric theo-
ries, one must adopt a supersymmetry-preserving
regularization method.

Several regularization methods have been applied to
supersymmetric theories, such as dimensional reduction
(DRED) [3], differential regularization [4], and the so-
called implicit regularization [5]; among them DRED is
the most common one. It has been shown that DRED can
preserve supersymmetry in several models [6-8]. Strictly
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speaking, DRED is too mathematically inconsistent [9,10]
to be applied to the supersymmetric theories, which is
similar to the case when it is applied to the chiral theories.
This is because both supersymmetry and the definition of
75 require an exact dimension. A consistent regularization
method that can be applied to all possible cases in quantum
field theories is needed. In this sense, the recently devel-
oped loop regularization (LR) with string-mode regulators
[11,12] may deserve special attention. It has successfully
been applied to the calculations of the triangle anomaly of
QED by the clarification of the possible ambiguities caused
by 5 [13], the evaluation of a consistent coefficient of the
CPT and Lorentz symmetry breaking Chern-Simons term
[14], the computation of all the one-loop renormalization
constants for the non-Abelian gauge theory and the deter-
mination for the coefficient of the QCD B function [15],
and the derivation of the chiral effective field theory with a
dynamically generated spontaneous symmetry breaking
[16]. The key concept of this new regularization method
is the introduction of the irreducible loop integrals (ILIs)
which are evaluated from Feynman integrals by using the
Feynman parameter method.

It has been shown that the LR method can preserve the
non-Abelian gauge symmetry, while maintaining the di-
vergent behavior of original field theories. In particular, the
LR method is realized in the original four-dimensional
space-time with translational and Lorentz invariance even
if two intrinsic mass scales are introduced; thus it can
balance the bosonic and fermionic degrees automatically
and there is also no ambiguity about the definition of 5. It
is then believed that this method will preserve supersym-
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metry as well. In this paper, we will investigate the appli-
cability of the LR method in supersymmetric theories.

The paper is organized as follows: In Sec. II, we briefly
introduce the symmetry-preserving loop regularization
with string-mode regulators. In Secs. III and IV, we will
verify the supersymmetric Ward identities for the massless
Wess-Zumino model and massive Wess-Zumino model
[17] separately and show that the LR method indeed re-
spects the Ward identities. Since the Ward identity is the
reflection of symmetry in the quantum level, we arrive at
the conclusion that the LR method is also a
supersymmetry-preserving regularization for supersym-
metric models. In Sec. V, we consider the super Yang-
Mills theory as the testing ground to explicitly demonstrate
the supersymmetric Ward identity and show that the LR
method does preserve supersymmetry. Meanwhile the
gauge symmetry is maintained only requiring the consis-
tency condition for logarithmic divergences. Note that the
conventional dimensional regularization was shown to
break the Ward identity in such a model [6], thus an
alternative check by using the LR method in our present
paper is nontrivial. In particular, we will demonstrate that
as long as the Dirac algebra for y matrices are carried out
in four-dimensional space-time and the shift of integration
variable can be safely made, the supersymmetric Ward
identities are preserved, which is actually independent of
any concrete prescription of regularization methods.
Namely, as long as the regularization scheme is realized
in four-dimensional space-time with translational invari-
ance for momentum integrals, like the LR method, it then
preserves supersymmetry. In Sec. VI, as an explicit dem-
onstration, we will carry out the one-loop renormalization
for the massive Wess-Zumino model by using the LR
method, and all the obtained results agree with the well-
known nonrenormalization theorem. Our conclusions and
remarks are given in the last section. The detailed deriva-
tion of the Majorana Feynman rules is presented in the
appendix.

II. SYMMETRY-PRESERVING LOOP
REGULARIZATION

It has been shown in [11,12] that all one-loop Feynman
integrals can be evaluated into the following onefold ILIs
by using the Feynman parametrization method:

P 1
—2a (277_)4 (kz _ M2)2+a’
[ d%k kuk,
Ifza,w/ - (277_)4 (kz _ M2)3+a’
a=-1012...,
&k kkkk,
I*ZCM,U.VP(T = s’ z (21)

(277.)4 (kZ _ M2)4+a

with I, and /; corresponding to the quadratic and logarith-
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mic divergent integrals, where the effective mass factor M?
is a function of the external momenta p;, the masses of
particles m;, and the Feynman parameters.

In general, the loop momentum independent M? can be
extended to include the linear term in k, which can be
understood as a part of the definition of the ILIs in the LR.
The reason is as follows: Let M?(k) have the following
general form including the linear term in k:

M?*(k) = M? + 2xk.p
with x an arbitrary parameter. Then
kK + M*(k) = k* + 2xp.k + M? = (k + xp)* + M?> — p?
= (k + xp)* + M*(p) = k" + M*(p)

with M?(p) = M?* — p? which becomes independent of k,
and k' = k + xp via translational invariance. Again, the
only thing that must be paid attention to is that one must
follow the definition of the ILIs to cancel out the k? in the
numerator before regularization.

When the regularized onefold ILIs satisfy the following
consistency conditions [11,12]:

R _1
IZ,(LV = 28ur

1§WU = $(8ur8po T &up&ro t 8uo&p) 15,

R
I;,

R __1 R
IO,LLV - Zg,lLVIO’

1§ pe =338 uv8po T 8up&ro + 8uolp)I§ (2.2)

the resulting loop corrections are gauge invariant. Here the
superscript “R” denotes the regularized ILIs.

Note that the introduction on the concept of ILIs is
crucial in the loop regularization [11,12], where it has
been shown that all Feynman loop integrals can be eval-
uated to be expressed by the ILIs. From the definition of
ILIs, one of the important properties is that there should be
no k? in the numerator of loop integration. All the ILIs can
be classified into the scalar-type ILIs with the following
loop integration:

1

( k2 _ MZ)a
and the tensor type ILIs with the following loop integra-
tion:

k# k, - kp .

(k2 _ MZ)a

In evaluating the Feynman loop integrals into ILIs, one

should always perform the Dirac algebra and Lorentz
index-contraction first to obtain the ILIs defined by the
above “‘simplest” forms for the one-loop case (for the two-

loop and higher-loop case, see Ref. [11]). Therefore, for
the integration

g Kk, /(2 = M),
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which should not be written as
g,u,y : IZ,uw
it must be expressed as

/02— M2,

rewriting the k% in the numerator into (k> — M?) + M? so
as to cancel out the first term by the denominator. Thus the
above Feynman loop integration is regarded to be eval-
uated into the ILIs and is given by the following form
before regularization:

me ko ky /(R = M2 =1, + M? * I,

From the above illustration, it is seen that in the spirit of
ILIs, the integration

p . k,ukv/(k2 - M2)2
is not an ILI. One should not regularize such a loop
integration in the loop regularization method.

A simple regularization prescription for the ILIs was
realized to yield the above consistency conditions. Its
procedure is as follows: Rotate to the four-dimensional
Euclidean space of momentum, replacing the loop inte-
grating variable k* and the loop integrating measure [ d*k
in the ILIs by the corresponding regularized ones [k?], and

JLd*k];:

2=k = K+ M,
f &k — f [d*k], = lim Zc, [ &l (23)
NM/ 1=

where M? (I =0, 1, - - -) may be regarded as the regulator
masses for the ILIs. The regularized ILIs in the Euclidean
space-time are then given by

N
I, =i(—1)%lim » ¢V
2a ( ) N’Mflgo !

d*k 1
Qm* (K + M? + M7)* e’

N
® = —i(=1)lim ) ¢V
2
apy N»M,zlz() l

X/ d*k k, k
Qm* (K + M? + M7)3*’
a=-1,012...,
N
IR =i(—D*lim » ¢V
—2apvpo l( ) N’Mlzlzzo‘ I

d*k kyk,k,k,
Qm* (K + M? + M7)** e’

(2.4)

where the coefficients ¢} are chosen to satisfy the follow-
ing conditions:
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N
lim > MM =0
M 10

(n=01,--+) (2.5)

with the notation limy, e denoting the limit limN, M2—co-

One may take the initial conditions M} = =0 and
¢l =1 to recover the original integrals in the 11m1t M? —
o (I=1,2,---). Such a new regularization is called LR
[11,12]. The prescription in the LR method is very similar
to Pauli-Villars prescription, but the two concepts are
totally different as the prescription in the loop regulariza-
tion is acting on the ILIs rather than on the propagators in
the Pauli-Villars scheme. This is why the Pauli-Villars
regularization violates non-Abelian gauge symmetry,
while the LR method can preserve non-Abelian gauge
symmetry.

As the simplest solution of Eq. (2.5), taking the string-

mode regulators
M? = p? + IM7 (2.6)

with [ =1,2,---,
termined

the coefficients ¢’ are completely de-

; !
N =(-1) =D l)'l' (2.7)
Here My may be regarded as a basic mass scale of loop
regulator. It has been shown in [12] that the above regu-
larization prescription can be understood in terms of
Schwinger proper time formulation with an appropriate
regulating distribution function.

With the string-mode regulators for M7 and ¢V in the
above equations, the regularized ILIs I§ and I§ can be
evaluated to the following explicit forms [11,12]:

M; w?
12 — 1677. {MZ Z[IHF ~—Yw + 1+ yz(ﬁ%)]},

. 2 2
Iy = ﬁ[ln% — Y+ yo(%)] (2.8)
with u? = u? + M?, and
N N
Vo = hAr/n{lZl N Inl + ln[Z Nllnl]}
=y =05772---,
yo(X)=f0xdtfl_Ue 0, yl(X)=ex+l+x,
y2(x) = yo(x) = y1(x), limy;(x) — 0, i=012
. il .
= ]%%M}e l=zl cN(l1nl) = ]5%1&4,%/ InN, (2.9)

which indicates that the u, sets an IR ““cutoff”” at M> = 0
and M, provides an UV cutoff. For renormalizable quan-
tum field theories, M. can be taken to be infinity (M, —
0). In a theory without infrared divergence, u, can safely
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run to w, = 0. Actually, in the case that M, — oo and
s = 0, one recovers the initial integral. Also, once My
and N are taken to be infinity, the regularized theory
becomes independent of the regularization prescription.
Note that to evaluate the ILIs, the algebraic computing
for multi-y matrices involving loop momentum ¥ such as
Ky M]( should be carried out to be expressed in terms of the
independent components: ¥, Ty, ¥5Y us Vs-

We shall directly show that loop regularization is man-
ifestly translational invariant in spite of the existence of
two energy scales, which is a very important feature in
applying to supersymmetric theories in this paper. To see
that, we shall verify that the regularized ILIs should arrive
at the same results whether the loop regularization pre-
scription is applied before or after shifting the integration
variables for momentum. For an explicit illustration, let us
examine a simple logarithmic divergent Feynman integral:
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I = d*k 1 1 2.10)
Qm)* k2 — m% (k — p)* — m% '

As the first step of loop regularization, we shall apply the
general Feynman parameter formula

1
a?la‘;Z . azu
Moy + -+ a,) X
= d d “dx, _
r(ao r(a ’”f = f oot

(1- x1)a‘_1(x1 —xp) ey

n—1
[al(l - )Cl) + az(xl — x2) 4+ e+ Cl,lxn,l]alJ“"'J“an

(2.11)

to the Feynman integral and obtain the following integral:

1

|
d*k
L= Wfdx

{1 =0k = m}) + 2l(k — p)* — m3]P?

1

- f @m)* f

k= xp)? = [(1 = 0m? + xm3 — x(1 — 0)pI

d*k 1
- fo ‘”‘f @) [k — xp)

with M? = (1 — x)m? + xm3 — x(1 — x)p*.

By making Wick rotation and applying the loop regu-
larization prescription before shifting the integration vari-
able, i.e., rewriting the momentum factor (k — xp)? into
(k — xp)?> = k* — 2xp.k + x?p?, then replacing k> by
k* + M?, namely

(k — xp)? = k> — 2xp.k + x*p?
— k> + M7 — 2xp.k + x*p?

= (k — xp)* + M? (2.13)
we then obtain the regularized Feynman integral
d*k
lim d
lNlMl lZc, / x[(27r)4
(2.14)

>< b
[(k — xp)*> + M2 + M7

which becomes a well-defined integral, so that we can
safely shift the integration variable:

1
LR=j;)dx11m ch

NMIZ

1
(277)4 (k* + M? + M})*
(2.15)

The same result can be arrived by using the standard
procedure of loop regularization with first shifting the
integration variable for momentum, which yields the stan-

_ MZ]Z

(2.12)

[
dard scalar-type ILI

j dxf(j:; "= M2)2 f dxly (2.16)

after applying the loop regularization prescription; the
same form is reached

d*k 1

1
dXhm el Qm)* (k2 + M? + M?)?

2
N.M} 2o

R _
Ly =i

=LK (2.17)
which shows that in the loop regularization method, one
can safely shift the integration variables and express all the
Feynman integrals in terms of ILIs before applying for the
regularization prescription.

From the above explicit demonstration, it is seen that the
loop regularization is indeed translational invariant. In fact,
this property also allows us to eliminate the ambiguities
and make a consistent calculation for the chiral anomaly
even in the existence of a linear divergent integral [13,14].
Similar verification of translational invariance can be ex-
tended to the linearly and quadratically divergent integrals,
which is presented in Appendix A.

The above proof can in general be extended to higher
loops based on several theorems proved in Ref. [11], es-
pecially based on the theorem I, theorem V, and
theorem VI over there. The theorem I is the so-called
factorization theorem for overlapping divergences which
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states that overlapping divergences which contain diver-
gences of subintegrals and overall divergences in the gen-
eral Feynman loop integrals become completely
factorizable in the corresponding ILIs. The theorem V is
the so-called reduction theorem for overlapping tensor-
type integrals which states that the general overlapping
tensor-type Feynman integrals of arbitrary loop graphs
are eventually characterized by the overall onefold
tensor-type ILIs of the corresponding loop graphs. This
theorem is the key theorem for the generalization of treat-
ments and also for the prescriptions from one-loop graphs
to arbitrary loop graphs. The theorem VI which is the so-
called relation theorem for tensor and scalar-type ILIs
which states that for any fold tensor and scalar-type ILIs,
as long as their power counting dimension of the integrat-
ing loop momentum are the same, the relations between the
tensor and scalar-type ILIs are also the same and indepen-
dent of the fold number of ILIs. This theorem is crucial to
extend the consistency conditions of gauge invariance from
divergent one-loop ILIs to higher-loop ILlIs.

III. WARD IDENTITY IN THE MASSLESS
WESS-ZUMINO MODEL

We begin with the massless Wess-Zumino theory which
is the simplest supersymmetric model. The Lagrangian is

L=—%0,A)?—%0,B)?* —ixdx +3F* +1G* (3.1

+ g[—F(A®> — B?) + 2GAB + y(A + iysB)x], (3.2)

the action is invariant, up to a total derivative, under the
global supersymmetric transformation shown below:

6A = €y, 6B = —ieysy,
Sx = —€#(A + iysB) + &(F + iysG), (3.3)
OF = €y, 8G = —ieysdyx.

Using a functional technique, one can deduce that the one-
particle irreducible (1PI) Green functions generating func-
tional I" is invariant under the supersymmetric transforma-
tion [18]. The supersymmetric Ward identity we choose to
check is involving two-point irreducible functions:

52F 52F o
SA(x)8A(y) Oya = Wlys Sxa®)8x5()

This could be obtained from differentiating the equation
SI' = 0 by A(x) and ¥(x) [19]. In the momentum space, we

0. G4

A/B
A A L7
% ww@wvw A AB 4
AANAANNNNNNN
(a) (b)

FIG. 1.
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can write it as
FAA(p)aya - i(ﬁ)yﬁrxw\?ﬁ(p) =0 (35)

at one-loop level. Feynman diagrams that contribute to this
identity are shown in Fig. 1. In

d*k =y k" —1
2><42f et
lemt K k- pp

1 d*l Xy, p*
—i8 2[ d f M
P8 ) T Cn P = - Dp7P

1
—i8g? f dxxy , pPly(x(x — 1)p?),
0

(a)
I‘/\/a/\_/ﬁ(p)

(3.6)

the factor 2 appears because the wave line could be A or B,
and the factor 4 results from the fact that the fermion is a
Majorana particle. We could discern this result more
clearly from the Majorana Feynman rules given in the
appendix. According to the Feynman rules we should
calculate (yy) first, and then obtain the (y ) from the
relation below:

xix» = i€ ) = Qaxa)(=C)- (3.7

The calculation of 'y, is straightforward:

d4k yMkM ’YU(kV - PV)
ew4T[k2 <k—m2]

d*l 1 xp? 1
e [ ([ E
Slen\) CE=xa-0p P P

— 8g2( jo ' doxpy(ax — D)p?) — 12(0>), (3.8)

() = —2¢

da*l 1

) (p) =2 X 4g f (3.9)

We can see immediately that the Ward identity (3.5) is
satisfied because the integrands cancel out. To arrive at the
above results we have only carried out Dirac algebra for y
matrices in the four-dimensional space-time and have
made the shift of the integration variables. As these opera-
tions are all rational in a four-dimensional well-defined
loop regularization method, we conclude that at the one-
loop level the LR method indeed preserves the supersym-
metric Ward identity in this simple model.

F/G

()

Three diagrams contribute at the one-loop level.
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IV. WARD IDENTITY IN THE MASSIVE
WESS-ZUMINO MODEL

We are examining another supersymmetric model. The
procedure is similar to what we have done in the above
massless model. The Lagrangian of the massive Wess-
Zumino model is

L=-%0,A)?—YX0,B)?* —ixdx + iF* +1G?
+ m(AF — BG — Ly x) + g[~F(A> — B?)

+ 2GAB + (A + iysB)x]. 4.1)

It is different from the massless case with the mass term
m(AF — BG — 1 xx). In this model bosons and fermions
have equal masses as demanded by supersymmetry. In
Sec. VI, we will explicitly show that the radiative correc-
tions do not violate such an equality. The supersymmetric
transformation of component fields are the same as
Eq. (3.3). Following the same procedure, the two-point
Ward identity of this model is extended to be [20]

FAA(p)aya - i(lf)'yﬁr)(a)’(ﬁ(p) + i([‘)yaFAF(p) = 0.
42)

At the one-loop level, the diagrams which contribute to
this supersymmetric Ward identity are shown in Figs. 2—4.

It is easy to show that two diagrams in Fig. 4 contribute
to I’y and their contributions cancel each other:

1—‘AF -

L [ d% [ 1 m
& Qm)*Lk? — m? (k — p)*> — m?
1 —-m
+ — 0,
]

(4.3)

The calculations of other diagrams are straightforward.
We present the final results as follows:

d*k [—iy k" + m 1
@ () = 402 [ "
XaXB(p) 8 el R—m2 k- pP—m?
iyt t+m 1
+ (lF)/S) kzlu_ m2 (175) (k _ p)2 _ m2]
—ixy,p*

= 8g2

d*lr
d
(277)4fo *

_ 8¢ [ L dx(—ixy, ) o(xx — Dp? + m?),
0
(4.4)

[P =+ = D7 = T

A/B
A A RN
% wv@www A 1 AB L4
ANNAANNNNNNAN
() (b)
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F/G A/B
/ %
f VAVAVAV.

A Y, A
A/B F/G
(d)
FIG. 3. Additional diagram contributing to I",,.
d*k —iy, k* +m
1"(17) = -2 2[ T [ M
AA(P) 8 (277_)4 r 2 —m?

_l’}/u(kv - PV) + m]
X
(k — p)* — m?

B dk 1 1
= 8g? o) [0 dx[[lz —x(x— 1)p? — m?]

B 2[m?* + x(1 — x)p?]

[ = x(x = Dp* = mz]z:l
1

= 8g2[ dx[I,(x(x — 1) p? + m?)

= 2[m* + x(1 = x)p*o(x(x — D)p* + m?)]

4.5)

d*k —k? 1
Qm)* kK2 — m? (k— p)*> — m?

sz(p) =2 X 4g2[

d*t -1
=3¢ [ J, e
m? + x(1 — 2x)p?
[?—x(x—1)p*— mz]z]
= 8¢g° fl dx[—L(x(x — 1)p> + m?)
+ [m? + x(1 — 2x) p* o (x(x — 1)p* + m?)],
4.6)

d*k m m

(d) _
Lia(p) =2 x 4¢? Qm)* kK2 — m? (k— p)*> — m?

0.9 d*l 1 m?
= o8 7 dx = 2 oRv]
@m* Jo [IF —x(x — Dp* — m?]

1
= 8g2f m?Iy(x(x — 1) p? + m?).
0

4.7)

F/G

(©)

FIG. 2. The same as the massless case.
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F - A G B
V‘ﬁ/% /
ANNANS — -
A F
B

)
FIG. 4. Two diagrams contributing to '

—_— —

e ST

A

Adding all the contributions together, we can see that the
integrands cancel out and the supersymmetric Ward iden-
tity holds. Again, to arrive at the above results we have
only performed Dirac algebra for y matrices in the four-
dimensional space-time and make the shift of the integra-
tion variables. It further shows that in the massive Wess-
Zumino model the LR method can preserve supersymme-
try as well.

V. WARD IDENTITY IN SUPERSYMMETRIC
GAUGE THEORY

Let us consider a more complicated case, i.e., the super-
symmetric Yang-Mills theory. This model involves super-
|

_BISE) ST (y)
8A5(2) SX°(y)
8J5(2) 57 (y')
SAS(2) 8X°(y)
827" (")
S5A5(2)8X" (y)

cla
<5P’M

(8- A(x)EFA"(x)iA? (y)iAG, () +

(- A" (x)EFIN(x)iAY () +

~n

o

where the notation (...) represents connected Green func-
tions and the integrations over x, y', 7’ are abbreviated. At
the tree level, only the 1st, 2nd, and 3rd terms in the above
equation contribute. One can easily verify that the identity
holds. At the one-loop level, only the 1st, 2nd, 3rd, and 4th
terms contribute; all the diagrams to this order are shown in
Figs. 5-7.

We would like to point out that the first line of Eq. (5.3)
is exactly the self-energy function of the gauge boson at the

842 = W)~ &y, A ()iA” () +

szb/(y/)
A5(2)62
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symmetry as well as gauge symmetry. In the Wess-Zumino
gauge, the Lagrangian (with source terms) can be written
as

L= —YFa,)?—LorA%) + C*opbCt — Lxepeb b

+1D2 + JrAY + JOA + j4D°, (5.1)

where A¢ is a Majorana spinor and D is the auxiliary field.
Similarly, the supersymmetric Ward identity is derived by
considering the functional variation of the Green function
generating the functional under an infinitesimal supersym-
metric transformation. All the fields transform as follows:

SAYL = —&y, A%,
8D*

5AT = ghFY e + iysDie,
éi')/sﬁab)lh,

(5.2)

which leads to the following supersymmetric Ward identity
[6,21]:

87,2 57" (v')
8A5(2) 5" (y)
8I5() 87(y)
8AS(2) 5" (y)

(8784 (y' = x)iAS () o Fy, (x)€)

(A" (y)iAS ()8, C*) f* &y, A () 7 (x)

(A" ()8, C*) [l &y, A (x)C (x), (5.3)

*(y)

[
one-loop level, as can be seen from the relation below:

c (1
8J,(')

=T (2 D). (5.4)
8AS(2) A

Gauge symmetry requires this term to be transverse.
We now turn to the calculation of each term in the Ward
identity, and choose ¢ = 1 for simplicity:

FIG. 5. The Ist term.
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d*q 1
2m)* ¢*(q + p)?

1
HSLB/ = _Egzcacdcbdc (
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(10,9, +5(p.q, + p,q,) —2p,.p, + (5p* +2p - q +2¢)g,,]

d*l [101,1, + 10x*p,p, = Tp,p, + 4p*g,, + 2(1* + x*p?)g ., ]

1
= __gzcacdcbdc[dx

2 2m)* [2 —x(x = Dp°F
1
== Egzcacdcbdc [dx[(IOIZMV + 2g,u,1/12) + (IOXZP,U,PV - 7p,up1/ + 4P2g,u,1/ + 2)6(2)( - 1)P28W)10]’ (5.5)
d'q 3g
%) = 2CoeaC L
M 8" Cacabpde (277_)4 q2
d*l  3g,, (P + x*p?)
= g>C,.4C ,fd 27
8" Cacabbac X (277_)4 [lz — x(x — 1)p2]2
= ¢*CoriChac [ dBguls + 35t = Dpg,0lo) (56)
d*q Pudy + 4.9
1) = C,0iC s+ 4,4,
1 g acd“~ bdc (277_)4 C]Z(C] +p)2
d*l 1 1
=2Caccc[d [—_ +ll+2 ]
8 d*~ bd. X (277_)4 [12 — x(x — 1)]72]2 ZP}LPV uty X PuPv
1
= 8%CucaChac fdx[lz”” + <x2 - E)Pﬂpulo]y (5.7)
(1+2+3) _ _ 2 2 _ 2 — —
HMV =8 Cachbcd dx[(4x 3)(P Suv p,upV)IO 412,11,1/ + 2g,u,1/12]' (58)

Notice that in supersymmetric Yang-Mills theory, the fermions are massless and belong to the adjoint representation of the
gauge group as required by the fermion-boson symmetry. Then,

dq p+@ua, +* P+ 0a, — (@ +q D)8y

4 _
H.‘“’ - _g24tr[TaTb]/(2ﬂ)4

q*(q + p)*

= 22C,cqChe [d
8 Cacabbea X (27T)4

Adding the four terms together, we obtain the self-
energy of the gauge boson which is gauge covariant:

]'_‘[,LLV = gzcacdcbcd(ng,uv - p,u,pv) ]d-XIO' (510)

It is seen that the transverse condition of IT ,,, is satisfied in
the supersymmetric model with the Feynman £ = 1 gauge.

(5) (6)

FIG. 6. The 2nd term.

d*l [(4x2 = 2)(P*8ur — Puly) — 4,1,
[ = x(x = Dp°P

= g2Cachbcd de[(4X2 - 2)(1728;/,1; - p,upy)l() - 412;1,1/ + 2g/LVI2]'

284y ]
[7 — x(x — 1)p?*]

(5.9)

[
The reason is that the quadratical divergences which will
potentially break the transverse condition cancel out in the
supersymmetric model. In fact, the cancellation of quad-
ratical divergences is a general feature of supersymmetric
field theories. It is also one of the motivations to propose
supersymmetry. In other words, if one wants to break
supersymmetry but still maintain the gauge symmetry,
there are several ways to realize that; for instance, give a
mass to the fermion. In this case, the quadratical divergen-
ces do not cancel out automatically and they may destroy
the transverse condition unless they can be regularized via
an appropriate regularization method to satisfy the consis-
tency conditions [11]. As shown in [11,12] the LR method
is competent in this case.

Note that here we have carried out the calculation in the
Feynman gauge with ¢ = 1 for simplicity. In the general &
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-

o0 —

(7) (®)

FIG. 7. The 3rd and 4th terms.

gauge, there is a term which could break the transverse
condition if the regularization scheme does not satisfy the
consistency condition for the logarithmic divergences. The
term is in proportion to

(= 1D*(ag—1)

with a, being defined via the logarithmic divergent I, =
%aog urlo- In the Feynman gauge this term vanishes due to
& = 1. In the general ¢ gauge, it remains to require that the
regularization scheme satisfies the consistency condition
for the logarithmic divergent patrt, i.e., ag = 1, so that the
transverse condition in the gauge boson self-energy can
hold.

d4q _ig,uv _igp/\

The fermion self-energy diagram is given by

zaaﬁpﬁrga - _Zo-aﬁp[f[(z )4 acdcbcd X 8 7’“

—l
gg,uv

(¢i+15)

= ¢%CucaChea(P*¥* ﬁp“)f(z pur:

1
X f B == DpP

— @2CoiCread 2™ — Pp®) f dxly. (5.11)

There are two diagrams from the second term of
Eg. (5.3). The nonlinear part of Fy,, (Fig. 6) gives rise to
the contribution:

1'Y(p) = pg2CacaCpeas™ (p — q)* + gPH(2q + p)T — g* (2p + q)°
LI (p) = P&*CouciChea o' 4 +p)2[g (p— @* + g*(2q + p)" — g*"2p + 9)*]
3, d*l 1
=5 Cac C c T—p*y” [ fd
zg d~b d(ﬁp Py ) (277)4 x[lz — x(x — 1)p2]2
3
= Egzcucdchcd(ﬁpT - p*y") [d)do' (5.12)
To proceed, we consider the rest diagrams coming from the third and fourth terms of Eq. (5.3).
(7) f [ C . A _lg:“/\
$Caca? i+ ) s | il + ' 22
@m* el 4+;5> (p+q
: —ig
X [g"(q — p)* — g"*(2q + p)” + g**(2p + @)*1(—igCpac) quk
20 ¢ [d f 'l [g”“(ﬂ +x7p?) — ghp? — 1M1 — XPpkpt + p“p”]
= dChe X
g acd“~bed (277_)4 YM [12 _ x(x _ 1)p2]2
= 8°CucdChea fdxm[g"”lz =I5+ (x(2x — Dp* — g"p* + (1 = x*)p* p")o) (5.13)
d*q i —igux
ry = [8Cuacr"] Craey*li7 —5 (ig")
G LF P 5 Cuacr Vg — e
12+ x2 p - lp2
= —8°CueaC j d [ ‘ ]
g acd“~bed X (277_)4 y [12 _ x(x _ 1)p2]2
1
= ~£CuiChoa [ dry’[ 1+ (x2x = D = 7)1 | (5.14

125008-9
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IV = —8%CocaChea | 5z
8 Cacdbbea (277)4

d*q iq”y, .
7 Li(g + p)

a’4q

PHYSICAL REVIEW D 79, 125008 (2009)

V(q + p)?

= gzcacdcbcd/dx

The total contributions of the three diagrams are found to
be

1
- Egzcacdcbcd(pzyv — pp") [dﬂo- (5.16)

After taking into account the *“i”’ factors from the for-
mula and adding all the terms together, the integrands
cancel out again, which demonstrates that the supersym-
metric Ward identity does hold. To arrive at this conclu-
sion, we have only used the properties of four-dimensional
v matrices and translational invariance of momentum in-
tegrals. This implies that the LR method can indeed pre-
serve supersymmetry. The gauge symmetry holds only
requiring the consistency condition for the logarithmic
divergent part due to the cancellation of quadratical diver-
gences in the supersymmetry-preserving regularization
method. In general, to preserve gauge symmetry in non-
supersymmetric models, the consistency conditions are
needed for both quadratic and logarithmic divergences
for the regularized ILIs. So far, we can conclude that the
LR method preserves not only non-Abelian gauge symme-
try, but also supersymmetry.

VI. RENORMALIZATION OF THE MASSIVE
WESS-ZUMINO MODEL

In the previous sections we have shown that the LR
method can respect the supersymmetric Ward identities
in several models including supersymmetric gauge theory,
which implies that the LR method is viable in supersym-
metric theories. While in the above applications, we have
only used the main features of the LR method, namely, the
LR method is realized in four dimensions with transla-
tional invariance of momentum. In this section we shall
apply the LR method to manifestly perform one-loop
renormalization for the massive Wess-Zumino model. We
choose such a model as a testing ground because it is fairly
simple and well known. The model was shown to be
renormalizable to all orders in perturbation theory [18]
by using higher derivative regularization. The same con-
clusion can easily be obtained in the superspace formalism,
where supergraph Feynman rules of superfields greatly
simplify the calculations. For our purpose, we will use
the component fields formalism to renormalize the theory.
This is because the superspace formalism maintains super-
symmetry in a manifest way, which is not suitable for
checking the consistency of a specific regularization

Qm? e

) |
= 8%CucdChea fdxyp[lzp + (x2 - 5)19”1?”]0]-

[l”l" +x’pipP — %p”p”]
[ = x(x = Dp*P

(5.15)

scheme in preserving supersymmetry. On the other hand,

for the physically interesting case of broken supersymme-

try, it is usually preferred to work with component fields.
The action of the massive Wess-Zumino model is

1 1. 1 1
SWZ = Z fd4xd2®<§ dPDD — qu)z - ggq)3) + H-C')
6.1)

where ®(x, ©, ©) is a chiral superfield. In terms of com-
ponent fields the Lagrangian can be written as

= 20,A0"A + 9,Bo*B + ixdx + F* + G?)
— m(AF + BG + %)'(/\O — gl(A> — BY)F

+24BG + y(A — iysB)x]. (6.2)

The notions used here are slightly different from those in
Sec. IV. It is seen that the fields " and G have no dynamical
terms. They are auxiliary fields and can be integrated out,
which is equivalent to eliminating them from the
Lagrangian by using the equations of motion. In fact, in
the building of the phenomenological supersymmetric
model the auxiliary fields are eliminated by

F = mA + g(A* — B?), (6.3)
G = mB + 2gAB. (6.4)
Thus the Lagrangian can be written as
= 19,A0"A — m*A?) + 4(3,,Bo*B — m*B?)
+ 3x(idf —m)x — mgA(A® + B?)
— gX(A — iysB)x — 1g*(A* + B?)%, (6.5)

which is the Lagrangian to be renormalized by using the
LR method. The Lagrangian contains one scalar particle A,
one pesudoscalar particle B, and one Majorana fermion y
with equal masses m.

Before proceeding, we will first check what supersym-
metry can tell us about the renormalization of the massive
Wess-Zumino model. The answer can easily be yielded in
the superfield formalism based on the powerful supergraph
technique. In the superfield formalism, the nonrenormali-
zation theorem implies that up to any order of the pertur-
bative series only the first term (dynamical term) in
Eq. (6.1) needs a counterterm due to the supersymmetry.
Namely, after renormalization the action gets the following
form:

125008-10
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s lfd“ d2®<1(I>D<I> L
= - X = —=m
Wz y 8 2
| IR I
- —g(I)‘ + —5CI)DCI> + H.c.

/d“ d2®< ZODD — ZP?

1m
27

1
-_& z3/2<1>3)+Hc (6.6)

3P

where the 6 term with § = Z — 1 is a logarithmically
divergent counterterm, and 7Z'/2 is the renormalization
constant of the superfield. In terms of component fields,
the equations of motion for F' and G fields now become

F= %[mA +o(A? — B ©.7)

G= %(mB + 29AB). (6.8)

After eliminating the auxiliary fields, it then leads to the
renormalized Lagrangian:

1 m\2 1
L=-7lo,A0*A — =) A%2)+=-2Z[0,Bo*B
sAwrea = (5) 42) + 570

G2l 3

M 8 3/2 4042 2y _
ZZ3/2Z A(A%? + B?)

1
2 2 2\2
2(23/2) 24 + B,

Z3/ 2X(A — iysB)y

(6.9)

which shows that the renormalizations of fields, mass, and
coupling constant must satisfy

d)bare = Zl/2¢; = Zilm; 8bare = Z73/2g’

(6.10)

Mpare

with ¢ = A, B, y. We may summarize the features of the
model: (i) This model is renormalizable, and after renor-
malization all the vertices remain to be only one coupling
constant. (ii) The fields, mass, and coupling constant share
a common renormalization constant, which only contains
logarithmical divergence. The cancellation of quadratical
divergence is a general feature of all supersymmetric theo-
ries. (iii) As required by supersymmetry, the masses of
bosons still equal the mass of fermion after
renormalization.

Let us now make a detailed calculation for one-loop
renormalization by using the LR method. The Feynman
rules of the Lagrangian (Eq. (6.5)) are listed in the appen-
dix. There are seven types of vertices. What we are going to
demonstrate is that after renormalization all these seven
types of vertices, we will get the same renormalized cou-
pling constant, and all the renormalization constants satisfy
Eq. (6.10). It is easy to verify that one-loop contributions to
(A), (B), {AB), (AAB), {BBB), (AAAB), (ABBB) are van-

PHYSICAL REVIEW D 79, 125008 (2009)

ishing. The rest of the divergent diagrams at the one-loop
level are shown in Fig. 8; the permutation graphs are not
presented for simplicity.

The field strength and mass renormalizations of field A
can be obtained from the calculations of the two-point
Green function (AA). Five diagrams can contribute to
(AA), the total contribution is found to be

L[ d%
Law =3 [ yil(-6ims)? + (~2img
1 [ d%
Xt —12ig? — 4ig?
(k+ p)? —m? f(z (128" — dig)

i 1 d* i
xt—u [ 25 igety
kK —m?> 2 r,[(277')4( ' )Ié—m

2(1 — x)p? + m?
f [(277)4 [k* — m?> — x(x — 1)p*T

—ae [ [0 -0t 4

which is only logarithmic divergent as the quadratical
divergences cancel out. Using the loop regularization, the
regularized I, has the following explicit form:

i M? w?
1 = 1|0 = 7o+ 30(23) |
0 1672 w? Yo T Y0 M?
We shall adopt a subtraction scheme similar to the minimal

subtraction scheme in dimensional regularization. For that,
it is useful to introduce an arbitrary energy scale parameter

s and write IX as
2 2
n I
5} [ln,u_; ~ Yo T yO(W)]r

(6.13)

6.11)

(6.12)

i In M2
1672 ,u? 167

. . . 2
then the divergent terms proportional to 1~ IZZ for

M, — oo in the Feynman integral are canceled by counter-
terms. As such a divergent term is independent of the
Feynman parameters x, we can integrate x easily and
obtain the divergent part of these diagrams:

M2
2+ )i

s

i
Laay.aiv = 128 (6.14)

The counterterms corresponding to this divergence are

8L = 16,(0,A0"A) — 15, m*A?, (6.15)
where
1 M? 1 M?
SA:_mgzlnz; 6””/\ = 38 1 Iu,s' (616)

From this we finally get
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FIG. 8. The nonvanishing one-loop divergent graphs in the massive Wess-Zumino model.

1 M?
Apare = (1 - S o 28 )A = Zl/zA;
’ (6.17)
(1 + L M%) -
Mppare = —g°In—)m=z"!m,
are 4772 :U“%
where
1 M2
=1- 2In—=<. 6.18
‘ 4m?® T2 (©.18)
The calculation for (BB) is similar, which gives
L, M 1/2
Bbare= 1 _Wg IHP B=Z B,
’ (6.19)

1 M?
Mppare = (1 + — pp zlnﬁ)m = Z_lm.

We now turn to the calculation of (y x). From Fig. 8 we
can read directly

d*k . i
i d*k

CcT(2gCti)

+
G ") 26
X %_l CT(ZgCT?’s)m
_ f ] d*k —8xg2CT15
Qm)* (k2 —m? — x(x — 1)p?)?
N 4LgZCJrl,f In: (6.20)

S

We need the following counterterms to cancel this diver-
gence:

SL =38, Xiflx — 38, m¥x, 6.21)
where
1, M
6)( - 477-2g *In MZ 5mx =0, (6.22)

which indicates that the renormalization of field and mass
is given by

1 M?
Xbare = (1 - Wgz ln—z)/\/ = ZI/ZX;

- (6.23)
(1 + ! lnM2> -1 |
My pare = g In—|m =7 "m.
xbare 4ar ) w

s

So far, we have worked out the renormalization con-
stants for the fields A, B, and y and their masses. The
results agree with Eq. (6.10). Let us switch to the renor-
malization of the coupling constant. As mentioned above,
there are seven types of vertices which should be described
by only one coupling constant when supersymmetry holds.
The contributions from all divergent diagrams shown in
Fig. 8 are found to be
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Liaany = tr/‘(2 e (2gCt l)k CT(2gCti) CT(ZgCTi)mCT

1
K= p1)—m

1 d*k [ i .
2 ) anr oy (T6img) K (—12182) +(p1— p2) + (p1— p3)
1 d*k [ i
= | —(=2i —4ig’ )+ (py— py) + (p1 —
2 (277_)4( lmg) k2 — m2 (k n p1)2 — mz( g ) (pl p2) (pl p3)
2
=i izmg3 lnﬁg + finite terms,
2 s
Liappy = —tr[ﬂ@gcn) CT(ZgC 75)7CT(2gCT75);CT
Q2m)* K- K—p1) — (IHI‘)—m
1 d*k i ] 1 d*k
= | =5 (—6i 4ig?) + = 2 -
> ] e ‘mg)kZ—mZ (k+ p,? — m? 3 (74 4 | Gy T2me m2 (k + p; )2 el
d“k ] i
_ —2i _4 2 + —
M2
=i-—5mg 3 In—< > + finite terms,
27 w3
i I i
L = 2 —  CTQgCti))———CT(2gCti
w0 = | )4(8 VT gy —mC ROV G gy =@ B a0

i ) i i
f(z e (2¢Ct YS)WCT(ngTl)mCT(ngT%)k2 )

= finite terms,

L =fd4k(2 Cti) TReCty)—— T(agCti)
R B A a3 Bt R 7 R e A = e

d*k ; ; ;
+ fm(ngTys)mCT(ngt}%)ch(zgcTYS) Vi~

= finite terms,

CT(2gCti) CT(zgcfi)

d*k N . l
Liaaany = —trfW(Zngz)%_ CT(2gCTl)W ](-1- b+ ;{3

i

(6.24)

12ig?)

(6.25)

(6.26)

(6.27)

CT + (py = p3) +(p3 = py) + 3 ( 12182)2

X(%+Ifz+153+1’54)_
+ (p2— p3) + (pr— pa) + 5(““8 : :

P 3 3
k> —m* (k+ py + py)” —

5+ (p2— p3) + (P2 — ps)
m

M?

= i~ g*In—= + finite terms,
7 2
s

L(BBBB) = —tr/(z )4 (28C 75)]5 cr (28C ¥s) CT(ZgCTYS) CT(2gCT7’5)

i
K+ po) —m ]5"‘152"‘]53

i

—m? (k+ py + p)* —m?

(6.28)

(}é+,42+,53+,54)_ CT + (py = p3) + (p3 = py) + = ( 12ng)2

. i i
T (p2— p3) + (p2— py) + 5(_415’2)2 2 —

m* (k+ py + p)* —m

5+ (p2— p3) + (p2— pa)

3 2
= p) g ln + finite terms,

S
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tr[(2 pr; 2gCT1)%

Kbt bt ) —m©

L(AABB) = cr (ch i)

i
K+ py) —m

T [ sy
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CT(2gC1ys)

g = C Y
CT(2¢Cti) m CT(2gCTys)

l T t
Tt ) —mC I

C (2gCti)

L
% ]("‘ p3) —
+= ( 4ig?)(— 121g2)

](4‘15 +152)

i

i
]("'152"‘15%"‘154)—"1
CT(ZgCWs)

d*k N
cT — tr[W(zgch)% — CT(2gCtys)

CT

K+ po +I52+154)_m

5+ = ( 12ig?)(— 4lg2) i

m? (k + p; + py)* —
l

+ (—4ig?)(—4ig*)?

M2
= z— g*In— + finite terms.

M

We introduce the following counterterms:

oL = —51mgA3 - BzmgAB2 — 838Axx — O48BXivsx

— 8538°A" — 863’ Bt — 8,8°A°B? (6.31)
with
1 M?
0, =0, 472 g IHP’ 03 =04 =0,

§ (6.32)

1, M

95 =08 = 8= 5 In 5.

M

It is easy to check that all the renormalized vertices lead to
a single renormalization constant:

3 M?
Share = (1 +o — g’ lnM—)g =773/

s

(6.33)

This equation, together with Egs. (6.17), (6.19), and (6.23),
shows that the LR method works well in the perturbative
theory of the massive Wess-Zumino model.

VII. CONCLUSION

In this paper we have investigated the applicability of the
recently developed loop regularization method in super-
symmetric theories. By checking several Ward identities in
various supersymmetric models, we have explicitly shown
that the LR method is applicable to the supersymmetric
field theories. We have also directly carried out the calcu-
lations for one-loop renormalization of the massive Wess-
Zumino model by using the LR method with string-mode
regulators. The results are consistent with the general con-
clusion yielded from the supergraph technique. Once the
supersymmetric extensions of the standard model could be
discovered at the LHC, such a symmetry-preserving loop
regularization method with string-mode regulators can
widely be applied to the computations of various super-
symmetric processes.

k> —m? (k + p; + p3)* — m?

m* (k + py + py)* — m?

+ (p3 — pa)

(6.30)
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APPENDIX A: TRANSLATIONAL INVARIANCE OF
LOOP REGULARIZATION

The verification of translational invariance in Sec. II can
simply be extended to the linearly and quadratically diver-
gent integrals.

Consider first the quadratically divergent integral

L= [ (A

by rewriting the momentum factor (k — xp)?* into (k —
xp)? = k> — 2xp.k + x*p?, then replacing k> by k> +
M?, one has

(k — xp)* — k> + M? — 2xp.k + x*p?

= (k — xp)* + M?. (A2)
Thus the proof in the manuscript for the scalar type loga-
rithmic loop integration can be easily extended to the scalar
type quadratically divergent ILIs, namely

(A3)

L, LR—hchl f[

The regularized ILI L% is well defined and allows us to
shift the momentum. We then have

- xp)2 Ml
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T
2 Nlﬁl lz € [(k — xp)* + M?]

e
c —
l [ k2 + M2]

Actually, it is this translational invariance which allows
us to clarify the ambiguity caused by the linear divergent in
evaluating the triangle anomaly and CP7/Lorentz violat-
ing Chern-Simons term, which was shown in Ref. [14]. To
be more clear here, we demonstrate it as follows.

Let us first present J. Jauch and F. Rohrlich’s discussion
on the Ilogarithmically divergent integrals [22].
Considering the following integral:

= hm

(A4)
N.M} =

Lo = f [k = p)* + M°] (A9
and making use of the identity
1 1 1 n(a — B)dz
- - = A6
v T e merar 9

for n = 2, we can rewrite the above integral as follows:

_[(k2+M2 _2[d4kf

(p* —2p - k)dz
[k + M? + (p* = 2p - k)2
= IO + Lc‘

(A7)

The second term L. of the right-hand side is convergent, so
we can safely shift the origin of k

ky =k, + puz (A8)
and the second term reads

_ 1—-22)—2p-k .
2] dzf[k2+M2+pz<1 ap @t A

The term in the numerator which is odd in k will vanish.
Using the identity,

(kZ)m—2d4k B iﬂ.z
[(kZ + MZ)n - (MZ)n*m

where B(m,n — m) = T'(m)I"(n — m)/T'(n) and n > m >
0 is the condition of convergence. So the second term in
Eq. (A7) now goes as

201 _
L - Y. / p-(1 —22)
M2 + p?z(1 — 2)

= —i77'2 In[M? + p2z(1 = 2)]I} =

B(m,n — m), (A10)

(Al1)

Therefore, for the logarithmic divergent integral, we arrive
at the following identity:
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d*k
Ly= = | ———5=5 =1, (Al2
o= [ e = [ a1
which is independent of the regularization.
Nevertheless, if first applying the loop regularization
prescription and then shifting the momentum, the corre-
sponding relation becomes a straightforward consequence

N
LO*%?:S%Z"I .[[(k

M2]2

hm c = IR Al3
N, M/2[ I [ [ k2 M2]2 0 ( )

Let us now consider the linear divergent integral. When
using the identity Eq. (A6), a similar proof can be carried
out and shows that a shift of k in a linearly divergent
integral will result in a finite additive constant

Lo k*d*k _ [l prdk @ "
Lu [(k— p)? + MP [+ M2 7 P
= IIM + p,uIO + LC,LU (A14)

which has been shown to cause an ambiguity in evaluating
the chiral anomaly if the regularization schemes are not
applied appropriately [14]. This is because the results may
depend on the procedure of applying the regularization
schemes before or after using the identity Eq. (A6).

To be safe, we shall apply the LR prescription before
shifting the momentum. It then leads to the following
result:

k*d*k
— LR =
Fw = B ili?zzcl / [ = p? + MFP
= hm [(k Al p)"d4
NM2 [k* + M T
prdk "

= lim — = I%, (Al5
N, M ;cl [k* + M3 Puly, (ALS)

where we have shifted the momentum for the well-defined
regularized integral, without using the above identity.

On the other hand, when applying the LR prescription
before shifting the momentum, using the identity presented
above for the integration, we then arrive at the following
expression:

ki d*k
L,,—Lk =1 f
e N‘E},ZC’ [(k—p? + MF
(k + p)rd*k
= lim — o5
N,M? ZZ (k2 + M3 T

—p# hm ch (A16)

The second term of the right-hand side actually vanishes
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due to the following conditions for the coefficients in the
LR:

N
limchfV(Mlz)” =0 (n=0,1,---).

(A17)
M=o
Thus we finally yield the following relation:
LR hm k*d*k
= cN
e w5 ) [k = p)? + MEP
: (k + p)ll«d4k
= lim c R St
N} lg AT VA
S “d*k
Sy [P g
Alflgf i=0 K [ (K> + M7 T? puly,  (AL)

which just shows that in the LR method the translation of
momentum can safely be made for a linearly divergent
integral.

Now we turn to the quadratically divergent integral,

L= [ (A19)

which can be rewritten as follows when using the previous

identity:
d*k 1
= | —— —2 | d*% f
2 / (2 + M?) [ 0

(p* —2p - k)dz
[* + M* + (p* — 2p - k)z]?
= 12 + LZC'

(A20)

Since the second term involves only linear and logarith-
mical divergences, we can then use the previous identities
for those integrals when shifting the origin of k and get the
following result with a finite additive constant:

2—2p-k)d
Ly = _Zfd4k 3 (p2 p2 sz 2
o [k*+ M*+ (p* —2p - k)z]

1 prd*k
= _2f dzj 2 2 2 2
0 (k2 + M? + p*z(1 — )]

1 2p - (k+ xp)d*k
+2 d -
.[0 Z[[k2 +M? + p?z(1 — )P

The term which is odd in k£ does not contribute, and two
integrals of the right-hand side cancel each other due to the
relation

i p?.

(A21)

[1 dz [ p’d*k
0 [k + M2 + p*z(1 — 2)P

—lfld j' p*d*k
2 )0 Cl e+ M - P

(A22)
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Thus we arrive at the following identity:

d*k d*k )
b= = pr+ ] fw Mﬂ’#ﬁ

= 12 + ch. (A23)

Just like the discussion in the linearly divergent integral, by
applying the LR prescription before shifting momentum,
we have

— R = e —
fam b zlvli?zzcl = p)2 ]

=li = 1%, 24
NI’AI%ZCZ /[k2+M2] 2 (24)
where the shift of momentum has been made for the
regularized LX. On the other hand, again applying the LR
prescription before shifting momentum, but using the iden-
tity obtained above, we arrive at the following expression:

L,— LY = hm
NM121

[ dk
! f[(k p)2 M?]
= 1 21
NlAr?fl I [[kz yye) —imp 1m ch
(A25)

accordingly. Because of the vanish of the second term in
the right-hand side, we obtain the same regularized result

LR — 1 [
2 J%;” KkzN+Mﬂ

= lim » ¢ = ]k
NM,IZ l,[[kz-i-Mz] 2

So far we have demonstrated that loop regularization can
preserve translational invariance not only in the logarithmi-
cally, but also in the linearly and quadratically divergent
integral.

(A26)

APPENDIX B: DERIVATION OF MAJORANA
FEYNMAN RULES

Here we are going to present a simple and definite
derivation of Majorana Feynman rules which are useful
for our calculations in this paper. We will begin with the
quantization of the free Majorana fermion and figure out
the difficulties of formulating the Majorana Feynman rules,
then provide a consistent prescription. The unusual
Majorana Feynman rules are the result from the
Majorana fermion self-conjugacy. Though the two-
components formulation of the Majorana field is more
fundamental, it is still very useful to work in the four-
components formalism because the y matrices are more
convenient for practical calculations.
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The Majorana fermion field y is quantized by stipulating
the following equal-time anticommutators:

{Xa(x)> X'E(y)} = 5aB53(X - Y), (B])

{Xa®), XM} = {Xbx), x5} =o.

The plane wave decomposition of y is not obvious. In
the two-components formalism the difficulty is reflected in
the fact that the equation of motion (EOM) is no longer a
linear equation since the EOM connects y to its complex
conjugation. In the four-components formalism the diffi-
culty lies in the Majorana condition: y = y° = Cx’. But
if we use the spinors u and v which satisfy uy ; = Cz')lfys
and vi , = Ciij, , then y can be expanded as

Pk 1

X7 ) @a) 2E,

Slew st e ™ + of vy €™ (B2)
s

where ¢ and ¢ are the annihilation and creation operators
of Majorana fermions. For Majorana fields, we still have

. .
OTxa0xs000) = [ S5t ()

= Srap(x = ). (B3)

Note that because of the Majorana condition y = Cy’ and
X = X" C, 01T xo(x) x5(»)10) and (OIT ¥, (x)¥p()]0) do
not vanish. It is easy to show that

OITxo () xgWI0) = Spay(x = y)Clg (B4

OIT ¥ () xpWI0) = CLySpyplx —y).  (BS)

The explicit expressions of uy  and vy ; as well as the spin-
sum identities can be found in [23]. We list the results here:

_ (Vg
e (ﬂg )
g = (k- a, k- o)
_ [ 2sVkal
e <—2sm§_s )
Ugs = (—2s¢tk -3, 2588 Vi - o)

and £, are defined as below (here 6 is the polar angle of
k and ¢ is the azimuthal angle of k.):

cos? —e % sind
51/2(k) = <ei¢ sizng)’ étl/z(k) = < cosg 2)-
(B7)

(B6)

The spin-sum identities are
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Zuk,s”_‘k,s = lé + m, ka,s{)k,s = K - m,
s s

Zuk,sv]{s = (k + m)CT’ ka,suis = (]( - m)CT)

Sl by, = CHE—m), Yol i, = CHE + m).
| | (B8)

Before starting the derivation of Majorana Feynman
rules we may briefly review the derivation for the usual
Dirac fermions. The argument below follows the one in
[24]. The calculation of a typical scattering matrix element
corresponds to the evaluation of the following expression:

©Iby ... bydy .. d, T )T () - ()T (x)]
X bt .. bhdt ... dflo). (B9)

First, we should rearrange the interaction terms to make
them follow the order of contractions. Since only one type
of contraction (i) exists for the Dirac fermion, the
internal propagator reads: (i /) = Sg(p), where the fer-
mion charge and the momentum flows are well defined
from ¢ to ¢. The Feynman rule for the vertex directly
reads as iI". For the Dirac fermion, the fermion charge flow
(in fact this is also the momentum flow) of the internal
propagator forms a continuous flow. When writing down
the analytic expression, one should do it along the opposite
direction of the continuous flow. The most important step is
to determine the relative sign of interfering Feynman
graphs (RSIF). There are in general three types of commu-
tations which can contribute to the RSIF. First, when
reordering b;, d;, b;r, and d;r to put them in the appropriate
places of Wick contractions, it causes a factor (—1)”. Here
P is the parity of the permutation of the annihilation and
creation operators. This factor can be read from the order
of external spinors in the analytic expression with respect
to the given reference order. Second, for a closed fermion
loop, one needs to exchange the first and the last field
operator in the fermion chain, which gives a factor
(—1)E, where L is the number of fermion loops. Finally,
since d;r must contract with ¢ and d; must contract with ¢,
one needs to move the creation operator d; to the beginning
of the Wick contraction and move the annihilation operator
d? to the end, which leads to a factor (—1)" with V being
the total number of spinors v and v. Since V is universal for
all graphs of a given process, this factor can therefore be
omitted.

We now turn to investigate the Majorana fermion case.
First, we consider the situation that there are no Dirac
fermions but only Majorana fermions. As mentioned
above, all possible contractions between y and/or y do
not vanish now. In this case, after rearranging the interac-
tion terms to perform Wick contraction for operators one
by one, we need to consider four types of Majorana propa-

gators, i.e. (x x), x> {xx)» and (¥ ). More seriously, the
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propagators depend on the sign of its momentum p, but
now we cannot define the orientation from y to y as the
arrow of momentum. That means we need to find out a new
method to resign the arrow of momentum. For the
Feynman rule of vertex, it raises a new ambiguity. For
instance, when contracting an interaction Lagrangian
X1 x in the time-order product, one can contract the op-
erator y with one field operator lain on the left of this
vertex and contract y with another lies on the right, or one
can also contract y with one field operator lain on the left
and contract y with another lies on the right. In the later
case an additional (—1) will emerge. Previous discussions
[25,26] for the Majorana Feynman rules follow this analy-
sis and try to reduce the number of propagators and verti-
ces, while the resulting consequences are still too obscure
and not easy to use. In Ref. [24], the author introduced the
charge-conjugate fields ¢ and ¢ to Feynman rules and
tried to give a uniform description of the Dirac and
Majorana field. Here we shall provide an alternative and
simple description.

First, we may eliminate j from the interaction
Lagrangian by using the Majorana condition Yy =
—x"C?, so that only one type of propagator { y ) remains.
We then use a line without arrow to represent a Majorana
propagator. Since Majorana fermions cannot carry any
charge, this representation is natural. In the momentum
space, the Feynman rule for the Majorana propagator is
k%mCT. To obtain the Feynman rule of vertex, we may

rewrite yI'y as

)_(aro(,BXB = /\/a(_clprpﬁ)/\/ﬁ = _XB(ngC;a)Xa

= Xa(—CTT = T7CY) oo xp = 3xalhpXs
(B10)

with

I"=-CT -T7Cct = T, (B11)
Now the ambiguity mentioned above disappears as I is
antisymmetric. The Feynman rule for vertex simply be-
comes i[". One can treat the Majorana fermions just like a
real scalar boson to obtain the correct symmetric factor of a
given graph.

Next, we should determine the direction of momentum
in Majorana propagators. Remember that generally a factor
e~ ™ means momentum k flows in the point x and e**
means momentum k flows out of the point x. Every con-
traction between two field operators O(x), O(y) can always

be written in the form: (O(x)O(y)) = ]% e k=0 § (k).

For example, in our case

d*k . i i
(OIT X0 () x5()10) = eww(— CT) ;

@2m)* K—m
(B12)

which indicates that the direction of momentum flow is
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always opposite to the direction of the contraction for a
propagator, and in a fermion chain the momentum flows of
propagators form a continuous flow with direction opposite
to the direction of the contractions. In [24] such a flow was
called “fermion flow.” Here we may, more precisely, call it
“fermion momentum flow.” This comes to the following
conclusion: for each fermion chain we fix an arbitrary
orientation (fermion momentum flow), the momentums
of all fermion propagators follow this orientation, and we
should write down the Feynman rules proceeding opposite
to the chosen orientation.

Finally, to complete the Majorana Feynman rules, we
need to give the rules of external fermion lines and deter-
mine the RSIF. The rules of the external fermion lines can
easily be obtained from the plan-wave decomposition of y,
see Eq. (B2). Since

<0|Ck,s/\/a(x) - vak,xeier (B13)

Xa()ek (10) = e, (B14)
which implies that the creation of a Majorana fermion
corresponds to a spinor v, ; with momentum k flow out,
and the annihilation of a Majorana fermion corresponds to
a spinor u,y ; with momentum k flow in. If the spinor is
located at the beginning of contraction, we should write it
as a row vector, say a u’ or v’. Now we can give a
prescription to fix the RSIF. The factor (—1)” can be gotten
from the permutation parity of the spinors in the obtained
analytical expression with respect to some reference order.
The factor (— 1) can be gotten from the number of closed
fermion loops. The factor (—1)V now is a little different
from that in Dirac field theory. Since moving any one
creation operator arising from the initial state to the begin-
ning of the contraction will contribute a factor —1, and
moving any one annihilation operator arising from the final
state to the end of the contraction which also contributes a
factor —1, it seems that we should count the total number
of such an operation. Suppose that there are “a” fermions
in the initial sate and ““b”’ fermions in the final state, and
we must move the ith fermion creation operators to the
beginning and the jth fermion annihilation operators to the
end. Then we have a — i+ j=b+i—j ie. |i—j| =
%Ia — b|. Namely, V = %Ia — b|. Since a and b are uni-
versal for all graphs of a process, we can omit (—1)" all the
time.

Let us consider the situation that a Majorana fermion y
couples to a Dirac fermion ¢ . The interaction Lagrangian
contains the following terms:

Ty + ¢ Ty (where : T = yTt90), (B15)

When keeping a continuous fermion momentum flow for
a fermion internal line, we then need to consider two types
of Dirac propagators: (i) and (¢ ) which have the
following explicit forms:
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Yk s

Creation of a Majorana fermion :
p

Creation of a Dirac fermion : D k,s

Yk s

Creation of a Dirac anti — fermion :
' p
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Uk s

Annihilation of a Majorana fermion :
p

Uk s

Annihilation of a Dirac fermion : P

— e U
Yk s

Annihilation of a Dirac anti — fermion : P

FIG. 9. Feynman rules for external lines.

Magjorana propagator :

Dirac propagator :
D

FIG. 10. Feynman rules for propagators.

- d*k . I
_ —ik(x—=y)
OIT¢ o () 5(110) /(277)46 o (lé— m)aﬁ’
(B16)
) d*k i\
_ —ik(x—y)
<0|T¢/a(x)l//¢3()’)|0> (277_)4 € “ [(k + m) iIaB‘
(B17)

We then need to use a line with arrow to represent the Dirac
propagator. The arrow reflects the flow of charge which
flows out of ¢ and into . If the direction of charge flow
coincides with the direction of the fermion momentum
flow, we should use () = }(_4’" otherwise we should

use () = ()"

I
Xx \
X ‘ x  —iCT+TI{C)
d
Y4
I I
o \ \
b ‘ W iy P ‘ » —il'}
d d
p p
I I
XLy [ [
X ! L Tk o v ! x  —irjct
d d
P P
- ! \
Ylgx e | |
¢ | x i X ! vy
‘ i
p - P

FIG. 11. Feynman rules for vertices.

The Feynman rules for vertices are also doubled. For the
Dirac-Dirac interaction, one has

l,_b aFaBlsz = wa(_FT)aﬁJjﬁ‘

If the direction of the charge flow coincides with the
direction of the momentum flow, we should use iI"; other-
wise we should use —il'7. The vertex rules of the
Majorana-Dirac interaction can be derived similarly from
the identities

X/araﬁ¢lﬁ = Xa(_CTF)ozﬁlyl/B = ¢a(_FTCT)aﬂXﬂ;
(B19)

(B18)

l_ﬁ aFaBXB = Xa(_fT)a,B ‘_PB-

The RSIF can be determined by using the same method
as we mentioned above.

With the above considerations, we can summarize our
Feynman rules. The solid lines are still used to denote the
fermions. Dirac fermions lines carry arrows which reflect
the direction of charge flow, and Majorana lines do not
carry arrows. We may write down Feynman amplitudes
according to the following steps:

(1) Draw all topologically distinctive,

Feynman diagrams for a given process.

(2) Fix an arbitrary direction for each fermion chain.

This is the direction of the fermion momentum flow,
which means that the momentum of every internal
fermion line should follow this direction. We should
write down the Dirac matrices proceeding opposite
to the chosen direction through the chain.

(3) For the external fermion lines, the rules are shown in

Fig. 9.

If the spinors are located at the beginning (end) of
the contraction, we should add a superscript 7" ap-
propriately to write them as row (column) vectors.

(4) For the fermion propagators, the rules are shown in

Fig. 10.

(B20)

connected
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j);m

X X
29CTi 29CTs
A B
X X
A B
—4ig?
A B

FIG. 12. Feynman rules of the massive Wess-Zumino model.

(5) For the general fermion interactions yT'yx, ¥ T,
T3¢ + §T5x, where Ty = y'T1 40, the Feynman
rules are shown in Fig. 11, respectively.

(6) To determine the RSIF. For each diagram, multiply
by a factor (—1) for each closed fermion loop and
multiply by the permutation parity of the spinors in
the obtained analytical expression with respect to
some reference order.

(7) Multiplying a symmetry factor S~! for each dia-
gram. The Majorana fermions may be treated just as
real scalar fields to obtain the symmetry factor.

S=g [] 2P(mhHe, (B21)

n=23,...

where «,, is the number of pairs of vertices con-
nected by n identical self-conjugate lines, 8 is the
number of lines connecting a vertex with itself, and
g is the number of permutations of vertices which
leave the diagram unchanged with fixed external
lines.

APPENDIX C: FEYNMAN RULES OF THE
MASSIVE WESS-ZUMINO MODEL

We present all the Feynman rules of this model in
Fig. 12.
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