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Strong rNN coupling derived from QCD
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We study the two point correlation function of two nucleon currents sandwiched between the vacuum and
the rho meson state. The light cone QCD sum rules are derived for therNN vector and tensor couplings
simultaneously. The contribution from the excited states and the continuum is subtracted cleanly through the
double Borel transform with respect to the two external momenta,p1

2, p2
25(p2q)2. Our results aregr52.5

60.2, kr5(8.062.0), in good agreement with the values used in the nuclear forces.
@S0556-2813~99!01701-X#

PACS number~s!: 21.30.2x, 13.75.Cs, 12.38.Lg
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I. INTRODUCTION

Quantum chromodynamics~QCD! is asymptotically free
and its high energy behavior has been tested to two-l
accuracy. On the other hand, the low-energy behavior
become a very active research field in the past years. Var
hadronic resonances act as suitable labs for exploring
nonperturbative QCD. Among which, the inner structure
nucleon and mesons and their interactions is of central
portance in nuclear and particle physics.

Internationally there are a number of experimental c
laborations, like TJNAL~former CEBAF!, COSY, ELSA
~Bonn!, MAMI ~Mainz!, and Spring8~Japan!, focusing on
the nonperturbative QCD dynamics. Especially the Ma
research project MAMI ~Mainzer Mikrotron! with its
planned extension from a 855 MeV to 1.5 GeV electron c
accelerator and the Japan Hadron Facility~JHF! at Spring8
will extensively study the photo and electroproduction
vector mesons off nucleons.

Moreover, the strongrNN couplings are, likepNN and
pND couplings, the basic inputs for the description
nuclear forces in terms of meson exchange between nu
ons. So far the linkage between the underlying theory Q
and the phenomenologicalrNN couplings has not bee
made. Especially the commonly adopted tensor-vector r
kr56.8 is much larger than the vector meson domina
model ~VDM ! result kv53.7. One wonders whether it i
feasible to calculate therNN couplings directly with the
fundamental theory QCD.

Although it is widely accepted that QCD is the underlyin
theory of the strong interaction, the self-interaction of t
gluons causes the infrared behavior and the vacuum of Q
highly nontrivial. In the typical hadronic scale QCD is no
perturbative which makes the first principle calculation
these couplings unrealistic except the lattice QCD approa
which is very computer time consuming. Therefore, a qu
titative calculation of therNN couplings with a tractable an
reliable theoretical approach proves valuable.

The method of QCD sum rules~QSR!, as proposed origi-
nally by Shifman, Vainshtein, and Zakharov@1# and adopted,
or extended, by many others@2,3,4#, are very useful in ex-
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tracting the low-lying hadron masses and couplings. In
QCD sum rule approach the nonperturbative QCD effects
taken into account through various condensates in the n
trivial QCD vacuum. A recent review of QSR is given b
Shifman@5#. In this work we shall use the light cone QC
sum rules~LCQSR! to calculate therNN couplings.

The LCQSR is quite different from the convention
QSR, which is based on the short-distance operator pro
expansion. The LCQSR is based on the OPE on the l
cone, which is the expansion over the twists of the operat
The main contribution comes from the lowest twist operat
Matrix elements of nonlocal operators sandwiched betwee
hadronic state and the vacuum defines the hadron wave f
tions. When the LCQSR is used to calculate the coupl
constant, the double Borel transformation is always invok
so that the excited states and the continuum contribution
be treated quite nicely. Moreover, the final sum rule depe
only on the value of the hadron wave function at a spec
point, which is much better known than the whole wa
function @6#. In the present case our sum rules involve w
the rho wave function~RWF! wr(u05 1

2 ). Reviews of the
method of LCQSR can be found in@7,8#.

The LCQSR has been widely used to treat the coupli
of pions with hadrons. Recently the couplings of pions w
heavy mesons in full QCD@6#, in the limit of mQ→` @9#,
1/mQ corrections and mixing effects@10#, the couplings of
pions with heavy baryons@11#, thepNN andpNN* (1535)
couplings@12#, the r→pp and K*→Kp decays@13#, and
various semileptonic decays of heavy mesons@14# have been
discussed.

The QCD sum rules were used to analyze the exclus
radiativeB-decays with the help of the light-cone vector m
son wave function in@15#. With the same formalism the
off-shell gB* Br andgD* Dr couplings in@16# and ther decay
widths of excited heavy mesons@17# were calculated.

Our paper is organized as follows. Section I is an int
duction. We introduce the two point function for therNN
vertex and saturate it with nucleon intermediate states in S
II. The definitions of the RWFs and the formalism o
LCQSR are presented in Sec. III. In Sec. IV we present
LCQSR for therNN coupling. In Sec. V we present som
discussions of these RWFs and their values at the poinu0
5 1

2 . We make the numerical analysis and a short discuss
in Sec. VI.
435 ©1999 The American Physical Society



in
-

ov

he
b
rm
el

d
d
r.

be

s
nc
-

g

ld,

r

d

l-
ates

al

s.
ng

e
ose
eon
l

ve

436 PRC 59SHI-LIN ZHU
II. TWO POINT CORRELATION FUNCTION
FOR THE rNN COUPLING

Many authors have studied the strongrNN couplings. It
was pointed out that the inclusion of an effectiver-pole con-
tribution leads to a large value for the tensor-vector coupl
ratio kr56.661 @18,19#, in the dispersion-theoretical analy
sis of the nucleon electromagnetic form factors. The ab
value is consistent with other determination@20,21#. Brown
and Machleidt have discussed the evidence for a strongrNN
coupling from the measurement ofe1 parameter inNN scat-
tering @22#. Brown, Rho, and Weise suggested thatkr

52kv is consistent with a quark core radius of 0.5 fm for t
nucleon and an equal factorization of the baryon charge
tween the quark and meson cloud in the two-phase Sky
model@23#. Recently Wen and Hwang used the external fi
method in QCD sum rules to study therNN couplings@24#.
They obtainedkr53.6, in agreement with VDM resultkv
53.7 andks520.12. In their work the authors introduce
the vector-liker-quark interaction Lagrangian by hand an
treated the vector meson quark coupling as free paramete
other words, therNN vector and tensor couplings cannot
determined simultaneously.

We shall calculate therNN vector and tensor coupling
simultaneously using vector meson light cone wave fu
tions up to twist four, which will result in a reliable extrac
tion of kr .

We start with the two point function

P~p1 ,p2 ,q!5E d4xeipx^0uThn~x!h̄p~0!ur1~q!& ~1!

with p15p, p25p2q and the Ioffe nucleon interpolatin
field @3#

hp~x!5eabc@ua~x!Cgmub~x!#g5gmdc~x!, ~2!

h̄p~y!5eabc@ ūb~y!gnCūaT~y!#d̄c~y!gng5, ~3!

wherea,b,c are the color indices andC5 ig2g0 is the charge
conjugation matrix. For the neutron interpolating fie
u↔d.

The rho nucleon couplings are defined by therNN inter-
action:

LrNN5grrmN̄Fgm1kr

ismnqm

2mN
GN. ~4!

rm is an isovetor in Eq.~4!. gr is the rho-nucleon vecto
coupling constant andkr is the tensor-vector ratio.

At the phenomenological level Eq.~1! can be expresse
as

P~p1 ,p2 ,q!5 ilN
2 grem~l!

3

~ p̂11mN!S gm1kr

ismnqm

2mN
D ~ p̂21mN!

~p1
22mN

2 !~p2
22mN

2 !

1¯ , ~5!
g

e

e-
e

d

In

-

whereem(l) is the rho meson polarization vector. The e
lipse denotes the continuum and the single pole excited st
to nucleon transition contribution.lN is the overlapping am-
plitude of the interpolating currenthN(x) with the nucleon
state

^0uh~0!uN~p!&5lNuN~p!. ~6!

Expanding ~5! with the independent variablesP5(p1
1p2)/2,q and decomposing it into the chiral odd and chir
even part, we arrive at

P5Po1Pe , ~7!

where

Po~p1 ,p2 ,q!5
ilN

2 gr

~p1
22mN

2 !~p2
22mN

2 !

3H ~e•P!P̂1
11kr

2
q2ê2

112kr

4
~e•q!q̂

1 i ~11kr!emabsemPaqbgsg5J 1¯ , ~8!

and

Pe~p1 ,p2 ,q!

5
ilN

2 gr

~p1
22mN

2 !~p2
22mN

2 !
H S 2mN1

kr

2mN
q2D ~e•P!

2
11kr

2
mN~ êq̂2q̂ê!2

kr

2mN
~e•P!~ q̂p̂2 p̂q̂!J

1¯ , ~9!

with q25mr
2 . We have not kept the single pole terms in Eq

~8! and ~9! since they are always eliminated after maki
double Borel transformation in deriving final LCQSRs.

It was well known that the sum rules derived from th
chiral odd tensor structure yield better results than th
from the chiral even ones in the QSR analysis of the nucl
mass and magnetic moment@3,25#. We shall consider chira
odd tensor structures only below.

III. THE FORMALISM OF LCQSR AND RHO WAVE
FUNCTIONS

Neglecting the four particle component of the rho wa
function, the expression forP(p1

2 ,p2
2 ,q2) with the tensor

structure at the quark level reads

E eipxdx^0uThn~x!h̄p~0!ur1~q!&

524eabcea8b8c8g5gmiSd
aa8~x!

3gnC^0udc~x!ūc8~0!ur1~q!&T

3CgmiSu
Tbb8~x!gng5 , ~10!
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whereiS(x) is the full light quark propagator with both pe
turbative term and contribution from vacuum fields

iS~x!5^0uT@q~x!,q̄~0!#u0&

5 i
x̂

2p2x4 2
^q̄q&
12

2
x2

192
^q̄gss•Gq&

1
gs

16p2x2 E
0

1

du$2~122u!xmgn

1 i emnrsg5grxs%Gmn~ux!1¯ , ~11!

where we have introducedx̂[xmgm. In our calculation we
take the tiny current quark mass to be zero.

The relevant Feynman diagrams are presented in Fig
The squares denote the rho wave function~RWF!. The bro-
ken solid line, broken curly line, and a broken solid line w
a curly line attached in the middle stands for the quark c
densate, gluon condensate, and quark gluon mixed con
sate, respectively.

By the operator expansion on the light-cone the ma
element of the nonlocal operators between the vacuum
rho meson defines the two particle rho wave function. Up
twist four the Dirac components of this wave function can
written as follows@15,26,27#. For the longitudinally polar-
ized rho mesons,

^0uū~0!gmd~x!ur2~q,l!&

5 f rmrH qm

e~l!
•x

q•x E
0

1

due2 iuq•x

3Ff i~u,m2!1
mr

2x2

4
A~u,m!G

1S em
~l!2qm

e~l!x

qx D E
0

1

due2 iuq•xgv~u,m2!

2
1

2
xm

e~l!
•x

~q•x!2 mr
2E

0

1

due2 iuq•xC~u,m2!J ,

~12!

FIG. 1. The relevant Feynman diagrams for the derivation of
LCQSR forrNN coupling. The squares denote the rho wave fu
tion ~RWF!. The broken solid line, broken curly line, and a brok
solid line with a curly line attached in the middle stands for t
quark condensate, gluon condensate, and quark gluon mixed
densate, respectively.
1.

-
n-

x
nd
o
e

and

^0uū~0!gmg5d~x!ur2~q,l!&

52
1

4
f rmrem

nabe'n
~l!qaxbE

0

1

due2 iuq•xga~u,m2!,

~13!

where

C~u!5g3~u!1f i~u!22g'
~v !~u!. ~14!

The link operatorsPexp@ ig*0
1daxmAm(ax)# are under-

stood in between the quark fields. The distribution amp
tudes describe the probability amplitudes to find ther in a
state with quark and antiquark carrying momentum fractio
u ~quark! and 12u ~antiquark!, respectively, and have
small transverse separation of order 1/m @27#.

The vector decay constantf r is defined as

^0uū~0!gmd~0!ur2~q,l!&5 f rmrem
~l! . ~15!

All distributions f5$f i ,gv,ga,A,C% are normalized as

E
0

1

duf~u!51. ~16!

The twist-three three-particle quark-antiquark-gluon d
tributions are@27#

^0uū~0!gagsGmn~ux!d~x!ur2~q,l!&

5 iqa@qme'n
~l!2qne'm

~l!# f 3r
V V~u,qz!1¯ , ~17!

^0uū~0!gag5gsG̃mn~ux!d~x!ur2~q,l!&

5qa@qne'm
~l!2qme'n

~l!# f 3r
A A~u,qx!1¯ , ~18!

where the operator G̃ab is the dual of Gab :
G̃ab5 1

2 eabdrGdr and the ellipses denote higher twist cont
butions.

The following shorthand notation for the integrals defi
ing three-particle distribution amplitudes is used:

F~u,qx![E DaI e2 iq•x~a31uag!F~a1 ,ag ,a3!. ~19!

HereF5$V,A% refers to the vector and axial-vector distrib
tions, aI is the set of three momentum fractions:a3 ~d
quark!, a1 ~u quark!, and ag ~gluon!, and the integration
measure is defined as

E DaI [E
0

1

da1E
0

1

da3E
0

1

dagdS 12( a i D . ~20!

e
-

n-
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The normalization constantsf 3r
V , f 3r

A , f 3r
T are defined in such

a way that

E DaI ~a32a1!V~a1 ,ag ,a3!51, ~21!

E DaIA~a1 ,ag ,a3!51. ~22!

The functionA is symmetric and the functionsV is antisym-
metric under the interchangea1↔a3 in the SU~3! limit
@28,27#, which follows from the G-parity transformatio
property of the corresponding matrix elements.

In the infinite momentum frame the RWFsf i are associ-
ated with the leading twist two operator,A(u) correspond to
twist four operators, andga(u),gv(u) to twist three ones.
on
io

ac
f

l

e

The three particle RWFsV,A are of twist three. Details can
be found in@27#.

IV. THE LCQSR FOR THE rNN COUPLING

Expressing~10! with the longitudinal rho wave functions
~LRWFs!, we can obtain the expressions for the correlator
the coordinate space. Up to dimension six the gluon cond
sate is the only relevant condensate contributing to the ch
odd tensor structure. Yet the gluon condensate always
pears with a large suppression factor, which arises from
two-loop internal momentum integration in the diagram~d!
in Fig. 1. Its contribution is quite small, which is confirme
by our detailed calculation. For example, after double Bo
transformation, diagram~d! is suppressed by a facto
^gs

2G2&/24MB
4, where ^gs

2G2&50.48 GeV4 and MB
2;1.5

GeV2.
Diagram~a! involves with two-particle LRWFs. After te-

dious but straightforward calculation, we get
Po
2~p1 ,p2 ,q!5E d4xE

0

1

duei ~p2uq!xf rmrF2
ga~u!

p4x6 eabmsebqmxsgag52
4

p4x6 S @f i~u!2gv~u!#q̂
~e•x!

~q•x!
1êgv~u! D

1
2

p4x6 mr
2g3~u!

~e•x!

~q•x!2 x̂2
1

p4x4 mr
2A~u!q̂

~e•x!

~q•x!
2

ga~u!

768p4x2 ^gs
2G2&eabmsebqmxsgag51¯ G . ~23!
ith

the
the
The RWFs can be found in the previous section. Diagram~b!
is associated with vacuum gluon fields. But its contributi
vanishes due to isospin symmetry. Our explicit calculat
confirms it.

We frequently use integration by parts to absorb the f
tors 1/(q•x) and 1/(q•x)2, which leads to the integration o
RWFs. For example,

E
0

1 e2 iuq•x

q•x
c~u!du5 i E e2 iuq•xC~u!du1C~u!e2 iuq•xu0

1 ,

~24!

where the functionC(u) is defined as

C~u!51E
0

u

c~u!du. ~25!

Note the second term in Eq.~24! vanishes after double Bore
transformation or due tofr(u0)5C(u0)50 at end points
u050,1.

We first finish Fourier transformation. The formulas ar

E eipx

~x2!n dDx→ i ~21!n11
2D22npD/2

~2p2!D/22n

G~D/22n!

G~n!
,

~26!
n

-

E x̂eipx

~x2!n dDx→~21!n11
2D22n11pD/2

~2p2!D/2112n

G~D/2112n!

G~n!
p̂,

~27!

E xmxneipx

~x2!n dDx→ i ~21!n2D22n11pD/2

3H gmn

~2p2!D/2112n

G~D/2112n!

G~n!

1
2pmpn

~2p2!D/2122n

G~D/2122n!

G~n! J . ~28!

The next step is to make double Borel transformation w
the variablesp1

2 and p2
2 to Eq. ~8! and Eqs.~30! and ~31!.

The single-pole terms in Eq.~5! are eliminated. The formula
reads

B
1p1

2

M1
2

B
2p2

2

M2
2 G~n!

@m22~12u!p1
22up2

2#n

5~M2!22ne2m2/M2
d~u2u0!, ~29!

where u05M1
2/(M1

21M2
2), M2[M1

2M2
2/(M1

21M2
2), M1

2,
M2

2 are the Borel parameters.
Finally we identify the same tensor structures both at

hadronic level and the quark gluon level. Subtracting
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continuum contribution which is modeled by the dispersion integral in the regions1 ,s2>s0 , we arrive at

i ê

lN
2&gr

11kr

2
mr

2e2mN
2 /M2

5
f rmr

2p2
e2@u0~12u0!mr

2
#/M2

3H gv~u0!M6f 2S s0

M2D 2mr
2G3~u0!M4f 1S s0

M2D 1
gv~u0!

24
^gs

2G2&M2f 0S s0

M2D J , ~30!

i (e•P) P̂

lN
2&gre2mN

2 /M2
52e2@u0~12u0!mr

2
#/M2 f rmr

3

p2
G3~u0!M2f 0S s0

M2D ,
e

te

in
Fs

es

so-

for

l

o

whereq25mr
2 , f n(x)512e2x(k50

n xk/k! is the factor used
to subtract the continuum,s0 is the continuum threshold. Th
sum rules are symmetric with the Borel parametersM1

2 and
M2

2. It is natural to adoptM1
25M2

252M2, u05 1
2 . The func-

tions Gi(u), i 50,1,2,3,A(u) are defined as

G0~u!5E
0

u

dtf i~ t !, ~31!

G1~u!5E
0

u

dtgv~ t !, ~32!

G2~u!5E
0

u

dtA~ t !, ~33!

G3~u!5E
0

u

dtE
0

t

dsC~s!. ~34!

V. DISCUSSIONS OF RWFs AND PARAMETERS

The resulting sum rules depend on the RWFs, the in
grals and derivatives of them at the pointu05 1

2 . The distri-

FIG. 2. The sum rule forgr(11kr) as a function of the Bore
parameterM2 for ~30!/~35! with the model RWFs in@29#. From
bottom to top the curves correspond to the continuum thresh
s052.35, 2.25, 2.15 GeV2.
-

bution amplitudes of vector mesons have been studied
@28,26,27# using QCD sum rules. We adopt the model RW
in Ref. @29#.

The values of the two-particle RWFs, their derivativ
and integrals at the pointu05 1

2 using the form in@29# are
ga51.1560.23, gv50.64, f i(u0)51.1, G0(u0)50.5,
G1(u0)50.5, G2(u0)50.58, G3(u0)520.13, A(u0)
52.18.

The experimental value for the rho meson massmr and
the decay constantf r is f r519867 MeV and mr5770
MeV @30#.

The various parameters which we adopt ares052.25
GeV2, mN50.938 GeV, lN50.026 GeV3 @3# at the scale
m51 GeV. The working interval for analyzing the QCD
sum rules for nucleons is 0.9 GeV2<MB

2<1.8 GeV2, a stan-
dard choice for analyzing the various QCD sum rules as
ciated with the nucleon.

VI. NUMERICAL ANALYSIS AND RESULTS

In order to diminish the uncertainty due tolN , we shall
divide our sum rules by the famous Ioffe’s mass sum rule
the nucleon:

ld FIG. 3. The sum rule forgr as a function ofM2 and s0 for
~31!/~35!.
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32p4lN
2 e2MN

2 /M2
5M6f 2S s0

M2D1
b

4
M2f 0S s0

M2D
1

4

3
a22

a2m0
2

3M2 . ~35!

Dividing Eqs. ~30!–~38! by Eq. ~35!, we have two new
sum rules forgr(11kr),gr . The dependence on the co
tinuum thresholds0 and Borel parameterM2 of these sum
rules are presented in Figs. 2 and 3. From top to bottom
curves correspond tos052.35, 2.25, and 2.15, respectivel
da
e

These sum rules are stable with reasonable variations os0
andM2 as can be seen in Figs. 2 and 3. Numerically we h

gr~11kr!5~2263!, ~36!

for ~30!/~35! and

gr5~2.560.2!, ~37!

for ~31!/~35!.
We can also divide Eq.~30! by Eq.~31! to get a new sum

rule for 11kr
11kr52

gv~u0!M4f 2S s0

M2D2mr
2G3~u0!M2f 1S s0

M2D1
gv~u0!

24
^gs

2G2& f 0S s0

M2D
mr

4G3~u0! f 0S s0

M2D . ~38!
of

w
e
inty
oth

n
e

ke

the
our
mi-
ng
or-

tri-
rel
rts

ce
of
The result is presented in Fig. 4. Numerically,

11kr5~9.062.0!, ~39!

which corresponds to

kr5~8.062.0!. ~40!

Brown and Machleidt emphasized that the strongrNN
coupling

gr
2~11kr!2

4p
5~37613!, ~41!

kr5~6.660.1! ~42!

should be adopted in order to reproduce experimental
@22#. The vector meson dominance~VMD ! model yields

gr
2~11kr!2

4p
513.25. ~43!

FIG. 4. The sum rule for 11kr as a function ofM2 ands0 from
~30!/~31!.
ta

Our result is

gr
2~11kr!2

4p
5~39610!, ~44!

which agrees very well with Eq.~41! and deviates strongly
from the VMD prediction~43!.

We have included the uncertainty due to the variation
the continuum threshold and the Borel parameterM2 in our
analysis. Other sources of uncertainty include~1! the trunca-
tion of OPE on the light cone and keeping only the fe
lowest twist operators;~2! the inherent uncertainty due to th
model RWFs, etc. In the present case the major uncerta
comes from the RWFs since our final sum rules depend b
on the value of RWFs and their integrals atu0 .

Our resultkr5(8.062.0) is about two times larger tha
that derived in@24#, kr53.6 treating the rho meson as th
external field. The reason is twofold. First, the vector-li
rqq interaction is assumed in@24#. Moreover, for the anti-
symmetric sum rules the susceptibilitiesx, k, andj take the
same values as in the nucleon magnetic sum rules where
electromagnetic field is treated as the external field. In
opinion, such a treatment employs the vector meson do
nance assumption inexplicitly, which may be the underlyi
reason forkr'kv53.7. Second, the vector meson mass c
rections turn out to be large as pointed out in@29#. This
effect is explicitly taken into account in our calculation.

In summary we have calculated therNN couplings start-
ing from QCD. The continuum and the excited states con
bution is subtracted rather cleanly through the double Bo
transformation in both cases. Our result strongly suppo
large value for the tensor-vector ratiokr in the nuclear force.
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