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1 Introduction

The Wess-Zumino (WZ) model was proposed forty years ago [1, 2]. It is the third oldest
supersymmetric field theory in four dimensions.! It is the first off-shell and renormalised
supersymmetric field theory ever constructed. As such, it has long acted as both a testbed
and a teaching tool for supersymmetry.

We recall that the classical action for the WZ model is?

S[®,d] = /dsz OO + /d6z7>(<1>) - /d6273(<1>) , (1.1)
where P(®) denotes the superpotential
P(D) = %‘PZ + %‘I"g, (1.2)

1Only the supersymmetric massive QED of Golfand and Likhtman [3] and the Goldstino model of Volkov
and Akulov [4, 5] appeared before the WZ model.
*We follow the conventions and notation of [6].



with m and A constant parameters. The dynamical variables are a chiral scalar superfield
®, Dy® = 0, and its complex conjugate ®. The superpotential, P(®), must be at most
cubic for the model to be renormalisable. The mass parameter m can always be chosen to
be real and non-negative. The coupling constant A is complex in general. In the massless
case, m = 0, the WZ action is superconformal [1, 2].

This paper primarily focuses on the one-loop quantum corrections to the effective
potential of the WZ model, in particular, on the auxiliary field potential defined below. In
superspace, the full effective action of the WZ model has the generic form [6-8]

I[®, o] :/d%L(@,DA@,...,@,DA@,...)+ (/d6ch(<I>)+c.c.> , (1.3)

where L = ®® + O(h) is the effective superspace Lagrangian, L. = P+ O(h) is the effective
superpotential,® with P(®) the classical superpotential. In the first term in the right-
hand side of (1.3), D4 denotes the superspace covariant derivatives, D4 = (94, Do, DY).
For fields constant in spacetime, 9,® = 9,® = 0, the effective superspace Lagrangian
decomposes into

Ll 5,50 = K(2,®) + F(®, D, ®, D?®,®, D;®, D?®), (1.4)

where o
K=o+ WK™, (1.5)

n=1

is the effective Kéhler potential, and

o0
F:ZH"F("), F\DQ%DQ@:O:O, (1.6)
n=1

is called the effective auxiliary field potential (EAFP). The name for I is appropriate since,
when reduced to components in a constant background, the EAFP is of at least third order
in the auxiliary fields [6, 8]. Modulo total derivatives and terms proportional to d,® and
0,®, the EAFP can always be reduced to the form

F = (D®)(Dy®)(Da®)(D®)G(®, D*®, &, D?®) . (1.7)

This shows that its leading term must have at least four spinor derivatives. The supersym-
metric effective potential is determined by K, F and L..

3When all fields are massive, the (chiral) superpotential does not receive any quantum corrections, this
was one of the earliest supersymmetric nonrenormalization theorems [2, 9-14]. When there are massless
fields present, finite corrections to the superpotential can exist [15, 16]. In the massless WZ model, the first
quantum correction to the superpotential occurs at two loops. It was originally calculated in components by
Jack et al. in [17] and then using superfield methods by Buchbinder et al. in [18]. No chiral superpotential
is generated at the quantum level if one starts from the effective action for the massive WZ model and then
considers a massless limit.



Using the component formulation of the model, the one-loop correction to the effective
potential of the WZ model was calculated in the year following the model’s proposal [19].
Subsequently this was extended by many authors to include more general models, higher
loops and superspace based calculations [20-26]. However, all superspace calculations used
a background chiral superfield that did not include a spinor component,

BO) =+ 0°F, 0y =0,F =0, (1.8)

thus breaking explicit supersymmetry. In all of these papers, the effective potential was
always computed as a function of the scalars ¢, F' and their conjugates, and never as a
superspace Lagrangian of the form (1.4). The point is that, within the standard supergraph
technique [14], the problem of computing the quantum corrections to F is analogous to
that of computing quantum corrections with derivatives of fields in ordinary scalar field
theories. Actually, in order to determine F, one has to evaluate quantum corrections
with an arbitrarily large number of spinor covariant derivatives, which appears to be a
daunting task.

The first manifestly supersymmetric calculation of the effective potential of the WZ
model was not until 1993 [7, 8]. These papers developed a superfield heat kernel technique
to compute quantum corrections to the effective potential of the WZ model. The one-loop
effective action was expressed in terms of the Green’s function for a real scalar superfield
in the presence of a background chiral scalar ®. The heat kernel corresponding to this
superpropagator was computed exactly in the case when ® satisfies the supersymmetric
constraint 9, = 0 and has the explicit form

D(0) = ¢+ 0%+ 0°F,  0a¢p=0,F =0, 0Oahp=0. (1.9)

Due to the presence of the spinor 13 in the background superfield, the heat kernel derived
in [7, 8] is significantly more complicated than that which occurs when using the non-
supersymmetric background (1.8).

The heat kernel derived in [7, 8] suffices to compute the one-loop supersymmetric effec-
tive potential (1.4) exactly, which will be done in this paper. However, explicit calculations
were given in [7, 8] only for two special structures: the Kéhler potential and the leading
four-derivative contribution to the EAFP. The one-loop Kéhler potential was found to be

1 P (@)
1 — " 2 _ 1" _
K 342 |P"(D)| <1n 2 2], P(®)=m+ \D, (1.10)

with p the renormalisation scale. The four-derivative correction to F was found to be

A* (D*®)(Da®)(Da®)(D®)
(47)? [P (@)

4-deriv —

: (1.11)

for some numerical coefficient . This coefficient was not evaluated explicitly in [7, 8], but
an integral representation for ¢ was given. In what follows, it will be referred to as (pky.
Since the four-derivative correction (1.11) is UV finite, no regularisation was used in [7, 8|
for its evaluation.



The one-loop Kihler potential, K, and the leading contribution to the EAFP,
were subsequently recalculated using supergraphs [27] and a covariant superfield
derivative expansion [28]. Both of these methods are equivalent in spirit to the expansion
described in section 3 and would be cumbersome to take to higher orders.

As pointed out in [7, 8], the Kéhler potential is much easier to calculate than the full
supersymmetric effective potential. This is because during the calculation it suffices to
use the condition D,® = 0 for the background field, leading to much simpler propagators.
This allows for calculations in more general models and at higher loops [29-31].

Despite the long history described above, many interesting aspects remain to be ex-
plored in the calculation of the one-loop supersymmetric effective potential of the WZ
model. In this paper we further examine the issues arising in the superfield calculation
of the one-loop EAFP. This was motivated by the observation that the direct evaluation
of the integral (pky given in [7, 8] did not match the value of ¢ found in the later pa-
pers [27, 28], which used dimensional regularisation. We resolve this issue by repeating the
earlier calculations and demonstrating that the result is ambiguous due to conditionally
convergent integrals. However, using dimensional regularisation fixes the result and yields
a coeflicient that matches the corresponding term in the earlier component results. We
then proceed to use our techniques to present the first superfield calculation of the full
one-loop EAFP and compare it to the component results.

Before turning to the computational aspects of this paper, we would like to discuss
the functional form of the four-derivative quantum correction (1.11). In the case of the
massless WZ model, the expression on the right of (1.11) becomes A-independent and
proportional to

(D®)(Da®)(Da®)(D*P)

55y = (D®In®)(Dy In®)(DgIn®)(D*Ind) . (1.12)

For the massless WZ model, it is more advantageous to define the four-derivative quantum
correction in a somewhat different form as follows

=@ ¢ -
IF4(1—()iel"iv = = (113&)

where we have introduced

= = [(D”‘ In®)(DoIn®) + (D*In <1>)] [(Dd In®)(D%1n &) + (D?In )

_ (D?*®)(D?*®)
D S (1.13Db)

It holds that [ Az @igeriv ~ [ a8z Y modulo the terms proportional to vector deriva-

4-deriv

tives of ® and ®. The main advantage of the new definition (1.13a) is that

D%
d

(D*In®)(Dy1In ®) 4 (D*In @) =

is a (conformal) primary superfield such that the functional [ d®z Z is invariant under the
N = 1 superconformal transformations (see [6] for a review on N/ = 1 superconformal



field theories). We recall that the massless WZ model is superconformal at the classical
level [1, 2]. Of course, the superconformal symmetry is anomalous in the quantum theory.
However, it is the effective Kéahler potential which encodes the information about the
superconformal anomaly. It is quite natural to define the EAFP to be superconformal.

In the massless case, the entire one-loop EAFP may be chosen to be a primary super-
field of the form

) _=g( =
IE?massless ==ZH (M)> ) (114)

for some real function H(z) such that H(0) = ¢/(4m)?. It may be seen that [d®z FO
is invariant under the superconformal transformations. In accordance with [8], the one-
loop effective action of the massless WZ model is invariant under phase transformations
® — 7P, with T a constant parameter.

The structure of this paper is as follows. In section 2 we examine the quantisation
of the WZ model and the structure of its one-loop effective action. In section 3 we use
a brute force approach that emulates the diagrammatics of [27] to calculate the one-loop
Kéhler potential and leading term to the EAFP (1.11). In section 4 we use the heat kernel
of appendix A to calculate the one-loop Kéhler potential as well as the leading correction
and the full expression for the EAFP. The component results for the effective potential
and their comparisons to the superfield results are given in section 5. In the last section of
this paper summarises the results and looks at the further work that could be done. The
paper contains one appendix that repeats the calculation of 7, 8] to find the heat kernel
for the WZ model. The result is put into the simplest form possible and the Kahler limit
is investigated.

Most of the original results given in this work first appeared in the PhD thesis [32] and
many more details can be found in that text and the accompanying auxiliary Mathematica
files. Section 2 and appendix A are comprised of review material from [6-8].

2 Quantization

The functional integral representation for the effective action (1.3) is [6, §]

A8 _ 5 / DD of S A 2o G- (o 5555 ) (2.1)

where T[®, ®] = I'[®, ®] — S[®, ®] and we have introduced the background chiral scalar
=P () =m+ A\ (2.2)

and the action
1
SWe, g = /dgz P+ 3 </d6z Vo? +c.c. ) , (2.3a)
A T

Sint [, @] = 5 d’z¢” +c.c. (2.3b)

From the above, it is clear that the effective action depends on ® only through the combina-
tion W. The only interaction terms in the theory are the cubic vertices of (2.3b), however,
these are not needed in the one-loop calculations of this paper.



2.1 Propagators of the WZ model

To find the propagators for the model, we note that the Hessian for the free action (2.3a)
is defined by

I vz oy 0
S, g = 5(90790).15((‘1’). (é) . HWY = (—1D2 0 ) <(;r 5 ) ' (2.4)
i .

Where the functional inner product “” is a matrix product as well as the integration
over the appropriate superspaces, we suppress the superspace coordinates and use the
chiral/antichiral delta function matrix

2
(65 0 ) (13 lg;) ”. 25)

We can invert the Hessian by writing G(¥) = —H©) . (H®) . H(0)=1 and using the block

matrix inverse formula to get

172 1 T ip2_ 1
o _ 16D O-L¥D?LwD? ;U5D? D O-L¥D?LuD? oy 0
= 112 1 1 12 2
D O- & vD2LuD2 16D —I\IJDZI\I/DQ\I] D 0 o-

where, for the rest of this paper we use the convention that all derivatives act on all terms
to the right unless bracketed or otherwise indicated. After using equation (2.5), expanding
the inverses as a geometric series and performing some D-algebra, the Green’s function

e

becomes

1 < [ D?(—
(w) _
¢ 167;] (Dz(—

»

NG

=0

D

)nDQ D2(
)nD2 DZ(

T

E‘ I

“ynp2 ) O

Ol=Ol=
I:JM—‘IZHH
DM—‘IZHH
I:JM—‘IZHH

4 4

Resumming the above series recovers the result of [8] and we see that the Green’s function
can be written in the form

Wz, ) W (2, 2) 1 (D2D? D2D2\ (¢
G = <Gz_&§( ) G (z,2) ~ 16 \ D2D2 p2p2 G&/ '(2,4), (2.6)

where the auxiliary Green’s function G(\P), introduced in [7, 8], satisfies the equation

1

AGY(2,2) = —8%(z,2), with A=0- %\Iffﬂ - D (2.7)

This auxiliary propagator can be understood in terms of its heat kernel representation

G\ (2, ) =i / U (2, 2'|s)ds, (2.8a)
0
(0 — AU (2,2)s) =0, U (2, 2|0) = 6%(2, 2') . (2.8b)

In the constant background 9,¥ = 9,¥ = 0 that is the main focus of this paper, the
heat kernel factorises to

U (2, 2]s) = Qs)UY (2, 2']s) (2.9)



where Ul(/o)(z, Z'|s) = 6*(0 — 0")U(x,'|s) is the bosonic heat kernel

—1 i z—x' 2
U(z,'|s) = (4713)2648( " (2.10)

The operator Q(s) = e~ 1 (¥D*HUD?) o he expanded in powers of spinor derivatives

1 _ 1 - 1 _ 1~ —. 1 1~
Qs) = 1 AD?D? + L AD*D? + 2 B°DoD* + ¢ BaD*D* + CD* + 1 CD* +1, (2.11)

where A4,...,C are functions of d,, ¥, DU, (D?W¥) and their complex conjugates. The
expressions for these functions are derived in detail in appendix A.

2.2 One-loop effective action

The one-loop effective action can be written as the functional determinant obtained by
turning off the interactions (2.3b) and performing the remaining Gaussian functional inte-
gral (2.1) to get

T = %log Det(H™) /HO) = %’I‘rlog(H(‘I’) JHO)Y (2.12)

where the functional determinant and trace follow from the inner product defined in (2.4).
In particular, the full functional trace decomposes into a trace over the chiral and antichi-
ral subspaces.

’I‘I' <A++ A+> = TI'+A++ + ’I‘I‘,Aff (213)
AL A

The argument of the log in (2.12) is equivalent to

1 0 —1D*V 6+ 0
HON-1. g — [ 14 = 4 N 2.14
( ) + O\-3D*¥ 0 04d_)" (2.14)

and since only the diagonal terms survive the trace (2.13), we obtain

i D? _ D?
r® =27 jop (1 - 0w <. 2.1
1+ og Yo +c.c (2.15)

By using both the the cyclicity of the functional trace and the fact that the trace over
chiral superspace is equivalent to the chiral projection? of the trace over full superspace

4The N = 1 superspace projection operators [33, 34] are

_ D*D? _ D*D?

D°D’D, _ DsD’D*
Py = -

160 P-= 57 Po=—77"="=a > (2-16a)

PZ'P]' = (57;3' s Py + P+ +P_=1. (2.16b)



Try Fy 4 = Tr(Fy4 Py), we obtain two useful forms for the one-loop effective action

m_1 -1 L gy
r = 4Tr; - <(P+\IJD\P) P, +cec. > (2.17a)
Nt 1.D? D? i A
_lp e L) i (2)). 2.1
2 rnzl n <EI 1O ) 2 rog(m) (2.17b)

The first form lends itself to a direct expansion of one-loop effective potential performed in
section 3, which is similar to the graphical expansion undertaken in [27]. The second form,
which can also be derived starting from (2.6), is used for the heat kernel based calculations
of [7, 8] and section 4.

All of the above expressions hold in an arbitrary background; however, for the rest
of this paper we will primarily focus on the effective potential calculations in a constant
background field 9,V = 9,V = 0. We find it convenient to use the following notation for
the various combinations of derivatives of the background fields

a = (D*V) (DY), a = (DgV) (D), b= (D*¥), b= (D*V),

u? = 0w, F? = bb/64, G% =u? + 5% (2.18)

For more details, see appendix A.

3 Direct expansion of the one-loop effective action

In this section we expand the expression for the one-loop effective action (2.17a) and only
keep up to the 4-derivative terms. From (2.17a), we see that we need to examine the term

= (P+\I/é\11)”P+ , (3.1)
and its complex conjugate, remembering that all derivatives, unless otherwise indicated,
act on all terms to the right. Since we’re in the effective potential approximation we can
commute all of the 07! terms to the left.

We're interested in only the Kéhler potential and the leading term in the auxiliary
potential. To calculate the Kéahler potential, we can commute all of the derivatives and

therefore all of the projection operators through the background fields to get
T, ~ O ™"(TW)"P, . (3.2)

To find the first term in the auxiliary potential, we want to let a total of four Grassmann
derivatives hit the backgrounds fields. So, most of the chiral projectors will go straight
through to the right; however, there must be a first (from the right) chiral projector that
hits a field, so we will need to sum over all possibilities:

— D?D?
Z (P OO I 12— (p@)itlp, (3.3)
gt 160



3.1 Kahler potential

From (2.17a) and (3.2) we see that we can resum the one-loop effective action in the Kéhler
approximation to get

r® = /dgzK(l) = iTr <log (1 — q’;’) (Py + P)> : (3.4)

Evaluating the trace by moving to momentum space with dimensional regularisation gives

. d —
19 d’k 1 v

where d = 4 — 2¢ parametrises the dimensional regularisation scheme and p is the minimal

the Kéhler potential as

subtraction renormalisation mass scale. The integral can be performed to obtain
W — g
K'Y = 53 (vWw)

S o _— - (3.6)
_ _(5) (TW)— = San <€+2—10guz+0(6)> J

where ji?> = 4me~7p? is the modified minimal subtraction mass scale. This result agrees
with (1.10).
3.2 Four-derivative term

The four derivatives in the first projection operator to hit a field in (3.3) can hit the fields
in many different ways. Summing over the possibilities we get the terms

n—1

T,=0T" (P+\T/\IJ)”_j_1< [D2D?, (D)7 H!] 16%
j=0
T (Do, () Doy p2 ey 22
’ 80 ’ 160

iy _ .1y DsD . DYD?
& o J+1 aa . J+1

+ [DOD7, (W) ] === + [Da, (W0) ] —= >P+

=TWM 472 7B 47l L p6) (3.7)

)

exists, but it is a total derivative and can thus be ignored.

We will evaluate each term, T,gl""":’ , in sequence. Note that for n = 1, only the first term

Evaluation of Tr(ll). Since all four derivatives come from a single P, , the rest of the
projection operators commute through to the right,



Performing the simple sums of polynomials, we find

7\n—2 2
() -1 —2)
T, s n(n+1)( aa 15

(n—1)(3n+2)

+ (@b + aWb)

o
+ ThUb "; >P+

a(\ll‘if)"_2 n(n* —1)
160n+1 30

=a

P, + surface terms .

Evaluation of TT(LZ). The first projection operator provides three derivatives to give

n—1
1 _ L _ .
T = oy DG+ DX P 0)" W (Fh + ja) U (D) D Py
Jj=0

Since Py D, P, = 0, the final Dg to hit a field must come from the next projector on the
right. This yields

T n—o n—1
W= g 20+ DX+ ja)(Th+ (j+ Da) Py
Jj=0
(0" n(n+1) 2 _
= TRt 50 (aa(n —1)(12n” + 15n + 2) + 5a¥b(n — 1)(3n + 2)

+ 15aTbn(n + 1) + 10T5TH(2n + 1))19+

)" 2 (n—2)(n—1 1)(2n—1
= _aa(ggr)bﬂ (n=2)(n )7;(()71 +1)@n )P+ + surface terms .

Evaluation of T7g3). Although only two derivatives come from the first P, because
P.D?P, = 0 the rest of the derivatives must come from the next projection operator, so

the evaluation of TS’) is very similar to T7g2). The result is

noo 1e0ntt 60

<3da(n —1)(4n + 2) + 15aUb(n — 1)

+5aTb(3n + 1) + 20@6%) P,

a(\If\IJ)”_2 (n—2)(n—1)n(n+1)(n+2)
1600n+1 30

=a P, + surface terms .

Evaluation of TT(L4). One D, and one D from the first projection operator hit fields
leaving

n—1

T = ﬁ > G+ DHPw) I (W) (DY) (DW) Dg Do Py .
j=0

n

,10,



Since DyDoPy = —2i0,4 Py, the next derivative can come from any of the remaining
projection operators. We sum over all possibilities and, after some work get the result

n—1n—j-—2

\I/\I/ n—2
T® = — ST Z Z 2(Ub+ (j + &k + 1)a) Py
7=0 k=0
_ (wU)" 2 (n—1)n(n+1)
= 0 2m D (nWb+ O(Sn —5n —2))Py
(@) (n—=2)(n—1)n(n+1)(2n —1)
= a0 120 P4 + surface terms .

Evaluation of TT(LS). The evaluation of TT(LE’) is similar to that of T7(l4)7 the final result is

()2 n(n+1)(n+2)
g+l 60
+5aWb(3n + 1) + 20Wba(n — 1) 4+ 200bWb) P,

(B2 (n—2)(n— )n(n+1)(n +2)
— —aa S 0 P, + surface terms .

Total. Combining all of the above, we find that

TO) = — (@a(16n* — 13n — 3)

(TO)"2nn+1) o4 2
T, =— ( —1ln -2 .
60 D aa(8n” + 5n n—2) (3.8)

+2aWUb(3n2 + 5n + 4) + 2aTb(5n2 + 3n — 8) + 2WbWh(4n + 5))13+ ,

which becomes remarkably simple after integration by parts

(W) 2 n2(n? —1)

Tn = a0 emn 12

Py + surface terms . (3.9)

We can now calculate the 4-derivative correction to the EAFP

. o0
M i -1
Lderiv = T > o (TnP+ +c.c. ) :

Using the expression of T,, after integration by parts (3.9) and moving to momentum space
to diagonalise the trace, we have

3
(1) B g aa k
4-deriv — dz dk kQ T \I/\I/) (310)
Performing the final momentum integral yields a result of the form ng v = d®2 Fy_derivs
where Fy_geriv is given by (1.11) with
1
= — 3.11
C=51) (3.11)

in agreement with the calculations of [27] and [28].
If, instead, we use (3.8), then, provided we integrate by parts before performing the
momentum integral, we obtain the same result. However, if we leave the integration by

— 11 —



parts until last, then each of the four terms in the momentum integral are IR divergent. In
which case, the momentum integrals can be performed if, e.g., we regularise with dimen-
sional regularisation. The result is

T8 = m /d8z (%/3?2 <a2a (i — log(PT) — 123> (3.12)
+ (@Wh + c.c. )(i ~log(TW) + 1) - ‘1’52% <i — 5log(TW) — 9))

Integrating by parts, the % and log terms cancel and we once again recover the result (1.11)
with ¢ given by (3.11).

4 Auxiliary field potential via the heat kernel

In this section we examine the one-loop effective action of the WZ model starting with its
expression in terms of the heat kernel U‘(/\Il)(s) studied in appendix A. As shown in [7, 8],
the one-loop effective action may be represented in the form

i Ay i w, 1 [*ds (V)
) = §Trlog (D) = —§Trlog(GV )= —2/0 ?TrUV (s). (4.1)

In the effective potential limit, where 9,® = 9,® = 0, it reduces to

. . 3
rm - _1 /d8z / ds (A(s) + A(s))U(:n,x'|s) , (4.2)
2 0 S ' —x
which is the sum of the Kéhler and auxiliary potentials
r® — / a4z (K<1> +IF(1)) . (4.3)

In the following subsections we evaluate the Kahler potential to check the above and
to establish some notation. We then evaluate the four-derivative term in the auxiliary
potential, first using the integral introduced in [7, 8]

J(s) := % /0 h sin(p)e " /*dp = \/fe_5/4erﬁ<\é§> : (4.4)

and then using other methods to show that the term is actually conditionally convergent.
Finally we use the lessons learnt in the previous subsections to evaluate the full auxiliary
potential.

4.1 Kahler potential

In the Kéhler approximation (see section A.3) the diagonal of the heat kernel reduces to

U‘(/lp)(z, z|s) = (cos su — 1)(Py + P,)(54(9 — "YU (z,2'|s)

- —cossu—1 ,
= 2\II\I'TU(:U,:U |s){

2l—z

(4.5)

o=z’
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where u? = WU and U(x, z'|s) is the dimensionally regularised bosonic heat kernel defined
in (A.25).

The proper-time integral in (4.1) can then be evaluated by first moving to momentum
space. After Wick rotating and integrating out the angular parts this leads to the following
expression for the Kéahler potential

2e

O N— 2 /°°/°° 1-2: L k2
K =trr=re=9 /), J, * (cos (sk|¥|) — 1) e " *dkds . (4.6)

The remaining integrals can be performed in either order to get the result

KO — 13(@@) — v (1

T
o R 0(5)) , (3.6)

which matches (3.6).
Alternatively, we can follow [7, 8] and swap dimensional regularisation for a proper-
time cutoff sp — 0. Performing the momentum integral in (4.6) now gives

U * ds =

isg
where J is defined in (4.4). This integral can be evaluated in terms of a hypergeometric
function and expanded around sy = 0 to give

(1) — 2(‘2’5’)2 <_ log(isou?e”) + 2 — log (‘z\f) + O(So)> , (4.8)

for some renormalisation scale 2.

4.2 Four-derivative term

To find the coefficient of the leading term in the auxiliary potential, we need to evalu-
ate (4.2) keeping only the four-derivative terms in the expression for A(s)+ A(s). Expand-
ing the results of section A.2 gives

tderiv  512u3 3
Uh .C. 2y
+ s(Whatcc.) gég; c.) <su cos(su) — <1 — s; ) sin(su)) (4.9)
sUbWh
64u3

A(s) + A(s) saa ((7 - m52u2> sin(su) + su(s2u® — 7) cos(su)>

(sin(su) — su cos(su)) .

A general term in (4.9) is of the form A = su=3A(su) and its contribution to the
effective potential (4.2) is

(4.10)

' —x

i ©ds st
11(1)‘A = _2/d8z/0 ?WA(su)U(a:,xﬂs)
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By using the d-dimensional momentum space representation for U(x, 2'|s), eq. (A.25), then
integrating out the angular parts of the momentum integral, Wick rotating and rescaling
the proper-time integral, we obtain

2e 8 o0 00 5
W — A d°z ds [T dg a2
Il (2 — e)(4m)d/2 / (T W2+ /0 5% |, z e (4.11)

where we've defined g = s|k|VUW.
Removing the dimensional regularisation, it is now straightforward to use the defini-

tion (4.4) in order to perform the momentum integral in (4.11) to write the four derivative

contribution as

(1) B 1 ddz /Oods sUbUh B
Ficderiv = G4(am)2 / @w)? Jy s\ 4 ((s+236) - 2)

S e ) (24 g 19)3(s) — 205+ 6))
+ %((333 +25% + 445+ 168)J(s) — 2(3> + 85 + 84)>)'

Each of the three terms in the above proper-time integral are IR divergent, but the di-
vergences cancel when combined using integration by parts. This gives a result of the

form
(D*®)(Da®)(Ds®)(D @)
Fu deriv = , 1.11
S T T (L1)
where ( = (gky is defined by the integral
—1/0001 1—J()+5(J()+4)—£(5J()+1)+§J() (4.12)
CBKy—10240 5 s)+5J(s 1 s gJs))- .

Up to some typographical errors, this matches equation (5.15) of [7, 8]. This integral can
be evaluated to give the numerical result (gxy = —6—14, which clearly does not match the
value of ( = 351;—4 found in the previous section.

Alternatively if we first integrate (4.9) by parts to get the expression
saa

Als) + A(S)L—deriv ~ 153603

<3(1 + 25%u?) sin(su) — (3 — s2u?)su cos(su)) , (4.13)

which holds up to surface terms, we can then evaluate (4.11) without regularisation, as in
the last paragraph, to find the four-derivative correction (1.11) with

¢ = %24 Ooods<.,1](s) —1+ ;(&U(s) + 2) - Sj<3ﬂ(s) + ;) + i;ﬂ(8)> :

This result is different from (4.12) and evaluates to the numerical value of T;Q which agrees
with neither of the previously found values for (.

The problem lies in the fact that the unregularised (¢ — 0) integrals are only con-
ditionally convergent and not invariant under the rescaling required to obtain (4.11). If
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we don’t perform the rescaling then it is convenient to try exchanging the order of the
proper-time and momentum integrals, as it leads to simpler intermediate expressions that
are free from the error functions J(s). However, when the order of the unregularised inte-
grals is exchanged the result of the integration changes. This is a clear sign of conditional
convergence.

If we keep the dimensional regularisation used in (4.11) then we consistently get the
correction (1.11) with ¢ = 1.
First, we start with (4.13) and perform the proper-time integral to get

0 pe / 45, 4e / B
4-deriv 1-\(2 o 6) (47T)d/2 k2 + \1;\1/)

This momentum integral is clearly equivalent to (3.10) and converges for —2 < & < 2, so

We demonstrate this with two possible order of operations.

it does not need dimensional regularisation. We recover the result (1.11) with ¢ = ﬁ.
However, if we start with (4.9) and leave the integration by parts until the very end, then
we definitely need the dimensional regularisation. Once again, for simplicity, performing

the proper-time integral first, we find

o (47T,u) /d8 /°° dk [aa 590V — 4k>
dederiv T (2 — £) (472 klt2e \ 12 (k2 + WW)4

- a¥b + c.c. N bb
3(k2 +TW)3  4(k2 + TT)2

The momentum integrals are IR divergent (i.e., in dimensional regularisation, they converge
for —2 < e < 0) and we get the e-expansion

m . (4mp?) 1/96 (aa( 5 21
F4{deriv - W /dsz (\T/\I/)2 <2 < — -+ 510g(\11\1f) — 2>

+ (a¥b + c.c. )<§ —2log (VW) + 3> 3\12)\1[[) (5 —log(VW) + 1>>
This looks similar to (3.12), however the coefficients of the terms are different. Nevertheless,
integrating by parts yields the same (1.11) with ¢ = 3%4.

We note that in [7, 8], the action of A(s) 4+ A(s) on U(z,2’|s) was not evaluated by
going to momentum space, but rather by series expansion and using (A.4). This leads
to essentially identical results and problems to those discussed above. See the auxiliary
Mathematica documents in [32] for more details of this calculation and for other calculations
using different regularisation schemes.

4.3 Full auxiliary field potential

In the previous subsections, we have seen that the most robust and compact way to calculate
the leading correction to the auxiliary potential is to use the dimensionally regularised
heat kernel, integrate by parts first, then perform the proper-time integral and finally the
momentum space integral. We will now follow this procedure to calculate the full one-
loop EAFP.
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The first step is to use integration by parts to get A(s) + A(s) into a usable form.
Starting with the results (A.23) we find, after some work,
=~ sin(su) aa s2u? -1 w\
3s G [ cos(sF)sin(sG)  sin(sF) cos(s9)
5 cos(su) + 7 ( 7 + S ;

which can then be integrated using (A.9a) to get

cos(su) — 1

A(s) + A(s) = 200 » (4.14)
N % <s2 (COS (su) + sins(;‘u)> . cos(s9) cos(;g) — cos(su)>_

The first term is derivative free and corresponds to the Kéahler approximation discussed
above. The second term contains all of the terms that generate the auxiliary potential,
starting with four derivative term (4.13).

Equation (4.14) is an amazingly simple expression, considering the complexity of the
results found in appendix A, and is quite easily integrated to give the low-energy effective
action. The general structure is

25 —d/2 00
r = 47r /d8 / dk k3~ 28/ %(A(—ls u) + A(— is,u))e_k2s .

Performing the proper-time integral yields
1+ 00 /k?)

2e 47T)_d/2 0
F(l) _ K ( /d8 / dk k,3726 -
T(2 <) s 22T

aa( -1 +210g($’+1)_10g((\1;;1/+1)2_4]€5;2)>].
(

AN GESTOE 2

Rt

Factorising the final logarithm term, the momentum integral can then be evaluated to get

u*T () 'l—¢) =~ .. aa (I'(2—¢)
= (47)4/2T(2 — ¢) /d82[2(1 —¢) (Tw)' - 2bb< (D)

T(1—e)2(00)2< — (T + 29)2 — (T — 2?)26>]

(2—¢) 432

Expanding around d = 4 and simplifying we get our result
r® = /dsz (KW +FW), (4.15)

where the Kihler potential K (") was given in (3.6) and the EAFP is

1aa 1602 P2 bb
4m)’FH) = 2 —(3 - (1 ~ log (1 — —22
(4m) O\ ) e Teneee

160 W - (4@11))
— ——— CO = .
Vbb Vbb

(4.16)
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This has the series expansion

T4 Znn+1) 2n+ 1) (40 F)2n

_aa i+ 1 bb N 1 (Bb)2+
C U292\ 384 30720 (D)2 1376256 (D)4 )7

(4r)2F) = 92 i (bb)"— (4.17)

where the natural expansion parameter is the dimensionless

, B
P = Gauw)e

(4.18)

Using integration by parts to remove aa from the EAFP essentially requires that we
integrate F(1) with respect to p twice. This yields an expression with dilogarithms

(47)?F™)

.&\r—‘

3 1 ()"
Zl (n+1)(2n+1)(2n — 1)? (4T V)2 (4.19)

= \1]3 <8 + 3pLia(p) — 3pLia(—p)
_ 2;2<(p +1)(11p* + Tp+2) log(p + 1) + (p — —p))) . (4.20)

This is reminiscent of [28, 30, 35] where, for a N' = 2 SYM theory written in terms of N' = 1
superfields, the one-loop Kahler potential was twice integrated to recover the N'= 2 non-
holomorphic potential. Their results were also expressed using dilogarithms.

5 Comparisons to the component results

Note that in the above two sections, the complicated and often poorly behaved expressions
simplified enormously after unifying the various terms through integration by parts. In the
component form of the effective potential with the background

P=0+0°f, 9p=09f=0, (1.8)

the functional forms are unique.® This makes the component expressions a lot simpler to
work with than their superfield counterparts.

The calculation of the full one-loop effective potential for the Wess-Zumino model has
be performed many times before [19-26] and does not need to be repeated here. We will
just quote the results, see [32] for more details. The effective potential can be written as

the dimensionally regularised momentum space integral

dek A2
v = 3 /(27r)d log (1 — 7“:2 |+ ]711’|2)2> , (5.1)

SIf instead of working with the effective potential, we are interested in the effective action, then the

functional forms are once again not unique due to integration by parts identities in the spacetime integrals.
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where m’ = ¥|,_s_, = m + A\¢. The momentum integral can be performed and yields

A 2 1 12
(4m)2v ) = 'g‘ ( ——+log ‘TZJ + O(e)> (5.2a)

J(3 L1 AP
(5 = i o~ 1 (1 e s (1 o))+ 52

Remembering that 1) = — i d*z V| we see that the Kihler potential in superspace

projects to give the first line in (5.2) through the relation

/ d®2 K(®,®) = / d'z ff0,0;K (¢, 9) - (5.3)

Equally as straightforward, the first line in (5.2) can be lifted to superspace to give the
Kahler potential by a simple double integral.

The derivative expansion of the EAFP is expressed using the dimensionless quantity
p? defined in (4.18). It projects to the same ratio of component fields seen in (5.2b)
2 ' Af

2
2 2
p ’¢:¢+92f =pr = 2 (5.4)

Given the EAFP in the form WV f(p?), it can easily be projected to components using

Jaswws67) = [atenrP - po, 210t (5.5)

Equivalently, the component expression for the EAFP in the form |Af \Qg(pf) can be lifted
to the superfield expression

— 2
FO(&, 3, a,a,b,b) = (4\%6\;)2 9292) .

Either way, we see that the EAFP given in (4.16) and (5.2b) are equivalent.

6 Conclusion and outlook

In this paper we have completed the calculation started in [7, 8] and used superfield tech-
niques to compute the full one-loop supersymmetric effective potential for the WZ model.
This includes both the effective Kahler potential and the previously unpublished result for
the EAFP. In the purely bosonic sector our results match the older component results for
the effective potential of the WZ model.

The supersymmetric effective potential contains more information than the ordinary
effective potential of the WZ model. The point is that the superfield expressions (3.6)
and (4.16) also generate two- and four-fermionic contributions (generalised Yukawa cou-
plings). Of course, once the most general functional structure of the supersymmetric effec-
tive potential is known, one can read off the expressions for K and F from the component
results. However, this functional structure became available as a result of the superfield
heat kernel calculation of [7, 8].
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We have also compared different methods for calculating the leading term in the EAFP
and accounted for the different results in the literature by noting that the calculation
includes conditionally convergent integrals. We observed that dimensional regularisation
removes the conditional convergence and gives results that agree with the corresponding
term in the component calculations. It is interesting to observe that apparently finite
terms in the effective action can result from conditionally convergent integrals in some
calculation schemes. This leads to possible ambiguities in calculations that can not be fixed
by renormalisation conditions like those in nominally divergent terms. One of the authors
(SJT) has observed a similar problem occur in a two-loop effective action calculation in
N = 2 super-Yang-Mills. How to identify when such cases can occur and how to fix the
ambiguity is an open question.

The calculation of the leading term in the EAFP had possible IR divergences before
the different structures were unified through integration by parts, while the full EAFP does
not appear to have such a problem and seems to not suffer any conditional convergence.
However, the expressions in the EAFP calculation are more unwieldy and this hinders their
exploration. The momentum integrals in the EAFP are also difficult to perform as a whole
and we used dimensional regularisation to handle the UV divergences that appeared when
treating them separately. The issue of any possible conditional convergence and ambiguity
in the full EAFP is not completely closed. Although, we should note that some of the
component results were calculated using other regularisation schemes and they yielded
consistent results that match that which we presented in (4.16).

In calculating the EAFP at the one-loop level, we used the highly simplified structure of
the heat kernel that occurs after integration by parts. However, in higher loop calculations
the full structure of the heat kernel is needed. This would make it an interesting challenge
to try to carry out the superfield calculation of the EAFP to two loops. Alternatively,
the calculation could be performed with the background (1.8) and that result lifted to
superspace using the results in the above section. There are three published component
calculations of the two-loop effective potential of the WZ model [26, 36-38]. However the
results of [36] were left as unevaluated Feynman integrals and the results in [26, 37, 38]
contain terms that are less than quadratic in the auxiliary fields and thus can not come
from the projection of a superfield action. As for two-loop superfield calculations, both
the effective Kéahler potential and the effective chiral potential have been calculated many
times, but the EAFP does not appear in the literature. It would be good to have a definitive
result for it and the component effective potential at two loops.

In the massless case, as discussed in section 1, the one-loop EAFP of the massless WZ
model can be chosen in the form (1.14) such that the functional [d8z FU) is superconformal.
This naturally leads us to consider a higher-derivative extension of the massless WZ model
that is superconformal. It is described by an action of the form

S[®, ] = /dgz é@{l + 225(2,2)} + /\/dﬁz o+ X/dﬁzcb?’, (6.1)
where $)(w, w) is a real analytic function and the chiral scalar

¥ =& 2D (6.2)
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is a (conformal) primary superfield of dimension zero.® The massless WZ model possesses
a Zgz symmetry generated by & — 3™, This symmetry remains intact for the higher-
derivative extension of the WZ model given by (6.1), since ¥ is invariant under the Zg
group. In the massless case, the one-loop effective action is invariant under U(1) phase
transformations ® — ¢7®. Requiring this symmetry gives $(2,%) = H(EE). It would
be interesting to see whether the U(1) invariant functional form of the EAFP, eq. (1.14),
survives at two loops.

A Calculation of the heat kernel

The superfield heat kernel (2.8) was computed in [8] in the constant background case,
9,V = 9,V = 0. The original derivation presented in [8] contained some typographical
errors. In this appendix we provide a corrected and simplified derivation of the heat kernel.
This is essential for our new results in section 4.

A.1 The differential equations for the heat kernel

As we saw in section 2, all propagators that occur in the Wess-Zumino model with arbitrary
background chiral superfields ¥ and ¥ can be obtained as different chiral projections of
the Green’s function of the operator

A=D- i(xm’ﬂ +UD?) | (2.6)

The heat kernel of this operator obeys the differential equation (DE) and initial condition

<§1 * A) U (z,2/)s) = 0, (A1)
U (2,210) = 640 — 0/)6* (x — o) . (A.2)

If we assume that the background is constant over space-time, 9,% = 9,V = 0, then the
heat kernel factorises as [7, 8]

UM (2,2 |s) = QUL (2, 2]s),  Qs) 1= e 7 (PD*HTD?) (A.3)

where U‘(/O)(z7 Z|s) =640 — 0" U(x,2'|s),

OU (z,2|s) = —iiU(m,x’]s) , (A.4)
and
Uz, 2'|s) = exp(is0)d*(z — 2)
4 : .
_ / Ak ikrssike—a) _ 1 f@—a)?s (A-5)
(2m)4 (47s)? '

is the free bosonic heat kernel. To find the full heat kernel (A.3) we need only obtain an
explicit form of the operator (s).

5The superfield = defined by (1.13b) can be represented as = = ¢PIY.
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The heat equation (A.1) implies that the operator €2(s) satisfies

1%9(3) = iQ(s)(\I/DZ + WD, QO0)=1. (A.6)
To solve this, following [7, 8], we expand the operator (s) as
Qs) = %GA(S)DQDQ + %A(S)DQDQ + éBO‘(s)DaD2 + %Bd(s)DdD2
+ %C(S)D2 + %é(S)DQ +1. (A7)

Note that only A and A can contribute to the 1-loop potential. At this point, it is convenient
to introduce some notation

a = (D*V)(Da V), b= (D*V), p= (D) (DYV)0as, (A.8)

u? = 0o, F2 = bb/64, G2 =u? 4+ 952, ﬂ:1<0b>.
8\b0
We can move between the tilded and non-tilded symbols in (A.7) by making the replace-
ments DY < Dg, ¥ < ¥ which imply that @ < @, b <> b and p <+ —pu. Since we are
using the convention that derivatives act on all terms to their right unless bracketed, p is
actually a differential operator that obeys u? = —%daD.
With the above expansion, the heat equation (A.6) decomposes as

d (A (o) [C
s ()00 o
d 0 wose B\ (DW)C
<dlsﬂL (q;aad 0 >> <§d> - <(Dd\1,)é> , (A.9b)
d c\ . (V(OA+1) 1 [ B®0,a(D%0)
<ds M) <C> ! (\I/(DfH— 1)) 2 <Bd8"m(Da\If)> ’ (A.9¢)

with A(0) = A(0) = B*(0) = B4(0) = C(0) = C(0) = 0. We can eliminate A and A from
the equation for C' and C' by moving to the second order DE

d? d o - C 1 d [ B%as(D0)
<d82 + Qlﬂg + \I’\IJD> <C~'> = _§$ (Bd(‘)ad(Da\If) ’ (Agd)
where we need the initial “velocity” s (C', C’) |s:0 = —i(\I!, \I’)

We solve the coupled equations (A.9b), (A.9d) for B and C' by expanding with respect
to the Grassmann parameters D,V and DsV,

C = Cp + aCsy + aCos + pCi1 + aaCos ,

C = C’o + &C’go + aé’og — ,ué'll + daé’zz ,
B® = (D*W)(By + aBy) + (Dg V)0 (By + aBs),
Ba = (Da¥)(Bo + aBs) + (D“W)dug (Bo + abBs) .

(A.10a)

(A.10D)

— 21 —



This expansion is used to find a system of ordinary second order differential equations for
B and C'. For the rest of this subsection, we simply extract and list the DEs order by order
in D,V and DgV. In the next subsection we note the common structure to the DEs and
provide their solutions.

Keeping all terms independent of D,¥ and Dg4V in (A.9d) gives the homogeneous

d2 Co
<d2+2lﬁ +u> (éo>:0’ (A11)
with the initial conditions

¢ d (C (o
<C‘8) 0~ ds <C*8) =0 (q;) : (A.12)

Keeping only the first order terms in (A.9b) gives

i+ 0 yHad (Da\I/)B;(]-f—( \I/)&O‘aBo _ (Da\I/)CO
ds "\ W04 0 (Ds0) By + (D*T)ag Bo (Da®)Co )

Extracting the coefficients of D, ¥ and D4V leads to two equations that can be recombined

second order DE

to give the second order DE for By

d2 Bo [0 W C
<d82+u> <§o> =i (\P 0) (d;) : (A.13)

the solution of which immediately gives By through the relation

Bo —1 {0 W)\ d {Bo
(éo) T (m 0) & (B) | (414

Keeping only the second order terms in (A.9d) yields the two second order DEs

d2 aCy + aCps Od @BO
2 ~ ~ = —— x A.15
(d 7t 1/8 + ) (CLCQ[) + aCoa 2ds \ aBy ’ ( )

d2 CH 1d BO
2 ~ = —— 2 . A.l
(d 5+ 16 S Tu ) <—C11> 5 ds (-Bo> (A.16)

Although we could separate the DEs for Cy and Cpg, it is simpler (more symmetric) to
solve for them simultaneously.
Keeping only the third order terms in (A.9b) gives

d 0 Wy a(DW) B, + a(Dy 7)9% B,
_|_ _ _ _ Z
ds Udns O a(D V) By +a(Dﬁ\If)8ﬂaB2

(A.17)
- <(D ¥)(aCoz + MCH))
(Da¥)

(aCoa — uCh1)
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Using (D*W)p = 1a(Da¥)0% and (DgW)pu = —1a(D*¥)dag we can split the above to
get the second order DE for By

2 L\ (B2 . [0W) [Cp) id [Ch
— ) =i - Ol R Al
(ds2 +“> <Bz> 1<x1: 0) ((102 2ds \Cyp ) (A-18)

the solution of which immediately gives B, through the relation

BZ -1 [0 W d Bg i (Chy
- 2CIERE) o

The final DE is easily read from the highest order terms in (A.9d),

2 d L\ [Cwn) Od (B
2 - - = —— x . A2
<d32 TG > ((722 2 ds \ By (4.20)

A.2 Results for the heat kernel

The differential equations (A.11) for (Cp, Cp) are the only ones that are both homogeneous
and have non-vanishing initial conditions. So, their integration is straightforward, with the
results given in (A.23a). The DEs that need to be solved to find the terms of higher order
in D,V and D4V all second order, inhomogeneous DEs with vanishing initial conditions.
That is, they are all of the form

2
<;82 + 21/3% + u2> xo(s) =ve(s),  xc(0) = Xc(0) =0, (A.21a)
2
<i§2 + u2> xs(s) =vp(s),  xB(0)=%p(0)=0, (A.21b)

where the xp ¢ are component 2-vectors of B or C respectively and the inhomogeneous
terms vp ¢ depend on the solutions to lower order components. Using variation of param-
eters on the general solutions to the associated homogeneous differential equations yields

s t
xc(s) = elsﬁ(g/‘r{_l)/dte_mwg/?/dTe”B(S/?'H)vC(T), (A.22a)
0 0
s t
xB(s) = elsu/dte_Qlt“/dTelT“vB(T) : (A.22b)
0 0

The following solutions have all been found by hand and checked that they satisfy the orig-
inal DEs and boundary conditions using Mathematica. The solutions for the components

of (C(s),C(s)) are

Co\  .sin(s9) 5 (0
(0()) — —1Te B (\I}) , (A23a)

Cun\ s ([sin(su) sin(s9) U
<C’11>_8?2< T sG cos(sfr")) <\I/>’ (A.23D)
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s <Si“(8? ) cos(sG) — cos(s) Sm(sg))

Cgo _iﬁ 0w
Co]  8F2\T 0

22\ sF e
. % (cosﬁu) - sin(s&';;in(SS) - cos(sff; ;:08(59)) (A.230)
- o <cos(59) - S”f?) eis8 (i) ,
(g@ _ 196 (g g) ;25 sin(59320908(33") - sin(srj;)z(;)s(SS) (A.234)
2]
(g@ _ 1;;22 if;ﬁ (sms(;?) sins<§9> - sin;jw) +semisBy (A.23¢)
y (sins(gsg) (1 —;;S,B 357+ (12;45%2)92) N 608(59)332; 92)
i (e D i et D) | (7).
and the solutions for the components of (B*(s), Bs(s)) are
@Z) _ % (\(% \(1)f> @ COZ(:;U) e (isins(;f;) N g coz(;9)>) (i) , (A.242)
(1) - 2 (2 o) (1), =
@2) _ 3_21;2 [iﬁ (gzsins(gg) cos(sF) — cos(sg)Si“;f )) (A.240)
(o2 (o Bl et ()
() - (3 ) [P - o 522

i (Sin(;g) v fjé cos(sS)) cos(sF)

+ 2;2 <u25 cos(s9) + (T2 + 92)Sin(989)> e 158

(o)

The solution for (A,fl) is just a term-by-term integration (A.9a) of the expression for
(C, C’) given in (A.23) above.

From the above results, it is easily checked that the solutions satisfy the initial condition
Q(0) = 1. They also satisfy the initial velocity condition €'(0) = —%(¥D? + ¥D?), which
implies that only (Cg, éo) has a non-vanishing first derivative at s = 0.
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The above results for the coefficients in the expansion of Q(s) =
exp (—% (\I!D2 + \I’DQ)) combined with the factorisation

U™ (2, 2)s) = s\ UL (2,2')s), U (z,2|s) = 64(0 — 0')U (=, 2] s),

give the full solution for the heat kernel of the Wess-Zumino model in four dimensions in
terms of the bosonic heat kernel (A.5). The dimensionally reduced heat kernel is obtained
by simply replacing the momentum integral in (A.5) with its dimensionally reduced coun-

terpart
Ulz,z'|s) = exp(is0)6%(z — ')
.9 A.25
_ 2 ddk e—ik28+ik§($—$,) _ 1#2 ei(x_x,)z/S ( )
(2m)d (4ris)d/2 '

A.3 Kahler approximation

As a check on the general results above, we examine the limit of the heat kernel that is
appropriate for computing the corrections to the Kéhler potential. That is, we enforce
the condition ¥ = const by taking the limits as a, b, and p go to 0, which implies that
u? = G? = 0¥ and A = A = U¥(cos(su) — 1)/u?. So, the expansion of Q(s) reduces to

1 sin su

Qs) =1+ I eossu—1

1 _
T — {D* D%}, (A.26)

- (ID? + UD?) +

which matches that presented in [6-8].
This result can also be derived directly from (A.6). When ¥ = const, we can take a
second proper-time derivative to find the inhomogeneous harmonic oscillator equation”

Q' (s) = —%Q(s)(\i’D2 +¥D?? = —u?Q(s)(Py + P_) = —u?Q(s) + v Py,

with the initial conditions Q(0) = 1, €/(0) = —4(VD? + ¥D?). This is easily solved to
give (A.26).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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