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Magnetic moments of decuplet baryons in light cone QCD

T. M. Aliev, A. Özpineci, and M. Savcı
Physics Department, Middle East Technical University, 06531 Ankara, Turkey

~Received 25 April 2000; published 7 August 2000!

We calculate the magnetic moments of decuplet baryons containing strange quarks within the framework of
light cone QCD sum rules taking into account theSU(3) flavor symmetry breaking effects. It is obtained that
magnetic moments of the neutralS* 0 andJ* 0 baryons are mainly determined by theSU(3) breaking terms.
A comparison of our results on the magnetic moments of the decuplet baryons with the predictions of other
approaches is presented.

PACS number~s!: 13.40.Em, 14.20.2c
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I. INTRODUCTION

For the determination of the fundamental parameters
hadrons from experiments, some information about phy
at large distances is required. The large distance phy
cannot be calculated directly from the fundamental QCD
grangian because at large distance perturbation theory ca
be applied. For this reason a reliable nonperturbative
proach is needed. Among the nonperturbative approac
QCD sum rules@1# occupies a special place in studying t
properties of ground state hadrons. This method is applie
various problems in hadron physics and extended in m
works ~see, for example, Refs.@2–4# and references therein!.
The magnetic moments of hadrons are one of their cha
teristic parameters in low energy physics. The calculation
the nucleon magnetic moments in the framework of the Q
sum rules method using an external fields technique,
suggested in@5#, was carried out in@6,7#. They were later
refined and extended to the entire baryon octet in@8,9#.

In @10,11#, the magnetic moments of the decuplet baryo
are calculated within the framework of QCD sum rules us
the external field method. Note that in@10#, from the de-
cuplet baryons, only the magnetic moments ofD11 andV2

were calculated. At present, the magnetic moments ofD11

@12#, D0 @13#, and V2 @14# are known from experiments
The experimental information provides new incentives
theoretical scrutiny of these physical quantities.

Recently, we have calculated the magnetic moments
the D baryons@15# within the framework of an alternative
approach to the traditional sum rules, i.e. the light cone Q
sum rules~LCQSR!. In this work, the magnetic moments o
other members of the decuplet which contain at least
s-quark, namely theS* 6,0, J* 0,2, andV2, are calculated
within the same approach. The novel feature of the pres
work is that we take into account theSU(3) flavor symmetry
breaking effects.

A few words about the LCQSR method are in order. T
LCQSR is based on the operator product expansion on
light cone, which is an expansion over the twists of the o
erators rather than dimensions as in the traditional QCD s
rules. The main contribution comes from the lower twist o
erator. The matrix elements of the nonlocal operators
tween the vacuum and hadronic state defines the hadr
wave functions.~More about this method and its applicatio
can be found in@16,17# and references therein!. Note that
0556-2821/2000/62~5!/053012~8!/$15.00 62 0530
f
s
cs
-
not
p-
es,

to
y

c-
f

D
st

s
g

r

of

D

e

nt

e
he
-
m
-
e-
ic

magnetic moments of the nucleon using LCQSR appro
was studied in@18#.

The paper is organized as follows. In Sec. II, the lig
cone QCD sum rules for the magnetic moments of the
cuplet baryons are derived. In Sec. III, we carry out nume
cal calculations. Comparison of the predictions of this a
proach on the magnetic moments of the decuplet bary
with the results of other methods, and the experimental
sults is also presented in this section.

II. SUM RULES FOR THE MAGNETIC MOMENTS
OF DECUPLET BARYONS

A sum rule for the magnetic moment can be construc
by equating two different representations of the correspo
ing correlator, written in terms of hadrons and quark-gluo
We begin our calculations by considering the following co
relator:

Pmn5 i E dx eipx^0uThm
B~x!h̄n

B~0!u0&F , ~1!

whereT is the time ordering operator,F means electromag
netic field, and thehm

B’s are the interpolating currents of th
corresponding baryon, B, carrying the same quantum n
bers. This correlator can be calculated on one side phen
enologically, in terms of the hadron parameters, and on
other side by the operator product expansion~OPE! in the
deep Eucledian region,p2→2`, using QCD degrees o
freedom. By equating both expressions, we construct the
responding sum rules.

Saturating the correlator, Eq.~1!, by ground state baryon
we get

Pmn~p1
2 ,p2

2!5
^0uhm

BuB1~p1!&

p1
22M1

2 ^B1~p1!uB2~p2!&F

3
^B2~p2!uhn

Bu0&

p2
22M2

2
, ~2!

wherep25p11q, q is the photon momentum andMi is the
mass of the baryonBi .

The matrix elements of the interpolating currents betwe
the ground state and the state containing a single baryonB,
with momentump and having spins is defined as
©2000 The American Physical Society12-1
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^0uhmuB~p,s!&5lBum~p,s!, ~3!

wherelB is the residue, andum is the Rarita-Schwinger spin
vector ~for a discussion of the properties of the Rarit
Schwinger spin-vector see, e.g.,@19#!. In order to write down
the phenomenological part of the sum rules from Eq.~2! it
follows that one also needs an expression for the matrix
ement^B(p1)uB(p2)&F , i.e., the electromagnetic vertex o
spin 3/2 baryons. In the general case, this vertex can be w
ten as

^B~p1!uB~p2!&F5erūm~p1!O mrn~p1 ,p2!un~p2!, ~4!

where er is the polarization vector of the photon and t
Lorentz tensorO mrn is given by

O mrn~p1 ,p2!

52gmnFgr~ f 11 f 2!1
~p11p2!r

2MB
f 21qr f 3G

2
qmqn

~2MB!2 Fgr~G11G2!1
~p11p2!r

2MB
G21qrG3G ,

~5!

where the form factorsf i and Gi are functions ofq25(p1
2p2)2. In our problem, the values of the form factors only
one point,q250, are needed.

In the calculations, a summation over spins of the Rar
Schwinger spin vector is performed:

(
s

us~p,s!ūt~p,s!

52
~p”1MB!

2MB

3H gst2
1

3
gsgt2

2pspt

3MB
2

1
psgt2ptgs

3MB
J .

~6!

Using Eqs.~2!–~6!, one can see that the correlator conta
many structures, not all of them independent. To remove
dependencies, an ordering of the gamma matrices shoul
chosen. For this purpose the orderinggmp” 1e”p” 2gn is chosen.
With this ordering, the correlation function becomes

Pmn5lB
2 1

~p1
22MB

2 !~p2
22MB

2 !
Fgmnp” 1e”p” 2

gM

3

1other structures withgm at the beginning

andgn at the endG , ~7!

where gM is the magnetic form factor,gM/35 f 11 f 2. The
05301
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value of gM at q250 gives the magnetic moment of th
baryon in units of its natural magneton,e\/2mBc. Hence,
among the many structures in the correlator, for determi
tion of the magnetic moments, only the structuregmnp” 1e”p” 2
is needed. The appearance of the factor 3 can be unders
from the fact that in the nonrelativistic limit, the maximum
energy of the baryon in the presence of a uniform magn
field with magnitudeH is 3(f 11 f 2)H[gMH @20,15#. An-
other advantage of choosing thegmnp” 1e”p” 2 structure is that
spin 1/2 baryons do not contribute to this structure. Inde
their overlap is given by

^0uhmuJ51/2&5~Apm1Bgm!u~p!, ~8!

where (p”2m)u(p)50 and (Am14B)50 @20,21#, and we
cannot construct the structuregmnp” 1e”p” 2.

For calculating the correlator~1! from the QCD side, first
of all, suitable interpolating currents should be chosen.
the baryons under study, they can be chosen as~see for ex-
ample@11#!

hm
S* 1

5
1

A3
eabc@2~uaTCgmsb!uc1~uaTCgmub!sc#,

hm
S* 0

5A2

3
eabc@~uaTCgmdb!sc1~daTCmasb!uc

1~saTCgmub!dc#,

hm
S* 2

5
1

A3
eabc@2~daTCgmsb!dc1~daTCgmdb!sc#,

hm
J* 0

5
1

A3
eabc@2~saTCgmub!sc1~saTCgmsb!uc#,

hm
J* 2

5
1

A3
eabc@2~saTCgmdb!sc1~saTCgmsb!dc#,

hm
V2

5eabc~saTCgmsb!sc, ~9!

whereC is the charge conjugation operator,a,b,c are color
indices.

After some calculations, for the theoretical parts of t
correlator, we get
2-2
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MAGNETIC MOMENTS OF DECUPLET BARYONS IN . . . PHYSICAL REVIEW D62 053012
Pmn
S* 1

5P8mn
S* 1

2
1

6
eabcede fE d4x eipx^g~q!uūdAiu

a$2AignSs8
begmSu

c f12AignSu8
c fgmSs

be12Ss
begnAi8gmSu

c f

12Ai Tr~gnSu8
c fgmSs

be!1Ss
beTr~gnAi8gmSu

c f!12Su
c fgnSs8

begmAi12Su
c fgnAi8gmSs

be12Ss
begnSu8

c fgmAi

12Su
c f Tr~gnAi8gmSs

be!1Ss
beTr~gnSu8

c fgmAi !%1 s̄eAis
b$2Su

adgnAi8gmSu
c f12Su

adgnSu8
c fgmAi12AignSu8

adgmSu
c f

12Su
ad Tr~gnSu8

c fgmAi !1Ai Tr~gnSu8
adgmSu

ad!%u0&, ~10!

Pmn
V2

5Pmn8 V2
1

1

2
eabcede fE d4x eipx^g~q!us̄fAis

a$2Ss
cdgnSs8

begmAi12Ss
cdgnAi8gmSs

be12AignSs8
cdgmSs

be

1Ss
cd Tr~gnSs8

begmAi !1Ss
cd Tr~gnAi8gmSs

be!1Ai Tr~gnSs8
cdgmSs

be!%u0&, ~11!

whereAi51,ga ,sab /A2,igag5 ,g5, a sum overAi implied, S8[CSTC, Ai85CAi
TC, with T denoting the transpose of th

matrix, andSq is the full light quark propagator with both perturbative and nonperturbative contributions. We calcula
theoretical part of the sum rules in linear order in the strange quark mass,ms . The calculations show that the terms quadra
in the strange quark mass give smaller contributions than the terms linear inms ~about8%). For thepropagator of quarks, we
will use the following expression:

Sq5^0uT q̄~x!q~0!u0&

5
ix”

2p2x4
2

mq

4p2x2
2

^q̄q&
12 S 12

imq

4
x” D2

x2

192
m0

2^q̄q&S 12
imq

6
x” D

2 igsE
0

1

dvF x”

16p2x2
Gmn~vx!smn2vxmGmn~vx!

3gn

i

4p2x2
2

imq

32p2
GmnsmnS ln

2x2L2

4
12gED G , ~12!

whereL is an energy cutoff separating perturbative and nonperturbative regimes.
In Eqs.~10!,~11!, the first terms,Pmn8B, describe diagrams in which the photon is emitted from the freely propagating q

Their explicit expressions can be obtained from the remaining terms by substituting all occurences of

q̄a~x!Aiq
bAiab→2S E d4y FmnynSq

pert~x2y!gmSq
pert~y! D

ab

ba

, ~13!

where the Fock-Schwinger gauge,xmAm(x)50 is used, andSq
pert is the perturbative part of the quark propagator, i.e., the fi

two terms in Eq.~12!. Here,Fmn is the electromagnetic field strength tensor.
For customary, here we presented theoretical results only for the correlators ofS* 1 andV2 @see Eqs.~10! and~11!#. The

corresponding expressions for the theoretical parts of the correlators for theS* 2, S* 0, J* 0, and J* 2 baryons can be
obtained from Eq.~10! as follows: ForS* 2, substituted quarks instead ofu quarks; forJ* 0 exchangeu ands quarks; and
for J* 2, substitutes quarks instead ofu quarks, andd quarks instead ofs quarks. The theoretical part of the correlator for t
S* 0 baryon is half the sum of the theoretical parts of the correlators for theS* 1 andS* 2 baryons in exactSU(2) flavor
symmetry limit.

For calculating the QCD part of the sum rules, one needs to know the matrix elements^g(q)uq̄Aiqu0&. Up to twist-4, matrix
elements contributing to the selectedgmnp” 1e”p” 2 structure are expressed in terms of the photon wave functions as@22–24#

^g~q!uq̄gag5qu0&5
f

4
eqeabrsebqrxsE

0

1

du eiuqxc~u!,

^g~q!uq̄sabqu0&5 ieq^q̄q&E
0

1

du eiuqx$~eaqb2ebqa!†xf~u!1x2@g1~u!2g2~u!#‡1@qx~eaxb2ebxa!

1ex~xaqb2xbqa!#g2~u!%, ~14!
053012-3
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wherex is the magnetic susceptibility of the quark condensate andeq is the quark charge. The functionsf(u) andc(u) are
the leading twist-2 photon wave functions, whileg1(u) andg2(u) are the twist-4 functions.

Using Eqs.~12! and~14!, after some algebra, and performing Fourier transformation, the result for the structuregmnp” 1e”p” 2
can be obtained. As stated earlier, in order to construct the sum rules, we must equate the phenomenological and t
expressions for the correlator. Performing the Borel transformation on the variablesp2 and (p1q)2 in order to suppress the
contributions of the higher resonances and the continuum, the following sum rules for the magnetic moment of the bar
obtained:

gM
S* 1

5
eM

S*
2

/M2

lS*
2 H f c~u0!

12p2 F ^g2G2&
48

2M4f 1S s0

M2D G ~es12eu!1
8

3
^ūu&„g1~u0!2g2~u0!…@^s̄s&~es1eu!1^ūu&eu#

1
xf~u0!^ūu&

6 Fm0
224M2f 0S s0

M2D G „^s̄s&~es1eu!1^ūu&eu…1
2

3
^ūu&~es^ūu&12eu^s̄s&!

1
^g2G2&M2

768p4
f 0S s0

M2D ~es12eu!1
3M6

64p2
f 2S s0

M2D ~es12eu!1
msM

2

4p2
f 0S s0

M2D ~eu^ s̄s&2es^ūu&!

2
ms^ūu&

8p2 S gE2 ln
L2

M2D Fm0
2es1

eu

9
^g2G2&f~u0!xG1

ms^ūu&M2

p2
f 0S s0

M2D @esgE22eu„g1~u0!2g2~u0!…2eu#

1
eums^ūu&

4p2 S m0
22

2

9
„g1~u0!2g2~u0!…

^g2G2&

M2
1

8

3
p2f c~u0!1xf~u0!M4f 1S s0

M2D D J , ~15!

gM
J* 0

5
eM

J*
2

/M2

lJ*
2 H f c~u0!

12p2 F ^g2G2&
48

2M4f 1S s0

M2D G ~eu12es!1
8

3
^s̄s&„g1~u0!2g2~u0!…@^ūu&~eu1es!1^ s̄s&es#

1
xf~u0!^s̄s&

6 Fm0
224M2f 0S s0

M2D G „^ūu&~eu1es!1^s̄s&es…1
2

3
^s̄s&~eu^s̄s&12es^ūu&!

1
^g2G2&M2

768p4
f 0S s0

M2D ~eu12es!1
3M6

64p2
f 2S s0

M2D ~eu12es!2
ms

p2
„g1~u0!2g2~u0!…~^ s̄s&es1^ūu&eu!

3S 2M2f 0S s0

M2D1
^g2G2&

18M2 D 2
msxf~u0!

72p2
^g2G2&~^s̄s&es1^ūu&eu!S gE2 ln

L2

M2D 2
m0

2mses

8p2
~^s̄s&1^ūu&!

3S gE2 ln
L2

M2D 1msS 2

3
f c~u0!1

m0
2

4p2D ~^ūu&es1^s̄s&eu!1
ms

4p2
M2f 0S s0

M2D @4gEes~^ s̄s&1^ūu&!

2~5^ūu&es13^s̄s&eu!#1
msxf~u0!

4p2
M4f 1S s0

M2D ~^s̄s&es1^ūu&eu!J , ~16!

gM
V2

5
es

lV
2

eMV
2 /M2H f c~u0!

4p2 F ^g2G2&
48

2M4f 1S s0

M2D G18^s̄s&2@g1~u0!2g2~u0!#1
xf~u0!^ s̄s&2

2 Fm0
224M2f 0S s0

M2D G
12^ s̄s&21

^g2G2&M2

256p4
f 0S s0

M2D 1
9M6

64p4
f 2S s0

M2D 12 f c~u0!ms^s̄s&2
ms^s̄s&

6p2
^g2G2&Fg1~u0!2g2~u0!

M2
1

xf~u0!

4

3S gE2 ln
L2

M2D G2
6

p2
ms^s̄s&„g1~u0!2g2~u0!…M2f 0S s0

M2D1
3m0

2

8p2
ms^s̄s&S 22gE1 ln

L2

M2D
2

3~12gE!

p2
ms^s̄s&M2f 0S s0

M2D1
3xf~u0!

4p2
ms^s̄s&M4f 1S s0

M2D J . ~17!
053012-4
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As is stated earlier, the sum rules forS* 6, andJ* 2 can be
obtained from Eq.~15! and Eq.~16!, respectively, as follows
To obtain the sum rules forS* 2 and S* 0 from Eq. ~15!,
replaceeu by ed and (eu1ed)/2 respectively. To obtain the
sum rules forJ* 2, replaceeu by ed in Eq. ~16!.

In Eqs.~15!–~17!, the functions

f n~x!512e2x(
k50

n
xk

k!
~18!

are used to subtract the contributions of the continuum@15#
ands0 is the continuum threshold,

u05
M1

2

M1
21M2

2
,

1

M2
5

1

M1
2

1
1

M2
2

.

As we are working with just a single baryon, the Borel p
rametersM1

2 and M2
2 should be taken to be equal, i.e.,M1

2

5M2
2, from which it follows thatu051/2.

III. NUMERICAL ANALYSIS

From the sum rules, one sees that, besides several
stants, one needs expressions for the photon wave func
in order to calculate the numerical value of the magne
moment of the decuplet baryons. It was shown in@22,23#
that they do not deviate much from the asymptotic for
hence, we shall use the following photon wave functio
@23,24#:

f~u!56uū,

c~u!51,

g1~u!52
1

8
ū~32u!,

g2~u!52
1

4
ū2,

where ū512u. The values of the other constants th
are used in the calculation aref 50.028 GeV2, x
524.4 GeV22 @25# ~in @26#, x is estimated to bex

523.3 GeV22), ^g2G2&50.474 GeV4, ^ūu&5^s̄s&/0.8
52(0.243)3 GeV3, m0

25(0.860.2) GeV2 @27#, lS*
50.043 GeV3, lJ* 50.053 GeV3, and lV50.068 GeV3

@28#. For the energy cutoff,L, we will takeL50.5 GeV.
Having fixed the input parameters, our next task is to fi

a region of Borel parameter,M2, where dependence of th
magnetic moments onM2 and the continuum thresholds0 is
rather weak and at the same time higher states and
tinuum contributions remain under control. We demand t
these contributions are less than 35%. Under this requ
05301
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ment, the working region for the Borel parameter,M2, is
found to be 1.1 GeV2<M2<1.4 GeV2 for S* baryons and
1.1 GeV2<M2<1.7 GeV2 for J* andV2 baryons. In the
case ofJ* andV2 baryons, the working region of the Bore
parameter is wider due to the relatively large masses of th
baryons.

In Figs. 1–6, we present the dependence of the magn
moment of each baryon on the Borel parameter,M2 for three
values of the continuum threshold and for the casesms50
andms50.15 GeV. The magnetic moments depend wea
on the value of the continuum threshold, they change at m
6% by a variation ofs0 and are also very weakly depende
on M2. From these figures we can deduce the following co
clusions. When we take into account mass of strange qua
the results for the magnetic moments of charged decu
baryons change about 25%, but for the neutral decuplet b
ons, the situation changes drastically, i.e., the results incre
by more than a factor of four. This fact can be explained
the following way. In exactSU(3) limit, magnetic moments
of S* 0 and J* 0 are proportional to (eu1ed1es) and (eu
12es), respectively. For example, theJ* 0 case is evident

FIG. 1. The dependence of the magnetic moment ofS* 1 on the
Borel parameter,M2 ~in units of nuclear magneton!, for three dif-
ferent values of the continuum threshold,s0, and for the casesms

50 andms50.15 GeV.

FIG. 2. The same as Fig. 1, but forS* 0.
2-5
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T. M. ALIEV, A. ÖZPINECI, AND M. SAVCI PHYSICAL REVIEW D 62 053012
from Eq. ~16! if in this equation we putms→0 and ^ūu&
5^s̄s&. In other words, magnetic moments ofS* 0 andJ* 0

are exactly zero inSU(3) symmetry limit.@In Figs. 2 and 4,
they are slightly different from zero. This is due to the fa
that in the calculations we takês̄s&Þ^q̄q& (q5u,d).#
Hence, the main contribution to the magnetic moments
S* 0 andJ* 0 come fromSU(3) breaking terms~the mass of
s-quark, s-quark condensate, etc.!. For this reason, for the
magnetic moments of the neutral decuplet baryonsSU(3)
breaking effects play an essential role. Note that all
graphs are plotted forx524.4 GeV2 and m0

250.8 GeV2.
Our final results on the magnetic moments of the decu
baryons atms50.15 GeV is presented in Table I. For com
pleteness, in this table, we also depicted our previous pre
tions on the magnetic moments ofD baryons and also the
predictions of other methods. The quoted errors in Tab
are due to the uncertainties inm0

2, s0, variation of the Borel
parameterM2 and the neglectedms

2 terms. Note that in our
calculations, we have neglected higher twist wave functi
and corrections to the leading twist 2 photon wave functi
Our calculations show that these corrections can bring
addition 5% error to the above quoted errors. One final
mark is that our predictions on the magnetic moment ofJ* 0

differ from the QCD sum rule results not just in magnitud
but also, more essentially, by sign.

FIG. 3. The same as Fig. 1, but forS* 2.

FIG. 4. The same as Fig. 1, but forJ* 0.
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APPENDIX

In this appendix, derivation of the rules for Fourier an
Borel transformation which we have used in our calculatio
will be presented.

In coordinate representation, the structures that contrib
to the structuregmnp” 1e”p” 2 arexmxnx”e”q” andgmnx”e”q” . Let us
start with the following expressions:

E d4x eiPx
xmxnxa

~2x2!n
~A1!

and

E d4x eiPx
xa

~2x2!n
, ~A2!

for arbitraryn @there are also terms proportional to ln(2x2);
these terms will be discussed later#. Note that we are inter-
ested only in the part of the Fourier transforms that are p
portional to gmn . In Eqs. ~A1! and ~A2!, P25(p1uq)2

5p1
2ū1p2

2u whereū512u. The derivation will be demon-
strated for Eq.~A1!, as generalization is quite trivial. On
can replace every occurrence ofxb by 2 i (]/]Pb):

FIG. 5. The same as Fig. 1, but forJ* 2.

FIG. 6. The same as Fig. 1, but forV2.
2-6
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TABLE I. Comparisons of decuplet baryon magnetic moments from various calculations: this work~LCQSR!, QCDSR@11# lattice QCD~Latt! @21#, chiral
perturbation theory (x PT) @29#, light-cone relativistic quark model~RQM! @30#, nonrelativistic quark model~NQM! @31#, chiral quark-soliton model
(x QSM) @32#, and chiral bag model (x B) @33#. For the magnetic moments ofD baryons in LCQSR, we have used the result of@15#. All results are in units
of nuclear magnetons.

Baryon D11 D1 D0 D2 S* 1 S* 0 S* 2 J* 0 J* 2 V2

Expt. 4.561.0 ;0 22.02460.056
LCQCD 4.460.8 2.260.4 0.00 22.260.4 2.760.6 0.2060.05 22.2860.5 0.4060.08 22.060.4 21.6560.35
QCDSR 4.3961.00 2.1960.50 0.00 22.1960.50 2.1360.82 0.3260.15 21.6660.73 20.6960.29 21.5160.52 21.4960.45
Latt. 4.9160.61 2.4660.31 0.00 2.4660.31 2.5560.26 0.2760.05 22.0260.18 0.4660.07 1.6860.12 21.4060.10
x PT 4.060.4 2.160.2 20.1760.04 22.2560.25 2.060.2 20.0760.02 22.260.2 0.160.04 22.060.2 input
RQM 4.76 2.38 0.00 22.38 1.82 20.27 22.36 20.60 22.41 22.48
NQM 5.56 2.73 20.09 22.92 3.09 0.27 22.56 0.63 22.2 21.84
x QSM 4.73 2.19 20.35 22.90 2.52 20.08 22.69 0.19 22.48 22.27
x B 3.59 0.75 22.09 21.93 2.35 0.79 23.87 0.58 22.81 21.75
nt

a
ec
ea
l
e

ef

in-
tity
E d4x eiPx
xmxnxa

~2x2!n

5S 2 i
]

]Pa
D S 2 i

]

]Pm
D

3S 2 i
]

]Pn
D ~2 i !

G~n!
E d4xE

0

`

dt e2 iPxtn21e2tx2
,

~A3!

where we have switched to the Euclidean space in the i
gral and used the identity

1

yn
5

1

G~n!
E

0

`

tn21e2ty. ~A4!

In Eq. ~A3! one should be careful in taking the derivatives
the derivatives are with respect to the Minkowskian four v
tor P but the integrand is expressed in terms of the Euclid
vector P. The four dimensional integral is now a trivia
Gaussian integration. After performing the integration ov
Euclidean space time, and taking the derivatives, the co
cient of gmnPa is found to be

E d4x eiPx
xmxnxa

~2x2!n
→ p2

4G~n!
E

0

`

dt tn25e2P2/4t. ~A5!

Using the Borel transformation of the exponential

Bp
1
2Bp

2
2e2P2/4t5dS 1

M1
2

2
ū

4t D dS 1

M2
2

2
u

4t D ~A6!

and carrying out thet integration, one obtains

E d4x eiPx
xmxnxa

~2x2!n
→ p2

G~n! S M2

4 D n23

M2d~u2u0!,

~A7!
05301
e-

s
-
n

r
fi-

where

M25
M1

2M2
2

M1
21M2

2
,

u05
M1

2

M1
21M2

2
.

Similarly

E d4x eiPx
xa

~2x2!n
→2

2p2

G~n! S M2

4 D n22

3M2d~u2u0!, ~A8!

E d4x eiPx
ln~2x2!xa

~2x2!n
→2

2p2

G~n! S M2

4 D n22

M2H lnS M2

4 D
2

d

dn
ln G~n!J d~u2u0!, ~A9!

E d4x eiPx
ln~2x2!xmxnxa

~2x2!n
→ p2

G~n!S M2

4 D n23

M2H lnS M2

4 D
2

d

dn
ln G~n!J d~u2u0!.

~A10!

The corresponding transformation rules for terms conta
ing ln(2x2) have been obtained by making use of the iden

ln~2x2!52
]

]e

1

~2x2!e U
e50

. ~A11!
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