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We analyze quantum properties of A/ =2 and N = 4 supersymmetric gauge theories formulated in
terms of A = 1 superfields and investigate the conditions imposed on a renormalization prescription under
which the nonrenormalization theorems are valid. For this purpose in these models we calculate the
two-loop contributions to the anomalous dimensions of all chiral matter superfields and the three-loop
contributions to the f-functions for an arbitrary A/ = 1 supersymmetric subtraction scheme supplementing
the higher covariant derivative regularization. We demonstrate that, in general, the results do not vanish due
to the scheme dependence, which becomes essential in the considered approximations. However, the two-
loop anomalous dimensions vanish if a subtraction scheme is compatible with the structure of quantum
corrections and does not break the relation between the Yukawa and gauge couplings which follows
from N = 2 supersymmetry. Nevertheless, even under these conditions the three-loop contribution to the
B-function does not in general vanishes for ' = 2 supersymmetric theories. To obtain the purely one-loop
p-function, one should also chose an Novikov, Shifman, Vainshtein, and Zakharov (NSVZ) renormaliza-

tion prescription. The similar statements for the higher loop contributions are proved in all orders.
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I. INTRODUCTION

Nonrenormalization theorems essentially improve the
ultraviolet behavior of supersymmetric theories in com-
parison with the nonsupersymmetric case. In particular,
in N’ = 1 supersymmetric theories the superpotential does
not receive divergent quantum corrections [1], so that the
renormalizations of masses and Yukawa couplings appear
to be related to the renormalization of chiral matter
superfields. Moreover, the p-function of supersymmetric
theories is related to the anomalous dimension of the chiral
matter superfields by the NSVZ equation [2-5]. In theories
with extended supersymmetry the cancellation of diver-
gences is much more significant. In particular, in A = 2
supersymmetric gauge theories all contributions to the
p-function beyond the one-loop approximation vanish
[6-8]. Also the anomalous dimensions of all chiral super-
fields in these theories are equal to O [7-9]. Therefore,
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choosing a gauge group and a representation for the
hypermultiplet superfields in such a way that the one-loop
P-function vanishes [10], it is possible to construct N = 2
supersymmetric theories finite in all orders [9]. In particu-
lar, N' = 4 supersymmetric Yang-Mills theory is finite in
all orders [6,7,11-13] in agreement with a large number of
explicit calculations made in various orders of the pertur-
bation theory [14-22]. Some terms breaking N =2
supersymmetry but preserving the finiteness have been
constructed in [23-25].

However, it is important to understand how to calculate
quantum corrections in order for the nonrenormalization
theorems to be valid. For example, the NSVZ f-relation
originally obtained from some general arguments is not
satisfied in the DR scheme, when a theory is regularized by
dimensional reduction [26] and divergences are removed
by modified minimal subtractions [27]. This was demon-
strated by explicit three- and four-loop calculations made in
[28-31] (see [32] for review). However, as it turned out, in
these approximations the NSVZ equation can be restored
with the help of a specially tuned finite renormalization,
because its scheme independent consequences [33,34] are
satisfied. This implies that the NSVZ equation is valid only
for special renormalization prescriptions, which are usually
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called the NSVZ schemes. According to [35-38], these
schemes constitute an infinite set and are related by finite
renormalizations which satisfy a special constraint. A
simple prescription giving some NSVZ schemes was
obtained in the case of using the higher covariant derivative
regularizaton [39—41] in the supersymmetric version
[42,43]. According to [44,45], the NSVZ equation is valid
in all orders in the HD + MSL scheme.' Here HD and MSL
are short for higher derivatives and minimal subtractions of
logarithms, respectively. By definition, in the HD + MSL
scheme a theory is regularized by higher covariant deriv-
atives and divergences are removed by minimal subtraction
of logarithms when only powers of In A/u (where A is the
dimensionful regularization parameter and u is a renorm-
alization scale) are present in the renormalization constants,
while all finite constants are set to 0. (The proof was based
on the all-order perturbative derivation of the NSVZ
p-function made in [47] for N = 1 supersymmetric electro-
dynamics and in [45,48,49] for the A/ = 1 non-Abelian
supersymmetric theories. Its various parts have been
verified and confirmed by numerous explicit calculations
(see, e.g., [50-58]), some of them being made in such
orders of the perturbation theory where the scheme
dependence becomes essential.)

For N = 2 supersymmetric gauge theories in the DR
scheme the anomalous dimensions of the chiral matter
superfields vanish at least up to the three-loop approximation
[59]. The two- [60] and three-loop [28] contributions to the f-
function are also equal to 0. The vanishing of the four-loop
contribution to the p-function of A/ =2 supersymmetric
gauge theories formulated in terms of AV = 1 superfields in
the DR scheme was an essential ingredient of the calculation
made in [29] where the four-loop f-function was found for
general N = 1 theories except for one undetermined param-
eter. This in particular implies that the DR scheme is NSVZ
for N' = 2 supersymmetric gauge theories, at least, in the
lowest orders.’ However, it is known that the finiteness
in the DR scheme does not in general ensure the finiteness
for an arbitrary renormalization prescription. For instance,
one-loop finite A/ = 1 supersymmetric theories in the DR
scheme are finite in the two-loop approximation [65], but
are not two-loop finite for a general N' = 1 supersymmetric
renormalization prescription [66]. Moreover, there are DR
calculations for A/ = 2 supersymmetric Yang—Mills theory
in the component formulation which reveal the three-loop
divergences. Originally these divergences were found in
[63]. They also remained after the result was corrected in
[67]. Note that for the ' = 4 supersymmetric Yang-Mills
theory a similar calculation [22] demonstrated the absence of
divergences up to the four-loop approximation. The reason

'In the Abelian case one more all-loop NSVZ prescription is
the on-shell scheme [46].

’Due to the mathematical inconsistency [61] dimensional
reduction can break supersymmetry in very higher orders [62-64].

why the three-loop divergences found in [63,67] appear is not
now quite clear.

In this paper we consider theories with extended super-
symmetry formulated in terms of AV = 1 superfields. This
implies that one supersymmetry is manifest and survives
even at the quantum level, while the others are hidden and
can be broken by quantum corrections. In this case expres-
sions for the two-loop anomalous dimensions and for the
three-loop p-function can be found from the corresponding
general result for N/ = 1 supersymmetric gauge theories
obtained in [68]. Starting from the expressions obtained in
this way we analyze the conditions which should be imposed
on the renormalization prescription in order for the N = 2
nonrenormalization theorem to be valid. In particular, we
will demonstrate that the renormalization prescription should
be compatible with a structure of quantum corrections,
NSVZ, and N' = 2 supersymmetric.

The paper is organized as follows. In Sec. II we recall
how gauge theories with extended supersymmetry can be
formulated in the A = 1 superspace. The higher covariant
derivative regularization, quantization, and renormalization
of these theories in a manifestly N' = 1 supersymmetric
way are performed in Sec. IIl. The two-loop anomalous
dimensions and the three-loop f-function for theories under
consideration are investigated in Sec. IV. We start with the
calculation of the renormalization group functions (RGFs)
defined in terms of the bare couplings in Sec. IV A using the
general result obtained earlier for A/ = 1 supersymmetric
gauge theories. Next, in Sec. IV B we obtain RGFs defined
in terms of the renormalized couplings for a general
renormalization prescription compatible with A" = 1 super-
symmetry. A particular case of the DR scheme is consid-
ered in Sec. IVC. A class of the NSVZ schemes for
theories with extended supersymmetry is described in
Sec. IVD. In Sec. V we analyze the conditions imposed
on the renormalization prescriptions under which the
N =2 and N = 4 nonrenormalization theorems are sat-
isfied in the case of using the N = 1 formulation of these
theories. In particular, we demonstrate that they are valid for
all NSVZ renormalization prescriptions compatible with
N =2 supersymmetry and a structure of quantum correc-
tions. This is verified in the lowest nontrivial approximation
in Sec. VA and proved in all orders in Sec. V B. In Sec. VI
we demonstrate the existence of the NSVZ renormalization
prescriptions incompatible with a structure of quantum
corrections for which the higher order corrections to the
anomalous dimensions and the S-function of N = 2 super-
symmetric gauge theories do not vanish. The results of the
paper are briefly summarized in the Conclusion.

II. A/ =2 SUPERSYMMETRIC GAUGE THEORIES
IN N =1 SUPERSPACE

N = 2 supersymmetric theories can be considered as a
particular case of N'=1 supersymmetric theories and
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formulated in the N' = 1 superspace. In this formulation
one supersymmetry is manifest, while the other is hidden.
In terms of NV = 1 superfields the action of a renormaliz-
able N' = 2 supersymmetric gauge theory with a simple
gauge group G in the massless limit is given by the
expression

1
S = —2Retr/d4xJ29W“Wa
2ej

1
+—2tr/d4xd49<l>+ezvd)e_zv
€

+ % / d*xd*0(p+ e+ pTe " §)

n (\% / d4xdla<}qu>¢+c.c.>. (1)

Here V is the (Hermitian) gauge superfield with the
strength W,. The chiral superfield @ in the adjoint
representation of the group G is its N' = 2 superpartner.
The chiral superfields ¢ and ¢ in the representations R, and
Ry, respectively, form ' = 2 hypermultiplet. In Eq. (1) the
bare gauge coupling constant is denoted by ¢, Below we
will also use the notation ay = €3/4x.

In our notation the generators of the gauge group in the
fundamental representation are denoted by 4 and satisfy
the conditions

1
tr(t4e8) = EéAB; (14, 18] = ifABCLC, (2)

where f4BC are (real) structure constants. The generators of
the representation R, we will denote by T4. The similar
conditions for them are written as

tr(TAT®) = T(Ry)55; [TA, TB] = ifABCTC.  (3)

Also in what follows we will use the notations

FACPLED = Cr6'B; C(Ry)/ = (TAT) /s
r=dimG. (4)

In the first two terms of Eq. (1) the superfields V and ®
are expanded in the generators of the fundamental repre-
sentation, V = ¢, VA4, ® = ¢, ®*+4, while in the other
terms (which contain the superfields ¢ and ¢) it is
necessary to use the generators of the representation R,
V = e VATA, ® = ¢, ®TA.

The N =4 supersymmetric Yang-Mills theory is a
particular case of the theory (1) which corresponds to
the hypermultiplet in the adjoint representation of the gauge
group, Ry = Adj. In this case T(R,) — T(Adj) = C, and
C(Ry);/ — C(Adj)" = C,6"”. (Note that we assume that
the gauge group is simple.)

The theory (1) is invariant under the gauge trans-
formations parametrized by a Lie algebra valued chiral
superfield A,

¢ — e b — e, D - A Pe

e? — e e, (5)

Certainly, it is also invariant under two supersymmetries.
One of them is manifest and remains unbroken at
the quantum level if the theory is formulated and quan-
tized in terms of A/ =1 superfields. The other super-
symmetry is hidden. It can be written in the superfield
form [69]

6e?V = in*e?V® — ind*te?V; 5b = L WD n;

2
_L_Z * =2V 1% N_L—z « VT 1k

(6)

where the parameter 7 is a chiral superfield which does not
depend on x*. Although the action (1) is invariant under
these transformations, at the quantum level the hidden
supersymmetry can in general be broken in the case of
using A/ = 1 quantization.

As we have already mentioned, the theory (1) is a
particular case of a general renormalizable N' = 1 super-
symmetric theory (with a simple gauge group), which in the
massless limit is described by the action

1 1 . .
S :2—6(2)Re tr / dxdOW W, + 4 / d*xd*0p(e*V)/
1 .
+ (6xg" / & xd0pidpypr +c-c->- ()

For N = 2 supersymmetric gauge theories the chiral matter

superfields ¢; = (®*, ¢;, ¢') belong to the reducible rep-
resentation

R = Adj+ Ry + R,. (8)

(In this paper we will denote the indices corresponding
to the representation R by bold letters. The tensors
with such indices (e.g., the matter superfields ¢; or the
bare Yukawa couplings }f{)k) and group factors correspond-
ing to the representation R we will also indicate by
bold letters.) The Yukawa couplings in N/ = 2 supersym-
metric gauge theories are related to the gauge coupling,
because

L 4. 2n3T :wl AN J 4. 20TIHA 4
ﬁ/dxdegqup ﬂ(T)//dxdG(ﬁ(Dqﬁj. (9)
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Comparing this expression with the Yukawa term in the

action (7) we see that the nontrivial components of /lgk are
written as
()“O)ijA = ()vo)iAj = (/10>jiA = (Ao)Aij = (}vo)in
) ie )
= (A =20 (A 10
(A0)"; ﬂ( )i (10)

III. THE HIGHER COVARIANT DERIVATIVE
REGULARIZATION, QUANTIZATION, AND
RENORMALIZATION IN THE A =1 SUPERSPACE

In this paper we make the regularization and quantization
of N' =2 supersymmetric theories in the AN/ =1 super-
space, see, e.g., [69-71]. In this formalism one supersym-
metry remains manifest even at the quantum level, while
the second (hidden) one can be broken by quantum
corrections. The regularization will be made with the help
of the Slavnov higher covariant derivative method [39,40]
in the superfield formulation [42,43]. Note that this
regularization in particular includes the insertion of the
Pauli-Villars determinants for removing the residual one-
loop divergences [41]. The details of this construction in
the supersymmetric case can be found in [72,73].

The choice of the higher covariant derivative regulari-
zation is motivated by the fact that the NSVZ equation in
supersymmetric theories is valid in all loops in the HD +
MSL scheme [44,45], so that the f-function in a certain
loop can easily be obtained starting from the expressions
for the anomalous dimensions of chiral matter superfields
in the previous loops, see, e.g., [68,74,75]. Moreover, there
are various versions of this regularization, which differ in
the form of the higher derivative terms and the Pauli-Villars
masses. Therefore, expressions for various RGFs depend
on a certain number of regularization parameters, which is
very convenient for investigating the scheme dependence.

For quantization of the theories under consideration we
will also use the background field method [76-78] for-
mulated in terms of N = 1 superfields [69]. It is introduced
by making the replacement

1
Seg = 55 Retr / d*xd*OwW¢ [e-we—wvm(

2
2ej

1 A%
st [ dixdiod |F( - 2
+Ze(2)r/ * [ ( 16A2)e

1 V22
2 4. 74 +r( — 2F(V
+4/d xd 6<¢ ( 16A2>e

ieo

+ (— (T + ()] / d*xd*0d' DA + C.C.),

N

eV 5 2F(V) 2V, (11)

where V denotes the background gauge superfield, and
F(V) is a certain nonlinear function of the quantum
superfield. This function is needed because the quantum
gauge superfield is renormalized in a nonlinear way [79-81].
This nonlinear renormalization can be reduced to the linear
renormalization of an infinite number of parameters present
in F(V). The lowest nonlinear term in this function was
found in [82,83]. It was explicitly demonstrated [84] that the
renormalization of its coefficient is needed for the renorm-
alization group equations to be satisfied.

Below we will use the general expression for the two-
loop anomalous dimension of the chiral matter superfields
for V' = 1 supersymmetric theories regularized by higher
covariant derivatives obtained in [68]. That is why here we
will use the same version of the higher covariant derivative
regularization as in [68]. In this version after adding terms
with higher derivatives denoted by S, the regularized
action

Sreg =S + S, (12)

will contain two regulator functions R(x) and F(x) which
appear in the kinetic terms for the gauge and matter
superfields, respectively. Note that we will use the same
regulator function F(x) for all chiral matter superfields of
the theory, i.e., ®*, ¢;, and ¢'.

Constructing the regularized action we also take into
account that Eq. (10) follows from A/ = 2 supersymmetry,
while hidden supersymmetry can in general be broken by
quantum corrections. This implies that for a general N = 1
supersymmetric renormalization prescription Eq. (10) can
also be broken. Therefore, if the theory is quantized in the
N =1 superspace, we expect a possible appearance of
quantum corrections in which the Yukawa term does not
satisfy Eq. (10). Thus, the regularized action can be written
in the form

s
v V2 ) L2F (V) ezv] W,

f(V)eZV:| o)
Adj

e
12+ (}*F(— Vv >€—2f(v)Te—2vT(;5)

16A2

(13)
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where the gauge superfield strength is given by the
expression

W, = éD2[6—2V€—2}'(V)Da(62}'(v)EZV)]’ (14)

and a new bare parameter (43),/ [of the order O(a)] is
needed to absorb quantum corrections which break the
hidden supersymmetry. In our notation the covariant
derivatives are written as

Va =D, ﬁa _ er(V)eZVDae—zve—ZF(V)’ (15)
and the subscript Adj indicates that in the corresponding

expression the generators should be taken in the adjoint
representation,

(ag + a1 X + a)X*> 4 ...) 1Y

=a)Y +a[X, Y]+ a[X, [X, Y]] + ... (16)

The gauge fixing procedure is made by adding the gauge
fixing term S,¢ and the corresponding Faddeev—Popov and
|

S

€0

1 V:v2
)= Z—e%)tr/ d*xd*o (qﬁr {R <— 16A2> e”(v)ezv] y

1
t5 <tr/ d*xd*OM ,(p3 + @3 + @3) + c.c.).

J

Nielsen—Kallosh ghosts with the actions Sgp and Sy,
respectively. They are rather standard, so that we do not
present the corresponding explicit expressions here. They
can be found, e.g., in [57].

The replacement S — S, regularizes divergences
beyond the one-loop approximation, and the dimensionful
parameter A plays the role of an ultraviolet cutoff. To
remove the residual one-loop divergences, following [41],
we insert into the generating functional the Pauli-Villars
determinants. According to [72,73], for this purpose one
can use two Pauli-Villars determinants. One of them,

Det™!(PV.M,) = /D(plD(pzD(m exp(iS,),  (17)

cancels divergences coming from the (sub)diagrams with
one loop of the gauge superfield and ghosts. The action S,
depends on three chiral Pauli-Villars superfields ¢, ¢, and
@5 in the adjoint representation of the gauge group, which
have the mass M, proportional to the parameter A in the
higher derivative term,

@1+ »; [ezf-(v)ezvhdj% + @3 [er(v>62V]Adj(p3>

(18)

One more Pauli-Villars determinant removes divergences coming from a loop of chiral matter superfields. For the

considered theory it is reasonable to choose it in the form

Det™' (PV, M) = /Dq)PVDQbPVD(}PV exp(iSpy),

(19)

where the action Spy includes the massive Pauli-Villars superfields ®py, ¢ppy, and ¢py in the representations Adj, Ry, and

Ry, respectively, and is written as

VA2

1 ~
Spy = 1/ d*xd*0 <¢1+>VF <— 16A2> eV ppy + ¢1J5VF(

ViVv2

72\72

Vv ~

1 M ~ 1
+ 2tr/ d4xd49®;V |:F (— 2) 62'7-—(‘/) €2V:| (DPV + <2/ d4xd26’ |:¢;V ¢pv + ZU'((I)IZJV):| + C.C.) . (20)
260 16A Adj 60

This implies that all these Pauli-Villars superfields have the mass M (which is also proportional to the parameter A). Note

that we always assume that the ratios

M
a=—;
A

e @)

do not depend on the bare couplings. After inserting the above Pauli-Villars determinants the resulting expression for the

generating functional can be written as

Z[SOUI‘CCS] = /DﬂDet(PV’ M) exp{i(‘sreg + ng + SFP + SNK + S(p + Ssources)}7

(22)
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where Dy denotes the functional integration over all
superfields of the theory.

Note that the regularized action (13) is not invariant
under the transformations of the hidden supersymmetry (6).
In principle, it is possible to choose an N =2 super-
symmetric higher derivative term [85]. However, the Pauli-
Villars determinants, the gauge fixing term, and the ghost
actions are invariant only under the transformations of
manifest supersymmetry. Therefore, making the change of
the integration variables (6) in the generating functional
(22) we will obtain some additional terms coming from
the variations of these expressions. This implies that (the
equation analogous to) the Slavnov-Taylor identity [86,87]
corresponding to the hidden supersymmetry becomes
rather complicated and difficult to analyze. That is why
we do not present it here.

For the theory under consideration ultraviolet divergen-
ces can be removed by the renormalization of couplings
and superfields. The renormalized couplings will be
denoted by e (or a = e?/4n = Z,a;) and 1. Note that,
as we have already mentioned, if N =2 theories are
quantized in N = 1 superspace, then for a general renorm-
alization prescription the N =2 relation between the
gauge and Yukawa couplings is broken by quantum
corrections. Due to the absence of divergent quantum
corrections to the superpotential [1] the renormalization

of (A1), is related to the renormalization of chiral matter
superfields and of the gauge coupling constant by the
equation

d
dInA

leo(Zy]%) F(Zy)*)/ (ZaZo) > ((TH) + (23)7)] = 0.
(23)

In our notation the renormalization constants for the chiral
matter superfields are defined as’

O = (Z,20) 2 @)% i = (22 (e
¢ = (Z))/ (Pr). (24)

where the subscripts R denote the renormalized superfields.
(Note that we consider a theory with a simple gauge group,
so that all ®* are renormalized with the same renormaliza-
tion constant (Z,Zg)'/?.)

It is convenient to describe ultraviolet divergences with
the help of RGFs. According to [44], it is important to
distinguish between RGFs defined in terms of the bare
couplings and the ones defined in terms of the renormalized
couplings,

d(XO ~ da
Ao) = ; A) = ;

ﬂ(ao 7 0> dlnA a,A=const ﬂ(a ) dln H ag,Ag=const

.-I , ﬂ = - ; v ,j s ﬂ = 5
<y¢) l (ao 0) dinA a.A=const (7¢ )l (a ) dIn H ay,Ag=const

dIinZgy dnZg
Yol(ao, 4o) = — ; Fola, 1) = . (25)
dlnA a,A=const dln H ay,Ag=const

RGFs defined in terms of the bare couplings are presented in
the left column, and RGFs (standardly) defined in terms
of the renormalized couplings are presented in the right
column. The former ones depend on a regularization, but are
independent of a renormalization prescription for a fixed
regularization. The latter ones depend on both regularization
and renormalization prescription starting from the two-loop
approximation for the anomalous dimensions and from the
three-loop approximation for the f-function. RGFs defined
in terms of the bare couplings for A/ = 2 supersymmetric
theories are obtained in the case 4, = 0, and RGFs defined
in terms of the renormalized couplings should be calculated
at 1 = 0. (Nevertheless, the renormalization of the Yukawa
couplings should be taken into account.)

Defining the renormalization constant Zg we follow the
notation of Ref. [85]. In the case of using this definition the
corresponding one-loop anomalous dimension vanishes.

Certainly, there is a class of subtraction schemes in
which A/ =2 supersymmetry survives at the quantum
level, so that the Yukawa couplings remain related to the
gauge coupling constant and, therefore,

d
dInA

leo(Z ) H(ZY ) (ZoZo) (T4 7] = 0. (26)

Evidently, in this case there is no need to introduce the
couplings (43)/, and the anomalous dimensions of the
matter superfields are related by the equation

Yo (a0)(TY)7 +2(ry)(a0)(T4)/ = 0. (27)

According to [45,48,49], see also [88], in the case of
using the higher covariant derivative regularization RGFs
of N/ = 1 supersymmetric gauge theories defined in terms
of the bare couplings satisfy the NSVZ equation
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Blag. ) _ (3C: = T(R) + C(R)y;' (. 4o)/7) (28)

a3 27z(1 —aC,/2x)

for an arbitrary renormalization prescription supplementing
this regularization. Here we assume that the chiral matter
superfields belong to the representation R, for which the
generators of the gauge group are denoted by (T4),/. From
these generators we construct the group Casimirs

C(R)/ = (TAT*)/; r(TAT?) = T(R)5*8.  (29)
For the particular case of A = 2 supersymmetric theories

the representation R is given by the direct sum (8) and the
Casimirs take the form

T(R) = C, +2T(Ry);

s 0 0
CR/=| 0 C®R)/ 0 |. (30
0 0 C(Ry);

Taking into account that

——'B(a(gi;f())—)’cb(aoﬂlo) (31)

dln(Zan,)
dinA

a,A=const

the anomalous dimension matrix can be written as

o (Wla 00
T (r4); ,
0 0 (r9)/

(32)

Substituting the expressions (30) and (32) into Eq. (28)
after some algebraic transformations we obtain that for the
theory under consideration the NSVZ equation takes the
form

,3(027;2)/10) = —% (2C, = 2T(Ry) + Cara(ag, o)
+2C(Ry) (74) ' (ag: 20) /7). (33)

Note that here we keep the dependence on 4, because
(for theories regularized by higher covariant derivatives)
this equation is valid for an arbitrary N' = 1 supersym-
metric theory with the chiral matter superfields in the
representation Adj + Ry + Ry, and N/ = 2 supersymmetry
is not needed for its derivation.

If we consider a subclass of renormalization prescrip-
tions which satisfy Eq. (26) (or, in other words, do not

break the relation between the gauge and Yukawa cou-
plings), then it is possible to set 15 = 0 and express yq ()
in terms of the anomalous dimension of the hypermultiplet
by multiplying Eq. (27) by (T*)}/,

2ty (@) C(Ry))
trC(Ry)

Yolag) = - _ 2tr(74; (TO‘(OIZOC;RO))
(34)

Substituting this expression into Eq. (33) we obtain the
exact f-function defined in terms of the bare coupling
constant [85],

P - =T (1 + 7o) 69

Due to the presence of yg(ap) in this equation quantum
correction can appear in higher orders. However, if the
quantization is made in a manifestly N' = 2 supersym-
metric way in A/ = 2 harmonic superspace [89-91], then
this anomalous dimension vanishes [8]. Then in the case
of using the higher covariant derivative regularization
formulated in the harmonic superspace [92] we obtain
the A/ = 2 nonrenormalization theorem [6,7], according to
which the p-function vanishes beyond the one-loop
approximation.

In this paper we will calculate the two-loop anomalous
dimensions for the chiral matter superfields and the three-
loop p-function for N'=2 and N =4 supersymmetric
theories formulated in the A" = 1 superspace. In particular,
we will see that for all NSVZ renormalization prescription
compatible with N =2 supersymmetry and with the
structure of quantum corrections these contributions to
RGFs vanish beyond the one-loop approximation, so that
the N =2 nonrenormalization theorem is valid in the
considered order.

IV. THE TWO-LOOP RENORMALIZATION OF
SUPERFIELDS AND THE THREE-LOOP
RENORMALIZATION OF THE GAUGE

COUPLING CONSTANT

A. RGFs defined in terms of the bare couplings

For an arbitrary renormalizable A" = 1 supersymmetric
gauge theory with a simple gauge group regularized
by higher covariant derivatives the general expression
for the two-loop anomalous dimension of the matter
superfields defined in terms of the bare couplings was
obtained in [68]. In the notation adopted in this paper it is
written as’

“The generalization of this expression to the case of theories
with multiple gauge couplings can be found in [74].
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2

C( Vs iy B

7/(050510) Ar 1.2 M0imn 272

2
3a0

X C(R)tl(l -B+ A) 4r XA’Olmn

[C(R)?)/ -

* b 4«
167 410mcjva l()bde/vde

. A . A
—52 C,C(R)] (ln a,+1+ 5) + —T( )JC(R)/ <ln a+1+ 5) = 03 ,13,mn/11mn

AMCR) (1 — A+ B) + O(ad, 222, aphl, A5). (36)

Here values of the parameters A, B, a, and a, depend on a particular version of the higher covariant derivative
regularization. Namely, the parameters A and B are determined by the higher derivative regulators R(x) and F(x) present

in Eq. (13),

As/oodxlnxd L ;
0 dx \R(x)

The parameters a = M /A and a, =
regularized theory.

B= /0 dxlnx;x <F21(x)> (37)

M,/ A are the ratios of the Pauli-Villars masses to the dimensionful parameter of the

Substituting the Yukawa couplings (10) and the Casimirs (30) into Eq. (36) and taking into account Eq. (31) we obtain

+yo(ag, Ao =0) = —

Plag 2o = 0) —-2(C, - T(RO))+:2r [C(RO)](B—A)+2ajz(cz)2(—3ln%+lna—I—A)

(20

2
Q
+ 52 CoT(Ro)(2Ina + 1+ B) + O(a); a9

_ &
(74)i (@, A9 = 0) =

2

%
— C,C(R
+27T2 2 (

Note that in the one-loop approximation both anomalous
dimensions vanish. However, in the two-loop approxima-
tion this is not true, because the N' = 1 regularization and
quantization can break the relations following from N = 2
supersymmetry. We see that the two-loop contributions
nontrivially depend on the regularization parameters A, B,
a, and a,. (Certainly, as we already mentioned above,
RGFs deﬁned in terms of the bare couplings are indepen-
dent of the parameters which determine a subtraction
scheme for a fixed regularization.)

>
(Z
Yo(ag, 4o = 0) =
ﬂ' r
g
+2 2C

In the case of using the higher covariant derivative
regularization Eq. (33) is valid for RGFs defined in terms
of the bare couplings in all orders, and, in particular, relates

Ble®II (B -4+

T(Ry)C(Ry)./ (2Ina + 1+ A)

o)/ (=3Ina, +Ina—1-24+B)+ 0(a}). (39)

The three-loop p-function defined in terms of the bare
couplings can be found using the NSVZ equation (33).
First, from this equation we see that the (scheme indepen-
dent) two-loop contribution to the f-function vanishes,
because in the one-loop approximation yg and (y,) J are
equal to 0. Certainly, this agrees with the well-known
nonrenormalization theorem [6—8]. Substituting this result
into Eq. (38) we obtain the two-loop expression for the
anomalous dimension y4 (defined in terms of the bare
couplings),

tr[C(Ro)?|(B — A) + ;—52 (C2)*(-3Ina, +Ina—1-A)

T(Ry)(2Ina + 1+ B) + O(a}). (40)

[

the three-loop p-function to the two-loop anomalous
dimensions. Substituting the expressions (39) and (40)
into the right-hand side of Eq. (33) we obtain
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1 a?

Plag. 4 =0) _ ~— (G, = T(Ry))

2
a

x trC(Ry)(2Ina + 1 + B)

Ro)*)(A - B)

Equivalently, this expression can be derived from the
general equation presented in [68]. According to
Eq. (41), the (regularization dependent) three-loop contri-
bution to the f-function is not equal to 0, again, because
N =1 regularization and quantization can break the
relations following from A =2 supersymmetry. From
Eq. (39) and (40) we also see that Eq. (27) is not in
general valid. Therefore, for a general N' = 1 supersym-
metric renormalization prescription it is really necessary to
introduce the parameter 4, into the action, see Eq. (13).

B. RGFs defined in terms of the renormalized couplings

Next, we proceed to calculating RGFs defined in terms
of the renormalized couplings. For this purpose we first
integrate the renormalization group equations in the left
column of Eq. (25). The solutions contain some finite
constants which fix a renormalization prescription in the
considered order of the perturbation theory. For example,
the relation between the bare and renormalized gauge
coupling constants can be presented in the form

L_1,G(A T(R A
e (ln——i-bn) 0) (ln—+b12>
a 7 T u

Qo T
a
—2(C2) b21 —2—C2trC( )b22
— 3 w[C(RyPlbas + O(e?. ad), (42)

where b; are the finite constants. Note that we included
into this expression all products of group factors which
can appear in the considered approximation. This implies
that we deal with subtraction schemes compatible with
the structure of quantum corrections [28,93].5 Similarly, the
renormalization constants for the matter superfields in the
lowest approximation contain the finite constants j; and g;
and can be written as

a . a )
Zo =1 +;C2J11 —;T(Ro)le + 0(a?,ad); (43)

’All renormalization prescriptions considered in this paper
are also compatible with A" = 1 supersymmetry because the
quantization and renormalization are made in terms of A = 1
superfields.

+—7§3 (C,)*(3Ina, —lna+1+A)
)
Cotr[C(R
+271'3r 2r[ (

a
- 730r2trC(R0)tr[C(R

>
a

—Fgr(cz)z

0)*](3Ina, —Ina+ 1+ 3A —2B)

0)Y(2Ina+1+A) + 0(a). (41)

(2y)) = 8+ C(Ro)ig + O(e.ah).  (44)

Also finite constants /; can appear in the renormalization
of the coupling 4, present in Eq. (13). In the lowest
approximation the expression Ay —A4 (where 1 is the
corresponding renormalized coupling) should be finite.
Taking into account all possible structures that can appear
in calculating quantum corrections in A/ = 1 theories it is
possible to present the relation between the bare and
renormalized Yukawa couplings in the lowest order in
the form

aC2

08)7 = ) =22 (any o, 1+ TR (i

+ §C<Ro>ik<TA>kms +0(e.al). (43)
T

Note that usually the renormalization of the Yukawa
couplings in supersymmetric theories is made according
to the prescription

W= 3 VD), (VDI VEE ()

where Z/ are the renormalization constants for the chiral
matter superfields, ¢p; = (vVZ)/ (¢ #);- For the theory under

consideration this subtraction scheme corresponds to the
finite constants satisfying the constraints

Ly =Jus liy = Ji2s liz=-2g. (47)
However, below we will use a more general renormaliza-
tion prescription in which the coefficients /; are arbitrary.

Substituting the renormalization constants for the matter
superfields and the relation between the bare and renor-
malized coupling constants into the equations presented in
the right column of Eq. (25) we obtain RGFs defined in
terms of the renormalized couplings. Note that for NV = 2
supersymmetric gauge theories they should be calculated at
A =0, but the renormalization of the Yukawa couplings
should nevertheless be taken into account, because we
consider general N/ = 1 supersymmetric renormalization
prescriptions, which, in particular, include the ones break-
ing A/ = 2 supersymmetry. The resulting expressions for
RGFs are written as
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2
S r{C(R)N(B = A+ 1) +

Xt
<
—_
K
PN
I
(=)
N—
I

2

o
27?

(C2)*(-3Ina, +Ina—-1-A-2j)

2

o . . a .
+2_]T2C2T(R0)(21na +1+B =20 +2ji +2jn) +pT(Ro)2(112 —Jji) +0(@);  (48)

2

(7p)i (@. 2 =0) = % [C(Ro)’]/(B=A+13) + %T(RO)C(RO)ij(z Ina+1+4+A+2g, +2I)
2
+ %CZC(RO)H(_3 Ina, +1Ina—1-2A+B-2g —2l;)+ 0(a); (49)
Pla,i=0) 1 2 o2
2 _;(Cz —T(Ry)) + o] (C)*(BIna, —Ina+1+A—4by) — 4_7r3r<C2>2

2

x trtC(Ry)(2Ina + 1+ B — 2byy — 21, — 4bsy ) + ;‘—3c2tr[C(R0)2](3 Ina, - Ina
T r

2 2

a (04
+3A=2B+1+2by +2ly, — 1j3) —Wcz[trC(Ro)]z(bzz + 1) + Etr[C(Ro)ﬂ

2

X (A= B —l13) =~ tC(R)r[C(Ry))(2Ina + A + 1+ 2bys + 211) + O(a?) (50)

27372

and depend on both regularization parameters and finite constants which determine a renormalization prescription.
For the N = 4 supersymmetric Yang-Mills theory R, = Adj, so that T(Ry) = C, and C(R,));/ — C,8". Therefore, in
this case RGFs defined in terms of the renormalized couplings take the form

2

Fo(a, 4 =0) = %(c2)2(33 “3A-3m22 21, £ 20 + 2zl3> +0(d); (51)
T a
2
(7)*B (.4 = 0) = 548 Za—ﬂz (C,)? (33 ~3A-3 ln% — 2y 20+ 2113) +0(d); (52)
pla, ) =0) 3a? a
= 1 (33 ~3A-3In"% =21y, + 20y + 2113) L O(d). (53)

From these equations we see that both the three-loop
p-function and the two-loop anomalous dimensions do not
in general vanish. This seems to contradict the well-known
fact that the NV = 4 supersymmetric Yang-Mills theory is
finite in all loops [6,7,11-13]. However, we actually
considered the theory with manifest N' = 1 supersymmetry
and admitted such renormalizations that spoil extended
supersymmetry. If we restrict ourselves to such renormal-
ization prescriptions that do not break extended supersym-
metry, then the theory will be finite. We will discuss this
in detail below in Sec. V. Here we will only note that for
an arbitrary renormalization prescription the expressions
(51)—(53) satisfy the equations

1 1 3 A 1 A
———=—=—Cy{In—+by; | + —T(R)|In—+by,
a o 2r u 2n u

a A 1 P

A
—P(Cz)z <111;+b2]> +

mn

(7p)"P(a.4 = 0) = P70 (a. A= 0) + O(’):  (54)

W N ‘;—,,szw =0)+0(a%). (55)

C. RGFs in the DR scheme

Let us compare the results for RGFs obtained above with
the corresponding expressions in the DR scheme found in
[28-30]. The expressions for finite constants corresponding
to this renormalization prescription were found in [68],
where the relation between the bare and renormalized
coupling constants and the renormalization constant for
the chiral matter superfields were written in the form

a
472y

A
CztrC(R) (h’l— + b22>
u

A
pjmn (m g b24> + 0(a?, ad?, A%); (56)
Y2
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. . . A
Z)(a,A) =6/ +gC(R),1 <ln—+g11> -
m p

1 . A
— A% Amn (ln— +g12> + 0(a?, ad?,A%). (57)
m

4 71'2 imn

For N' =2 supersymmetric gauge theories considered in this paper the Yukawa couplings are given by Eq. (10).
Substituting them into Egs. (56) and (57) and comparing the result with Egs. (42)—(44) we establish the correspondence

between the notations of Ref. [68] and of this paper,

g1 =811 — 8125

b1y =byy;

. 3 1
Jit =81 _Eb” +§b12;

3 1 1
by = Zb21 - szz - 5”23;

. 3 1
Jiz =812 —biy; by, = Eb“ —Ebu;

byy = by —byy; by3 = byz — byy. (58)

According to [68], for a general A = 1 supersymmetric gauge theory regularized by higher covariant derivatives RGFs
(defined in terms of the renormalized couplings) coincide with the ones in the DR scheme if the finite constants are given by

the expressions
by, =Ina,; by, =Ina;

1 1
bzlzlna(p—i-z; b22:1n11+1;

811 =— 5 8 =—

bl

N N S

by =— 5 by, = - (59)

Bl= N =
TRV S es)

Also in the DR scheme the renormalization of the Yukawa couplings is made according to Eq. (46), so that the
corresponding finite constants are given by Eq. (47). Thus, using Egs. (47), (58), and (59) we obtain the values of the finite

constants corresponding to the DR scheme,

by, zilna(ﬂ —%lna; by, =Ina; g1 :%(B—A);
b21:21naq,—ilna+%+%; bzzzlna—l—%—l-g; b23:%(B—A);
lllz—%lna¢+ilna—§—%; l,zz—lna—%—g; li3=A-B;
jllz—%lna(p—l—%lna—%—%; j12:—lna—%—§. (60)

Substituting these values of the finite constants into
Egs. (48)—-(50) we obtain RGFs in the DR scheme,

To(a.a=0)=0(@): (74)/(a.4=0)=0(); (61)

W - —%(c2 = T(Ry) + O(a@).  (62)

This implies that the A" = 2 (and, therefore, A" = 4) non-
renormalization theorems are satisfied in the DR scheme at
least in the considered approximation.

D. NSVZ schemes for N =2 supersymmetric theories
Note that RGFs (48)—(50) satisfy the NSVZ equation

Bla, ) =0 1 5
% =5 (2C;, = 2T(Ry) + Cof (@, 4 = 0)

+2C(Ro)/ (74) (. 2 = 0)/1) (63)

only if the finite constants fixing a renormalization pre-
scription satisfy the equations

2by; + ji1 = 05 by + ji1n =0 by3 — g1 =0,

(64)

which specify the class of NSVZ schemes. From Eq. (60)
it is easy to see that the DR scheme is NSVZ for N = 2
supersymmetric theories in agreement with [28,29].

Equation (64) agrees with the general statement [35-38]
that (for RGFs defined in terms of the renormalized
couplings) various NSVZ schemes are related by finite
renormalizations o = o (a), (Z')/ = (z);*(Z),/ which sat-
isfy the constraint
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where B is a finite constant. For N' = 2 supersymmetric
gauge theories considered in this paper Eq. (65) takes the form

;o1
Ry) /(1 -—G1 =B, 66
P — —C(Ro)/(Inzy);' op 2 Lo (66)
where (z,4);/ and o zq /a describe the finite renormalizations

of the hypermultiplet superfields and of the chiral superfields
|

1 1 C T
11 Gy TR
T

ad a

a C2

(/VA) T2(R0)

(AA)]‘F ( il -

79 =1 +;C2j11 _;T(RO)jIZ + O(a?, ad);

Substituting these expressions into Eq. (65) we obtain the
constraints (64) together with the equation

G, T(Ro)

B = __bll +——b, (68)

which determines the constant B.

V. THE NONRENOMALIZATION THEOREMS

A. The lowest nontrivial approximation

The results for RGFs presented above seem to disagree
with the well-known nonrenormalization theorems for
theories with extended supersymmetry. Namely, in NV = 2
supersymmetric gauge theories the p-function should
contain only the one-loop contribution [6-8], and all
anomalous dimensions should vanish [6,7]. The N =4
supersymmetric Yang-Mills theory should be finite in all
orders [6,7,11-13]. As we have already mentioned,
the contradiction appears because we admit such renorm-
alization prescriptions that break extended supersymmetry.
Therefore, in general, we cannot expect that the above
nonrenormalization theorems will be valid. However,
there are special classes of subtraction schemes which
are compatible with extended supersymmetry. In this
section we construct such renormalization prescriptions
and verify for them the validity of the nonrenormalization
theorems.

In theories with A/ =2 supersymmetry the Yukawa
couplings are related to the gauge coupling constant.

Accordmg to Eq. (24), in our notation the renormalization
constants for the superfields " are (Z,Z4)'? = (aZy/ ao)l/ 2

"Minimal subtractions of logarithms can supplement various
versions of the higher covariant derivative regularization, so that
there is a certain set of the HD + MSL schemes, each of them
being NSVZ.

aC,
trC(Ro)b22 + —tr[ (R

bin—— (C2>2b21 + - 2y

DA, respectively.6 In the case of using the higher covariant
derivative regularization some NSVZ schemes are given by
the HD + MSL prescription [44], when divergences are
removed by minimal subtractions of logan'thms.7 If the values
without primes correspond to this scheme, then the scheme
defined by Egs. (42)-(45) is obtained after the finite
renormalization

0)*1b2s + O(a?, ad);

(T4) /11, - EC(RO)ik(TA)ijB + 0(a?, ad);

(29) = 8]+ C(Ro) I g1 + O(P. b, (67)

|

Written in terms of the bare couplings this relation is
given by Eq. (10). If we use a renormalization prescription
compatible with A/ =2 supersymmetry, then a similar
equation should also be valid for the renormalized cou-
plings. In particular, this implies that it is possible to choose
such a subtraction scheme that

-1/2 —1/2y - ;
eo(T4)/* E(Z,p / )jk(Z¢ / )i (ZoZo) I/Z(TA>/- (69)
Differentiating Eq. (69) with respect to In u at fixed values

of the bare couplings we obtain the equation

To(a)(Th)7 = =2(7,)(a)(T"),/. (70)

Substituting RGFs (48)—(50) into this relation and
equating coefficients at various group factors we obtain
the constraints on the finite constants fixing a renormaliza-
tion prescription compatible with N' = 2 supersymmetry in
the considered approximation,

B A .
11125—54']11 g1;  lp=jns l3=A-B;
. 3 1 A
Jii1=— Elna —|—2lna 2 2 le——lna ————— g1

(71)

(Note that the values of finite constants (60) corresponding
to the DR-scheme satisfy these equations.) It is easy to see
that the constraints (71) lead to the vanishing of the two-
loop contributions to the anomalous dimensions of all
chiral matter superfields, so that

¥Strictly speaking, Eq. (69) is more restrictive and, in par-
ticular, in the lowest order also gives the equation
g1 = (B—A)/2. However, below we will investigate only
consequences of the weaker condition (70).
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74)/ (@) = O(c). (72)

However, the three-loop contribution to the S-function does not in general vanish,

B a?
ﬂa(c /- _%(Cz = T(Ro)) |1 = 5 tr(C(Ro)*) (b23 = 1)

The vanishing three-loop contribution is obtained only
in the NSVZ schemes, which satisfy Eq. (64) and, in
particular, include the DR scheme.’ Thus, in the considered
approximation the A/ = 2 nonrenormalization theorem is
valid in all /' = 2 supersymmetric NSVZ schemes (com-
patible with the structure of quantum corrections),

A —%(Cz —T(Ry)) + O(?). (74)

For the N' = 4 supersymmetric Yang-Mills theory the
hypermultiplet superfields belong to the adjoint represen-
tation, and the theory is invariant under the manifest
SO(3) symmetry which rotates chiral matter superfields.
Taking into account that, according to Eq. (24), the
renormalization constant for the superfields ®* contains
the factor (Z,)'/> we conclude that for renormalization
prescriptions compatible with the SO(3) symmetry
the anomalous dimensions should be related by the
equation

@) =5 (rol@ +P2). 3

This equation agrees with Eq. (54), because the (scheme
independent) two-loop p-function for the model under
consideration is equal to 0. Note that the validity of
Eq. (54) is not so trivial, because, in general, we choose
different renormalization constants for the superfield @ and
for the hypermultiplet superfields. Nevertheless, the finite
constants present in Zg and (Z,);/ did not enter the
expressions for the two-loop anomalous dimensions of
the A = 4 theory [given by Egs. (51) and (52)], so that the
SO(3) symmetry really leads to the coincidence of all
anomalous dimensions in this approximation.

For N =4 renormalization prescriptions the N =4
relation between the gauge and Yukawa couplings

e

V2

ﬂiA,jB,kC — _ fABCgijk (76)

°Certainly, we discuss only theories with extended supersym-
metry. For N = 1 supersymmetric theories in the DR scheme the
NSVZ equation is not in general satisfied [28-30].

2

a , a .
+ ) (C2)*(2by; + ji1) —2—712C2T(R0)(b22 +j12)| +O0().

(73)

|

(where the SO(3) indices i, j, k take the values from 1 to 3
and numerate three chiral matter superfields in the adjoint
representation) should be valid for the renormalized values.
Therefore, from Egs. (70) and (75) we obtain the relation'

Pla) = ~ 270 (a). (77

In the lowest nontrivial approximation [O(a?)] the left-
hand side of Eq. (77) vanishes, and we obtain the relation
between finite constants which should be satisfied for
the renormalization prescriptions compatible with N = 4
supersymmetry,

a
3B—3A—3ln—¢—2111+2112+2ll320. (78)
a

Then from Eqgs. (51)—(53) we see that all RGFs vanish in
the considered approximation,

To=0(@): (7" =0(@); —5=0(),

(79)

certainly, in agreement with the N = 4 nonrenormalization
theorem. Note that, according to Eqgs. (72) and (73) in the
considered approximation this theorem will be valid even
for an arbitrary N = 2 renormalization prescription.

B. The all-loop results

Evidently, for /' = 2 supersymmetric gauge theories the
anomalous dimension () ;/ should include group structures
with two indices constructed from the generators of the
representation R, and the gauge group structure constants.
Therefore, the expression (7,)(7*),/ can contain only
terms proportional to (C,)*[C(R,)*],*(T*),’, where x > 0,
y>1. If we admit only renormalization prescriptions
compatible with the structure of quantum corrections and
with V' =2 supersymmetry, then we should equate the
coefficients at different group structures in Eq. (70).
However, its left side is proportional to (74),/, while the

""Note that in our notation for N = 4 supersymmetric Yang—
Mills theory and renormalization prescriptions compatible with
the SO(3) symmetry ®! = (Z,Zq)"/? (D).
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right-hand side cannot contain this structure. Therefore, both
sides of this equation should vanish, so that in this case

Tola) =0, (74)/(a) =0. (80)
Then from the NSVZ equation written for renormalization
prescriptions which do not break Eq. (70),

2

@) == (= TR (14 370(@). (81)

we obtain that only the one-loop contribution to the
P-function does not vanish,

e = - (€2~ T(Ry). (®)

Now, it is possible to formulate the conditions under
which the N = 2 nonrenormalization theorems are valid
for N/ =2 theories formulated in N =1 superspace.
Namely, the anomalous dimensions of chiral matter super-
fields vanish if

(1) The renormalization prescription does not break the

N =2 relation between the gauge and Yukawa
couplings.

(2) The renormalization prescription is compatible with

the structure of quantum corrections.

(3) Moreover, all contributions to the f-function beyond

the one-loop approximation vanish if the conditions
1 and 2 are satisfied and the renormalization pre-
scription is NSVZ.

Certainly, the requirements 1 and 2 are rather natural.
Really, at the classical level in N =2 supersymmetric
gauge theories the Yukawa couplings are related to the
gauge coupling. Therefore, if the divergences are invariant
under the transformations of A" = 2 supersymmetry, then
the first condition should be satisfied. As for the second
condition, it is quite reasonable to require that the finite part
of counterterms should include only such structures that
could appear in divergences. That is why the reasoning
carried out in this paper can also allow rederiving the
N = 2 nonrenormalization theorem from the NSVZ equa-
tion, although the approach considered in this paper does
not seem like the best for it.

For N' =4 supersymmetric Yang-Mills theory from
Egs. (63) and (75) we conclude that for an arbitrary scheme
compatible with SO(3) symmetry the NSVZ equation takes
the form
/}((l) _ 3C27(I>(a> (83)

o  2x(1+aCy/n)’

where the factor 3 appears because the theory contains
three chiral superfields in the adjoint representation of the
gauge group. According to [66], for one-loop finite N = 1

supersymmetric theories the NSVZ equation should be
satisfied in the first nontrivial approximation for an
arbitrary renormalization prescription. Equation (55)
exactly confirms this statement.

If we will consider N =4 supersymmetric schemes,
then from Eq. (77) (which is valid in this case) and the
NSVZ relation (83) we obtain the all-loop finiteness of the
theory under consideration,

Jo,(@) =0;  Bla) =0, (84)

where all chiral matter superfields of the theory are denoted
by d)? with i = 1,2, 3. Note that in this case there is even no
need to require the validity of the NSVZ equation. Really,
according to [94,95] (see also [66]), for A" =1 super-
symmetric theories finite in a certain loop the f-function
vanishes in the next loop. Then, according to Eq. (77) the
anomalous dimension of the chiral matter superfields in this
next loop also vanishes. This certainly implies that for
N = 4 supersymmetric schemes the A/ = 4 supersymmet-
ric Yang-Mills theory is finite in all loops.

Certainly, the A/ = 4 nonrenormalization theorem is also
valid if the renormalization prescription satisfies the above
conditions 1-3.

VI. RENORMALIZATION PRESCRIPTIONS
INCOMPATIBLE WITH THE STRUCTURE
OF QUANTUM CORRECTIONS

In the previous section we demonstrated that for any
N = 2 supersymmetric renormalization prescription com-
patible with the structure of quantum corrections the
anomalous dimensions of all chiral matter superfields
vanish. Also for the AN =2 supersymmetric NSVZ
schemes compatible with the structure of quantum correc-
tions all contributions to the f-function beyond the one-
loop approximation are equal to 0. However, according to
[85], the NSVZ equation and the relation between the
Yukawa and gauge couplings do not ensure that the
anomalous dimensions vanish and only the one-loop
contribution to the f-function is nontrivial. In this section
we will demonstrate that for the renormalization prescrip-
tions which are incompatible with the structure of quantum
corrections the higher order corrections to RGFs can be
nontrivial even for the NSVZ schemes.

For simplicity, below we will assume that the hyper-
multiplet representation R is irreducible. Therefore, the
hypermultiplet anomalous dimension is proportional to the
identity matrix,

(74) = 7491 (85)
Similarly, we obtain

with C(Ry) = _T(Ry). (86)

C(Ro)/ = C(R)3] .
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where r = 54 is the dimension of the gauge group, and
d = & is the dimension of the representation R,. Then the
result of [85] for the exact f-function obtained for the
NSVZ renormalization prescriptions which do not break
the relation between the gauge and Yukawa couplings is
given by Eq. (81). Now, let us find out if it is really possible
to obtain nontrivial higher order corrections to the gauge
p-function for such renormalization prescriptions. Earlier
we saw that the anomalous dimension in the right-hand side
vanishes if a renormalization prescription is compatible
with a structure of quantum corrections. However, if this is
not so, then the anomalous dimension and the higher order

|

J1=Cajit = T(Ry)j12:

by =Cybyy — T(Ro)blz;

and ¢,. In this section by an explicit calculation we
demonstrate that these finite constants can be chosen so
that the two-loop contributions to the anomalous dimensions
of the chiral superfields and the three-loop contribution to the

|

contributions to the S-function can be nontrivial even for
N =2 supersymmetric NSVZ renormalization prescrip-
tions. How can this occur? Let us assume that we calculate
quantum corrections for an A/ = 2 supersymmetric theory
with a fixed gauge group and a fixed hypermultiplet
representation (unlike the calculation described above,
when the gauge group and hypermultiplet representation
were arbitrary). In this case all group factors become
numbers, and we cannot distinguish between, say, C, and
T(Rg). Then, according to Egs. (42)—(45), the renormal-
ization prescription in the lowest loops is determined by the
finite constants

r
Ly =Gyl = T(Ry)l12 —gT(Ro)lls;

1 r
by = (Cy)?by; — 3 CyT(Ry)byy — y T(Ry)*by3. (87)

|
p-function do not vanish even for N' = 2 supersymmetric
NSVZ renormalization prescriptions. Really, for an irreduc-
ible hypermultiplet representation RGFs (48)—(50) can be
rewritten in terms of the finite constants (87) as

~ 3a? a a? 2r a?
FolaA = 0) = =305 (CP %% 4 2 1(Ro) (€ 4 2 T(R) ) (B = 4) = 153 (C: = T(R)
a? ) at 3
x Cy(2Ina+1+A) _PT(RO)(ZI —J1) _;CZJI + 0(a’); (88)
_ 3a2r a acr 2r azr
7pla.A=0) = —mczT(Ro) lnf + mT(Ro) <C2 + gT(Ro)> (B—-A) - mT(Ro)
2 2

x (C;=T(Ry))(2Ina+1+A) - %T(Ro)(cz —T(Ry))g1 — %T(Ro)ll + 0(?); (89)

pla, A =0) 1 3a? 2r a, o
2 3 (Cy = T(Ry)) + Wcz (C)* + ET(RO)Z ln;‘” + ] (C; = T(Ry))
, | 2r ) a? 2r 2 a>
d 4 d 2
2r a> 3
x| Gy +ET(R0) L - ;(Cz —T(Ry))b, + O(), (90)
and the NSVZ conditions (64) take the form Tola) = =27,4(a). (92)

1 . r
b, = _ECZJI —ET(Ro)zgy (91)

Due to Eq. (70) in the case of the irreducible representation
R, for N' =2 supersymmetric renormalization prescrip-
tions RGFs satisfy the relation

Earlier we saw that if this condition is satisfied separately
for all various group structures present in Egs. (48)—(50),
then the two-loop anomalous dimensions vanish. This
implies that the considered N =2 supersymmetric re-
normalization scheme is compatible with the structure of
quantum corrections. However, now we consider a fixed
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gauge group and a fixed hypermultiplet representation, so that it is impossible to distinguish between various group
structures. Therefore, the condition (92) is not so restrictive and in the considered approximation gives only the relation

dC2 + er(Ro)

TR == 30 55 {3c2 1naa—‘” 4 (Cy = T(R))(2Ina + 1 +A)
- (143 ) rRa B - 00| - ST riRo + i) (93)

Substituting the value of the finite constant b, from the NSVZ condition (91) and the value of the finite constant /; from
Eq. (93) into Egs. (88)—(90) we obtain the expressions for RGFs in N/ = 2 supersymmetric schemes (which are in general

incompatible with the structure of quantum corrections),

2

Falad = 0) = =27y(ad = 0) = s (G = T(Ry)

X [—3c2 11%” —(Cy = T(Ro))(2Ina+ 1+ A) + 2T(Ry)g; — 2]‘1} +0(d); (94)
Bla, ) = acr
W = —%(Cz —T(Ry)) - 25(d+27) (C; = T(Ry))?

x [—302 ln% —(Cy = T(R))(2Ina+ 1+ A) + 2T(Ry) gy — 2j1} +o(ad). (95)

We see that they satisfy the relation (92) and the NSVZ
equation (81), but the two-loop contributions to the
anomalous dimensions and the three-loop contribution to
the B-function do not in general vanish. This implies that
for N' = 2 NSVZ supersymmetric schemes which are not
compatible with the structure of quantum corrections the
N =2 nonrenormalization theorem can in general be
broken. However, for renormalization prescriptions which
satisfy the condition

. 3 a 1
Ji = T(Ro)g1 + Ecz 111;(/) + E(CZ —T(Ry))

Xx(2lna+14+A)=0 (96)

the two-loop contributions to the anomalous dimensions
and the three-loop contribution to the p-function vanish,
and this theorem is valid.

VII. CONCLUSION

In this paper we analyzed quantum corrections in D = 4
gauge theories with extended supersymmetry formulated
in A/ = 1 superspace. In this formulation the only super-
symmetry is manifest at the quantum level, while the
others are hidden and can in general be broken at the
quantum level. That is why in general we cannot expect
that the nonrenormalization theorems following from the
extended supersymmetry are satisfied. This was confirmed
by the explicit calculations of the two-loop anomalous
dimensions and of the three-loop f-function made for a
general renormalization prescription compatible with N = 1

|

supersymmetry supplementing the higher covariant deriva-
tive regularization. The choice of this regularization was
motivated by the fact that in this case all NSVZ schemes can
easily be constructed. In particular, some of these schemes
(which differ in the choice of the regulator functions and the
Pauli-Villars masses) are given by the HD + MSL prescrip-
tion, when divergences are removed by minimal subtractions
of logarithms.

We demonstrated that for a general renormalization
prescription the two-loop anomalous dimension of the chiral
matter superfields and the three-loop contribution to the
p-function do not vanish. Moreover, the Eq. (70) can also be
broken by quantum corrections. As we discussed, this occurs
because the N =2 relation (10) between the Yukawa
couplings and the gauge coupling constant is satisfied only
in the case of using the renormalization prescriptions
compatible with A/ = 2 supersymmetry, while in general
a subtraction scheme can break it. By other words, the
nonrenormalization of superpotential determines the evolu-
tion of the Yukawa couplings, but in the case of N' =1
supersymmetric quantization it is possible that their renorm-
alization group behavior does not coincide with the evolution
of the gauge coupling for renormalization prescriptions
breaking N = 2 supersymmetry.

The three-loop contribution to the g-function of NV = 2
supersymmetric gauge theories is not in general equal to 0.
This contribution vanishes if a renormalization prescription
is NSVZ, does not break N = 2 supersymmetry, and is
compatible with the structure of quantum corrections. It
was demonstrated that under these conditions the anoma-
lous dimensions of chiral superfields vanish in all orders
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and all contributions to the f-function beyond the one-loop
approximation are equal to O in agreement with the well-
known nonrenormalization theorem [6—8]. Therefore, the
argumentation proposed in this paper allows giving a
derivation of this theorem from the NSVZ equation and
some natural conditions imposed on a renormalization
prescription, although at first glance it is rather difficult
to do this within the approach under consideration.

Note that the DR scheme satisfies the above conditions at
least in the three-loop approximation. In particular, in this
approximation it is NSVZ for theories with extended
supersymmetry.

However, if a renormalization prescription is incompat-
ible with the structure of quantum corrections, it is possible
to construct such A/ = 2 supersymmetric NSVZ renorm-
alization schemes that RGFs do not vanish in higher orders.
An example of such a scheme was explicitly constructed in
this paper.

For N =4 supersymmetric Yang-Mills theory diver-
gences can appear if a renormalization prescription breaks
extended supersymmetry exactly as in N = 2 theories. In

particular, it was demonstrated that for a general N' = 1
substraction scheme the two-loop anomalous dimension
and the three-loop fS-function may be different from to 0.
However, these contributions to RGFs satisfy the NSVZ
equation for any renormalization prescription according to
the general theorem [66] which states that for one-loop
finite theories the NSVZ equation in the first nontrivial
order is satisfied for any subtraction scheme compatible
with the finiteness in the previous loops. However, for
an arbitrary renormalization prescription compatible
with A" =4 supersymmetry the A/ =4 supersymmetric
Yang—Mills theory appears to be finite in agreement with
[6,7,11-13].

Thus, we formulated the conditions under which the
nonrenormalization theorems are valid for theories with
extended supersymmetry formulated in N' = 1 superspace.

ACKNOWLEDGMENTS

The work of K. S. was supported by Russian Scientific
Foundation, Grant No. 21-12-00129.

[1] M. T. Grisaru, W. Siegel, and M. Rocek, Nucl. Phys. B159,
429 (1979).

[2] V. A. Novikov, M. A. Shifman, A.I. Vainshtein, and V.I.
Zakharov, Nucl. Phys. B229, 381 (1983).

[3] D.R.T. Jones, Phys. Lett. 123B, 45 (1983).

[4] V. A. Novikov, M. A. Shifman, A.I. Vainshtein, and V.I.
Zakharov, Phys. Lett. 166B, 329 (1986); Yad. Fiz. 43, 459
(1986) [Sov. J. Nucl. Phys. 43, 294 (1986)].

[5]1 M. A. Shifman and A. I. Vainshtein, Nucl. Phys. B277, 456
(1986); Zh. Eksp. Teor. Fiz. 91, 723 (1986) [Sov. Phys.
JETP 64, 428 (1986)].

[6] M. T. Grisaru and W. Siegel, Nucl. Phys. B201, 292 (1982);
B206, 496(E) (1982).

[7] P.S. Howe, K. S. Stelle, and P. K. Townsend, Nucl. Phys.
B236, 125 (1984).

[8] I. L. Buchbinder, S. M. Kuzenko, and B. A. Ovrut, Phys.
Lett. B 433, 335 (1998).

[9] P.S. Howe, K. S. Stelle, and P. C. West, Phys. Lett. 124B, 55
(1983).

[10] T. Banks and A. Zaks, Nucl. Phys. B196, 189 (1982).

[11] M.E. Sohnius and P.C. West, Phys. Lett. 100B, 245
(1981).

[12] S. Mandelstam, Nucl. Phys. B213, 149 (1983).

[13] L. Brink, O. Lindgren, and B. E. W. Nilsson, Nucl. Phys.
B212, 401 (1983).

[14] S. Ferrara and B. Zumino, Nucl. Phys. B79, 413 (1974).

[15] D.R.T. Jones, Phys. Lett. 72B, 199 (1977).

[16] E.C. Poggio and H.N. Pendleton, Phys. Lett. 72B, 200
(1977).

[17] O. V. Tarasov, A. A. Vladimirov, and A.Y. Zharkov, Phys.
Lett. 93B, 429 (1980).

[18] O. V. Tarasov and A. A. Vladimirov, Phys. Part. Nucl. 44,
791 (2013).

[19] L. V. Avdeev and O. V. Tarasov, Phys. Lett. 112B, 356 (1982).

[20] M. T. Grisaru, M. Rocek, and W. Siegel, Phys. Rev. Lett. 45,
1063 (1980).

[21] W. E. Caswell and D. Zanon, Nucl. Phys. B182, 125 (1981).

[22] V.N. Velizhanin, Phys. Lett. B 696, 560 (2011).

[23] A.J. Parkes and P. C. West, Phys. Lett. 122B, 365 (1983).

[24] A. Parkes and P. C. West, Nucl. Phys. B222, 269 (1983).

[25] A. Parkes and P. C. West, Phys. Lett. 127B, 353 (1983).

[26] W. Siegel, Phys. Lett. 84B, 193 (1979).

[27] W. A. Bardeen, A.J. Buras, D. W. Duke, and T. Muta, Phys.
Rev. D 18, 3998 (1978).

[28] I. Jack, D.R. T. Jones, and C. G. North, Phys. Lett. B 386,
138 (1996).

[29] I. Jack, D.R. T. Jones, and C. G. North, Nucl. Phys. B486,
479 (1997).

[30] L. Jack, D.R. T. Jones, and A. Pickering, Phys. Lett. B 435,
61 (1998).

[31] R. V. Harlander, D. R. T. Jones, P. Kant, L. Mihaila, and M.
Steinhauser, J. High Energy Phys. 12 (2006) 024.

[32] L. Mihaila, Adv. High Energy Phys. 2013, 607807 (2013).

[33] A.L. Kataev and K. V. Stepanyantz, Phys. Lett. B 730, 184
(2014).

[34] A.L. Kataev and K. V. Stepanyantz, Teor. Mat. Fiz. 181,
475 (2014) [Theor. Math. Phys. 181, 1531 (2014)].

[35] I. O. Goriachuk, A. L. Kataev, and K. V. Stepanyantz, Phys.
Lett. B 785, 561 (2018).

[36] I. O. Goriachuk, A class of the NSVZ schemes in supersym-
metric gauge theories, in Proceedings of XXVI International
Conference of Students, Graduate Students, and Young

105006-17


https://doi.org/10.1016/0550-3213(79)90344-4
https://doi.org/10.1016/0550-3213(79)90344-4
https://doi.org/10.1016/0550-3213(83)90338-3
https://doi.org/10.1016/0370-2693(83)90955-3
https://doi.org/10.1016/0370-2693(86)90810-5
https://doi.org/10.1016/0550-3213(86)90451-7
https://doi.org/10.1016/0550-3213(86)90451-7
https://doi.org/10.1016/0550-3213(82)90433-3
https://doi.org/10.1016/0550-3213(82)90282-6
https://doi.org/10.1016/0550-3213(84)90528-5
https://doi.org/10.1016/0550-3213(84)90528-5
https://doi.org/10.1016/S0370-2693(98)00688-1
https://doi.org/10.1016/S0370-2693(98)00688-1
https://doi.org/10.1016/0370-2693(83)91402-8
https://doi.org/10.1016/0370-2693(83)91402-8
https://doi.org/10.1016/0550-3213(82)90035-9
https://doi.org/10.1016/0370-2693(81)90326-9
https://doi.org/10.1016/0370-2693(81)90326-9
https://doi.org/10.1016/0550-3213(83)90179-7
https://doi.org/10.1016/0550-3213(83)90678-8
https://doi.org/10.1016/0550-3213(83)90678-8
https://doi.org/10.1016/0550-3213(74)90559-8
https://doi.org/10.1016/0370-2693(77)90701-8
https://doi.org/10.1016/0370-2693(77)90702-X
https://doi.org/10.1016/0370-2693(77)90702-X
https://doi.org/10.1016/0370-2693(80)90358-5
https://doi.org/10.1016/0370-2693(80)90358-5
https://doi.org/10.1134/S1063779613050043
https://doi.org/10.1134/S1063779613050043
https://doi.org/10.1016/0370-2693(82)91068-1
https://doi.org/10.1103/PhysRevLett.45.1063
https://doi.org/10.1103/PhysRevLett.45.1063
https://doi.org/10.1016/0550-3213(81)90461-2
https://doi.org/10.1016/j.physletb.2011.01.019
https://doi.org/10.1016/0370-2693(83)91583-6
https://doi.org/10.1016/0550-3213(83)90637-5
https://doi.org/10.1016/0370-2693(83)91016-X
https://doi.org/10.1016/0370-2693(79)90282-X
https://doi.org/10.1103/PhysRevD.18.3998
https://doi.org/10.1103/PhysRevD.18.3998
https://doi.org/10.1016/0370-2693(96)00918-5
https://doi.org/10.1016/0370-2693(96)00918-5
https://doi.org/10.1016/S0550-3213(96)00637-2
https://doi.org/10.1016/S0550-3213(96)00637-2
https://doi.org/10.1016/S0370-2693(98)00769-2
https://doi.org/10.1016/S0370-2693(98)00769-2
https://doi.org/10.1088/1126-6708/2006/12/024
https://doi.org/10.1155/2013/607807
https://doi.org/10.1016/j.physletb.2014.01.053
https://doi.org/10.1016/j.physletb.2014.01.053
https://doi.org/10.4213/tmf8721
https://doi.org/10.4213/tmf8721
https://doi.org/10.1007/s11232-014-0233-3
https://doi.org/10.1016/j.physletb.2018.09.014
https://doi.org/10.1016/j.physletb.2018.09.014

S.S. ALESHIN and K. V. STEPANYANTZ

PHYS. REV. D 107, 105006 (2023)

Scientists on Fundamental Sciences “Lomonosov—2019”,
Section  “Physics” (2019), https://istina.msu.ru/download/
382190943/1m2xDG:K-PTEONp2rtbCDO7R7N61KOBOc4/.

[37] 1. O. Goriachuk and A. L. Kataev, JETP Lett. 111, 663 (2020).

[38] D. Korneev, D. Plotnikov, K. Stepanyantz, and N. Tereshina,
J. High Energy Phys. 10 (2021) 046.

[39] A. A. Slavnov, Nucl. Phys. B31, 301 (1971).

[40] A. A. Slavnov, Teor. Mat. Fiz. 13, 174 (1972) [Theor. Math.
Phys. 13, 1064 (1972)].

[41] A. A. Slavnov, Teor. Mat. Fiz. 33, 210 (1977) [Theor. Math.
Phys. 33, 977 (1977)].

[42] V. K. Krivoshchekov, Teor. Mat. Fiz. 36, 291 (1978) [Theor.
Math. Phys. 36, 745 (1978)].

[43] P.C. West, Nucl. Phys. B268, 113 (1986).

[44] A.L. Kataev and K. V. Stepanyantz, Nucl. Phys. B875, 459
(2013).

[45] K. Stepanyantz, Eur. Phys. J. C 80, 911 (2020).

[46] A.L. Kataev, A. E. Kazantsev, and K. V. Stepanyantz, Eur.
Phys. J. C 79, 477 (2019).

[47] K. V. Stepanyantz, Nucl. Phys. B852, 71 (2011).

[48] K. V. Stepanyantz, Nucl. Phys. B909, 316 (2016).

[49] K. V. Stepanyantz, J. High Energy Phys. 10 (2019) 011.

[50] V. Y. Shakhmanov and K.V. Stepanyantz, Nucl. Phys.
B920, 345 (2017).

[51] V. Y. Shakhmanov and K. V. Stepanyantz, Phys. Lett. B 776,
417 (2018).

[52] A.E. Kazantsev, V. Y. Shakhmanov, and K. V. Stepanyantz,
J. High Energy Phys. 04 (2018) 130.

[53] M. D. Kuzmichev, N. P. Meshcheriakov, S. V. Novgorodtsev,
I. E. Shirokov, and K. V. Stepanyantz, Eur. Phys. J. C 79, 809
(2019).

[54] K. Stepanyantz, Proc. Steklov Inst. Math. 309, 284 (2020).

[55] S.S. Aleshin, I.S. Durandina, D.S. Kolupaev, D.S.
Korneev, M.D. Kuzmichev, N.P. Meshcheriakov, S.V.
Novgorodtsev, 1. A. Petrov, V.V. Shatalova, and I E.
Shirokov et al., Nucl. Phys. B956, 115020 (2020).

[56] M. Kuzmichev, N. Meshcheriakov, S. Novgorodtsev, I.
Shirokov, and K. Stepanyantz, Phys. Rev. D 104, 025008
(2021).

[57] M. Kuzmichev, N. Meshcheriakov, S. Novgorodtsev, V.
Shatalova, I. Shirokov, and K. Stepanyantz, Eur. Phys. J. C
82, 69 (2022).

[58] S. Aleshin, I. Goriachuk, D. Kolupaev, and K. Stepanyantz,
Mod. Phys. Lett. A 37, 2250042 (2022).

[59] I. Jack, D.R. T. Jones, and C. G. North, Nucl. Phys. B473,
308 (1996).

[60] P.S. Howe and P. C. West, Nucl. Phys. B242, 364 (1984).

[61] W. Siegel, Phys. Lett. 94B, 37 (1980).

[62] L. V. Avdeev, G. A. Chochia, and A. A. Vladimirov, Phys.
Lett. 105B, 272 (1981).

[63] L. V. Avdeev, Phys. Lett. 117B, 317 (1982).

[64] L. V. Avdeev and A. A. Vladimirov, Nucl. Phys. B219, 262
(1983).

[65] A. Parkes and P. C. West, Phys. Lett. 138B, 99 (1984).

[66] K. Stepanyantz, Eur. Phys. J. C 81, 571 (2021).

[67] V.N. Velizhanin, Nucl. Phys. B818, 95 (2009).

[68] A. Kazantsev and K. Stepanyantz, J. High Energy Phys. 06
(2020) 108.

[69] S.J. Gates, M. T. Grisaru, M. Rocek, and W. Siegel, Front.
Phys. 58, 1 (1983), https://arxiv.org/abs/hep-th/0108200.

[70] P.C. West, Introduction to Supersymmetry and Supergrav-
ity (World Scientific, Singapore, 1990), p. 425.

[71] L. L. Buchbinder and S. M. Kuzenko, Ideas and Methods of
Supersymmetry and Supergravity: Or a Walk through
Superspace (I10P, Bristol, UK, 1998), p. 656.

[72] S.S. Aleshin, A. E. Kazantsev, M. B. Skoptsov, and K. V.
Stepanyantz, J. High Energy Phys. 05 (2016) 014.

[73] A.E. Kazantsev, M. B. Skoptsov, and K. V. Stepanyantz,
Mod. Phys. Lett. A 32, 1750194 (2017).

[74] O. Haneychuk, V. Shirokova, and K. Stepanyantz, J. High
Energy Phys. 09 (2022) 189.

[75] L. Shirokov and K. Stepanyantz, J. High Energy Phys. 04
(2022) 108.

[76] B.S. DeWitt, Dynamical Theory of Groups and Fields
(Gordon and Breach, New York, 1965).

[77] L. E. Abbott, Nucl. Phys. B185, 189 (1981).

[78] L. FE. Abbott, Acta Phys. Pol. B 13, 33 (1982).

[79] O. Piguet and K. Sibold, Nucl. Phys. B197, 257 (1982).

[80] O. Piguet and K. Sibold, Nucl. Phys. B197, 272 (1982).

[81] L. V. Tyutin, Yad. Fiz. 37, 761 (1983).

[82] J. W. Juer and D. Storey, Phys. Lett. 119B, 125 (1982).

[83] J. W. Juer and D. Storey, Nucl. Phys. B216, 185 (1983).

[84] A.E. Kazantsev, M. D. Kuzmichev, N. P. Meshcheriakov,
S. V. Novgorodtsev, 1. E. Shirokov, M.B. Skoptsov, and
K. V. Stepanyantz, J. High Energy Phys. 06 (2018) 020.

[85] I. L. Buchbinder and K. V. Stepanyantz, Nucl. Phys. B883,
20 (2014).

[86] J. C. Taylor, Nucl. Phys. B33, 436 (1971).

[87] A. A. Slavnov, Teor. Mat. Fiz. 10, 153 (1972) [Theor. Math.
Phys. 10, 99 (1972)].

[88] K. V. Stepanyantz, J. High Energy Phys. 01 (2020) 192.

[89] A. Galperin, E. Ivanov, S. Kalitzin, V. Ogievetsky, and
E. Sokatchev, Classical Quantum Gravity 1, 469 (1984); 2,
127(E) (1985).

[90] A.S. Galperin, E. A. Ivanov, V.I. Ogievetsky, and E.S.
Sokatchev, Harmonic Superspace (Cambridge University
Press, Cambridge, England, 2007).

[91] E. I Buchbinder, B. A. Ovrut, I. L. Buchbinder, E. A. Ivanov,
and S. M. Kuzenko, Phys. Part. Nucl. 32, 641 (2001), http:/
www 1 jinr.ru/Archive/Pepan/v-32-5/5.htm.

[92] I.L. Buchbinder, N.G. Pletnev, and K. V. Stepanyantz,
Phys. Lett. B 751, 434 (2015).

[93] I. Jack and H. Osborn, arXiv:1606.02571.

[94] A.J. Parkes and P. C. West, Nucl. Phys. B256, 340 (1985).

[95] M. T. Grisaru, B. Milewski, and D. Zanon, Phys. Lett. 155B,
357 (1985).

105006-18


https://istina.msu.ru/download/382190943/1m2xDG:K-PTE0Np2rtbCDO7R7N6lK0BOc4/
https://istina.msu.ru/download/382190943/1m2xDG:K-PTE0Np2rtbCDO7R7N6lK0BOc4/
https://istina.msu.ru/download/382190943/1m2xDG:K-PTE0Np2rtbCDO7R7N6lK0BOc4/
https://istina.msu.ru/download/382190943/1m2xDG:K-PTE0Np2rtbCDO7R7N6lK0BOc4/
https://doi.org/10.1134/S0021364020120085
https://doi.org/10.1007/JHEP10(2021)046
https://doi.org/10.1016/0550-3213(71)90234-3
https://doi.org/10.1007/BF01035526
https://doi.org/10.1007/BF01035526
https://doi.org/10.1007/BF01036595
https://doi.org/10.1007/BF01036595
https://doi.org/10.1007/BF01035749
https://doi.org/10.1007/BF01035749
https://doi.org/10.1016/0550-3213(86)90203-8
https://doi.org/10.1016/j.nuclphysb.2013.07.010
https://doi.org/10.1016/j.nuclphysb.2013.07.010
https://doi.org/10.1140/epjc/s10052-020-8416-6
https://doi.org/10.1140/epjc/s10052-019-6993-z
https://doi.org/10.1140/epjc/s10052-019-6993-z
https://doi.org/10.1016/j.nuclphysb.2011.06.018
https://doi.org/10.1016/j.nuclphysb.2016.05.011
https://doi.org/10.1007/JHEP10(2019)011
https://doi.org/10.1016/j.nuclphysb.2017.04.017
https://doi.org/10.1016/j.nuclphysb.2017.04.017
https://doi.org/10.1016/j.physletb.2017.12.005
https://doi.org/10.1016/j.physletb.2017.12.005
https://doi.org/10.1007/JHEP04(2018)130
https://doi.org/10.1140/epjc/s10052-019-7323-1
https://doi.org/10.1140/epjc/s10052-019-7323-1
https://doi.org/10.1134/S0081543820030219
https://doi.org/10.1016/j.nuclphysb.2020.115020
https://doi.org/10.1103/PhysRevD.104.025008
https://doi.org/10.1103/PhysRevD.104.025008
https://doi.org/10.1140/epjc/s10052-021-09934-8
https://doi.org/10.1140/epjc/s10052-021-09934-8
https://doi.org/10.1142/S0217732322500420
https://doi.org/10.1016/0550-3213(96)00269-6
https://doi.org/10.1016/0550-3213(96)00269-6
https://doi.org/10.1016/0550-3213(84)90399-7
https://doi.org/10.1016/0370-2693(80)90819-9
https://doi.org/10.1016/0370-2693(81)90886-8
https://doi.org/10.1016/0370-2693(81)90886-8
https://doi.org/10.1016/0370-2693(82)90726-2
https://doi.org/10.1016/0550-3213(83)90437-6
https://doi.org/10.1016/0550-3213(83)90437-6
https://doi.org/10.1016/0370-2693(84)91881-1
https://doi.org/10.1140/epjc/s10052-021-09363-7
https://doi.org/10.1016/j.nuclphysb.2009.03.017
https://doi.org/10.1007/JHEP06(2020)108
https://doi.org/10.1007/JHEP06(2020)108
https://arxiv.org/abs/hep-th/0108200
https://arxiv.org/abs/hep-th/0108200
https://doi.org/10.1007/JHEP05(2016)014
https://doi.org/10.1142/S0217732317501942
https://doi.org/10.1007/JHEP09(2022)189
https://doi.org/10.1007/JHEP09(2022)189
https://doi.org/10.1007/JHEP04(2022)108
https://doi.org/10.1007/JHEP04(2022)108
https://doi.org/10.1016/0550-3213(81)90371-0
https://doi.org/10.1016/0550-3213(82)90291-7
https://doi.org/10.1016/0550-3213(82)90292-9
https://doi.org/10.1016/0370-2693(82)90259-3
https://doi.org/10.1016/0550-3213(83)90491-1
https://doi.org/10.1007/JHEP06(2018)020
https://doi.org/10.1016/j.nuclphysb.2014.03.012
https://doi.org/10.1016/j.nuclphysb.2014.03.012
https://doi.org/10.1016/0550-3213(71)90297-5
https://doi.org/10.1007/BF01090719
https://doi.org/10.1007/BF01090719
https://doi.org/10.1007/JHEP01(2020)192
https://doi.org/10.1088/0264-9381/1/5/004
https://doi.org/10.1088/0264-9381/2/1/512
https://doi.org/10.1088/0264-9381/2/1/512
http://www1.jinr.ru/Archive/Pepan/v-32-5/5.htm
http://www1.jinr.ru/Archive/Pepan/v-32-5/5.htm
http://www1.jinr.ru/Archive/Pepan/v-32-5/5.htm
http://www1.jinr.ru/Archive/Pepan/v-32-5/5.htm
http://www1.jinr.ru/Archive/Pepan/v-32-5/5.htm
https://doi.org/10.1016/j.physletb.2015.10.071
https://arXiv.org/abs/1606.02571
https://doi.org/10.1016/0550-3213(85)90397-9
https://doi.org/10.1016/0370-2693(85)91587-4
https://doi.org/10.1016/0370-2693(85)91587-4

