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The masses of the nucleon, the 4 isobar, and the N *(J? = 3 —, T = }) resonance as well as the
amplitudes of virtual transitions of these states into quark currents are determined on the basis of
the QCD sum rules with allowance for the higher-power corrections. The consistency of results
obtained from the analysis of different sum rules is demonstrated.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is now becoming a
universally accepted strong-interaction theory. Therefore
one of the most interesting and most important problems of
QCD is a model-free description of hadron mass spectra.
The QCD sum-rule method, first proposed in Ref. 1, has
made possible much progress in the description of meson
properties. This method was extended in Ref. 2 to include
baryons, and the first results were obtained there on the
masses of both strange and ordinary baryons (see also Ref. 3).
The present paper continues the investigation of the sum
rules for baryons. We pursue simultaneously several goals.
First, refinement of the sum rules obtained in Ref. 2, by tak-
ing higher-power corrections into account, and demonstra-
tion, by the same token, of the reliability of the values calcu-
lated in Ref. 2 for the nucleon mass m,, and the isobar mass
m, as well as of residues in the quark currents 3, and 4,.
Second, formulation of a new independent set of sum rules
from which m  and B, can also be determined, and to check
the consistency of these two methods of determining 7, and
Bx- Third, calculations more definite than in Ref. 2, on the
basis of the new sum rules, of the mass of the baryon reso-
nance N *(J? =3 —, T =1). Fourth, demonstration of the
self-consistency of the results, on the basis of a large overde-
fined system of sum rules. Fifth, refinement of the ampli-
tudes of the transition of a nucleon into quark currents,
which determine the matrix element of the proton decay in
the grand-unification theory and the asymptotic form of the
nucleon electromagnetic form factor. Sixth and last, finding
the magnitude of the quark-gluon condensate
g.(0|io,, (A */2)G K, u|0) from the conditions of best agree-
ment of the sum rules.

2. THE METHOD

We describe briefly in this section the sum-rule method
for baryons, define the notation, consider the properties of
the baryon currents, and describe the sum-rule saturation
procedure to be used subsequently.

We consider the polarization operator

Huv,aa (q) =i J. eiq’:(()l T{nu,a (.Z‘) [} ﬁv,ﬂ (O) } IO)d‘.Z', (l)

where 77, ,, is a colorless spin vector made up of quark opera-
tors and having the quantum numbers of the baryons (bar-
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yon charge, isotopic spin, strangeness); u and v are the Lor-
entz indices; @ and S are the spinor indices and will be
omitted hereafter; 5, =7, 7°.

The polarization operator (1) is calculated in the region
¢°~ — 1 GeV? where, on the one hand, perturbation theory
is still applicable, a; ~0.3, but on the other the contribution
of the nonperturbative effects connected with the structure
of the QCD vacuum is no longer small. Nonperturbative
corrections will be taken into account when the operator
expansion is used. The operator /7,,(q) contains various
structures (g,,, 8.4 ¥.Vv»> 9.9 €tc). For the function at
each structure in the polarization operator we write a disper-
sion relation

) =_1_°° Imf(s)ds .
1@ - JW’ Q*=—g". (2)
Expression (2) is written in simplified form, since it would
actually contain a sufficient number of the subtractions ne-
cessitated by the divergence of the dispersion integral. If
however, we apply to (2) the Borel transformation proposed
in Ref. 1,

oy =B =L (-2) 1o
gz-=M2, n—-oo, (3)

n

all the subtraction terms vanish and we get the equality

fs (M? =1Tj e*'™ Im f(s)ds. 4)

Relations (4), written for each of the structure functions of
the polarization operator, are sum rules whose left-hand
sides are calculated on the basis of quantum chromodyna-
mics, and the right-hand sides phenomenologically. Expres-
sions (4) offer the following advantages over (2): 1) absence of
subtraction terms; 2) stronger suppression, due to the factor
exp( — s/M ?), of the contribution of the heavy intermediate
states, so that (4) can be used to study the lightest resonances.
We consider the following currents 77, with baryon quantum
numbers:
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Nuw=e"[ (uCd®) y,u°— (u*Csd®) Y56 =Yun/2,
Nou=e" [ (1°C01d") OpnY,2°— (8°Co8°) OnY,ud°]
nb =gt (u"C'Yuub) ue, (5)

wherea, b, ¢, = 1,2, 3 are the colorindices, C = — C Tisthe
charge-conjugation matrix, and g,,, = }i(y, 7, — ¥,7.)- The
currents 7 and 77; coincide with the currents used in Ref. 2 to
obtain sum rules for the case of the nucleon and the 4 isobar.
The current 7,, corresponds to isotopic spin 7= 4 and to
total angular momenta J = 3 and 4, so that in the sum over
the states, in the right-hand side of (4),

Im H,,v(s)=n2 8 (s—M.2) <01l nd><nlm,10), (6)

it is necessary in the case of the current 7,, to take into
account among the single-particle states the baryons with
T=4 and JP=3=*, 1* (nucleon, N* resonance with
JP=3%, etc)

We consider first the calculation of the left-hand sides
of the sum rules. As already mentioned, the strong-inte - c-
tion constant is quite small in the region |g|*~1 GeV? an.,,
neglecting a,, the principal diagram corresponding to the
zeroth term of the operator expansion is the simple quark
loop of Fig. 1a. The first term of the operator expansion
(dimensionality d = 3) is proportional to the quark conden-
state (0|¢9|0) with ¢ = u or d (diagram e of Fig. 1). In the
case of baryon sum rules, it is the most significant (see Ref.

FIG. 1. Feynman diagrams for the polarization operator. The free ends
correspond to departure of a soft quark or a gluon to the condensate.
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2), since it causes the appearance of structures that violate
the chiral invariance and, in particular, determines the val-
ues of the baryon masses. From among the operators with
larger dimensionality, next in significance are the four-
quark operators YY"y (d = 6), whose contribution to the
sum rules is described by diagram c of Fig. 1 and, as dis-
cussed in Ref. 2, its importance is due to the presence of the
large numerical coefficient ~ (27)* compared with diagram a
of Fig. 1. In the vacuum mean values of the four-quark oper-
ators we shall use the factorization hypothesis (see Ref. 1),
i.e., in the sum over the intermediate states

Z(OIW«pIn)(nIﬂSFmpIO)

we shall retain only the contribution of the vacuum state, so
that all the four-quark operators averaged over the vacuum
reduce effectively to (0|¢|0)2. Besides the operators indi-
cated above, there appear in the sum rules also two operators
with dimensionality d <6, namely g,9o,,(1"/2)G?,
¥Y(d=5) and G[,G, (d =4). The most important among
them are the contributions of the vacuum mean vlaue of the
operator g, ;ﬁa,w (A"/2)G ., ¢ (diagrams f of Fig. 1), which are
the corrections of first order in 1/M 2 to the structures that
violate chiral invariance. In the calculation of the polariza-
tion operator /1, (g) (the left-hand side of the sum rules) we
shall, using the factorization hypothesis, take into account
also the vacuum mean values of the following operators with
dimensionality d>6: (O|¢I,yI,%G [0) (Fig. 1d),
(0|$I'yG>|0) (Fig. 1g), and (O ¢ ygT T ,0) (Fig. 1h).
The contribution of the gluon condensate (0|G ,,|0) to the
baryon sum rules was considered in Ref. 4 and, as already
shown there, turned out to be relatively small. In our calcu-
lations we shall use the method developed in Ref. 4. The
contribution of the operators with dimensionality d > 6 was
not taken into account previously. All the calculations will
be carried out in the zero-mass quark approximation. It
must be noted (see Erratum to Ref. 2) that consideration of
operators with d>5 in the operator expansions calls also for
allowance for the x dependence of the vaccum mean values
of the fermion operators (0|#%, (x)u4(0)|0). In our approxi-
mation

6;;56"‘7

(Oliua“(z)ﬁg (0)|0> =—T(O|Eu|0>
Bapd® _ | 270" 0
- 3”_26 z’g.(OluG,.v"(7»“/2)0,.vu|0>—LT;;—gf(OluulO)
Bpd . _
— v 7 <01g G*10><0lzul 07, (7)

where : : denotes subtraction of the perturbative part of the
average over the vacuum. The last two terms of (7) were
obtained using the factorization hypothesis. The x depen-
dence of the vacuum mean value is represented in the dia-
grams as emission of a soft gluon by a quark with a small
momentum.

We use in this paper the following notation for the cor-
relators:
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(0| 7w|05=<0| dd| 0> =—0,24 GeV?
a=—(2n)%¢0|zu|0>=0,546 GeV;

(o] %o

13| -0 0y o

20| TG (A"/2) 6,41t | 0> =g:<0| G (A"/2) 6,0 | 0>
=m,*<0|zu|0>, me?=0,8 GeV?

0> —0,012 GeV*,

In the calculation of the polarization operator we shall take
into account the corrections ~a; in the principal logarith-
mic approximation. It can be shown that the currents
71> M2, and 775 are renormalization-covariant, i.e., each of
them is transformed into itself in transformations of the re-
normalization group, and their anomalous dimensionalities
are known.® This circumstance allows us to calculate the
principal logarithmic corrections in the usual manner.

We denote by y,, the anomalous dimensionality of the

current 7;, and by ¥, the anomalous dimensionality of the
operator O, (0) in the operator expansion of the T product:

T{n(=),m(0)) = Y, €+ 0.(0). )

The coefficients of the functions will then contain in the mo-
mentum representation the factor

(s (q) Jors (u2)) ™ T 70 V0 (10)

where a; (¢?) is the effective QCD charge at the point g% p? is
the normalization point of the operator expansion. For the
currents (5) we have® y,, = — 3,7, =V,0 =%

We take into account in the sum rules the anomalous
dimensionalities of the following operators: ¥, Yy, a,
7'G? andg,¥G ., (A "/2)0,, . For operators with dimen-
sionality d > 6 the factorization hypothesis is not as accurate
as, say, for a four-fermion correlator, so that it is meaning-
less to take into account the anomalous dimensionalities of
these operator, according to the results of Ref. 1 the anoma-
lous dimensionalities do not violate the factorization hy-
pothesis to within 10%, and for the operators Yy we can
set ¥ = 8/9. The anomalous dimensionality of the operator
g.YG wv(d "/2)0,, ¢ is small (see Ref. 6), and we shall there-
fore set it equal to zero hereafter. The anomalous dimension-
ality of the operator a, G ? is equal to zero, since this operator
is equal, accurate to terms aZ, to the trace of the energy-
momentum tensor of the gluon field. In the numerical calcu-
lations we shall assume a,(¢%) = 47/9In( — g>/A ?), A = 150
MeV, u = 0.5 GeV.

We proceed now to consider the right-hand (phenomen-
ological) part of the sum rules. By virtue of the exponential
suppression of the large masses, the dominant contribution
in the right-hand side of (4) is that of the lowest hadron state
in the channel with the given quantum numbers. The right-
hand side of (4) will therefore take accurate account of the
lowest baryon state (in the approximation of infinitely nar-
row resonances), and all the remaining heavier states will be
taken into account via a model. Namely, following Refs. 1
and 2, we approximate the entire remainder by the contribu-

495 Sov. Phys. JETP 56 (3), September 1982

tion of a continuum that starts at a certain threshold s, = W?
and is determined by the simplest quark loop corresponding
to the given structure function (i.e., by the diagrams a, b, and
e, f of Fig. 1 for structures with odd and even numbers of ¥
matrices, respectively).

The amplitude product (0|7, |R ) (R |7, |0} in (6) takes
in the case of resonances with spin and parity J# = 3 * and

* the form

(Ol 7]1‘»' 1/21 3¢ 1/2:!: l—ﬁiF'O):_Biﬂqu”{vq’\_*‘ OL.BJ J[-)’i

———(Yuqv—Y+qu) ¢

A;Pi—iP; ~ ~
+ ——’B———B’r-(xuqvﬂvq..) qt0i00,qsqF MaBiPsyuy

2
aPitof oBi—af;)
+(BBFMaE ) (g garn) +( BT M )
X(QVYH_QHYV) + (2aiﬁjq:Mnafai) quqv, (1 1)

O /2% |50 | 0> =—Aiks {gu@—"/sYuYq
T3 (@ V= quts) —*/34u9v0/ M* = Mr [~/ Y1
F5(qYu—qu¥v) I/ M2 = squa/ M}, i, j=1, 2, A,
(12)
where M} is the resonance mass; 4, a, and B are constants
defined by the formulas

<OI ninl l/2+>=(aiq;n+BiYu) 'st((])'
O] V7> =(2iq 1) v(q),
(13)
Ofnul*/2">=hvu(g), <O|nul*/2">=Aysvu(q).

Here v(g) is a spinor ((§ — My )v(g) = 0,ov = 2MR); v,(q)is a
spin-vector ((§ — Mg)v,(q) =0, U,v, = —2Mg,7,v,(q)
= ¢,V,(q) = 0). Since the current 7,, actually corresponds
by virtue of (5) toJ = L, we have 4, =, = 0.

The sum rules should be considered at values of the
parameter M 2 such that, on the one hand the contribution of
the higher-power corrections to the rules is small, and on the
other, the contribution of the model continuum is small.
These two conditions determine the interval of the allowed
values of M 2. (This interval will hereafter be designated by
the symbol £2.) In the present paper we impose specifically
the following restriction on the contribution made to the
sum rules by the continuum and by the higher-power correc-
tions that contain operators with dimensionality d > 6:1)
The contribution of the continuum is < 30%; 2) the contri-
bution of the higher-power corrections is < 30%.

We introduce the measure § of the agreement of the sum
rules. To this end we transfer to contribution of the contin-
uum to the left-hand side and define the quantity & as fol-
lows:

6= ma\({, In F o) l , In 1)
fi (M?) 1;(?)

bt 04

where F (M ?) = A %exp( — M % /M ?)is thecontribution of the
resonance (the right-hand side of the sum rule), and f;(M?)
and f;(M 2) are the left-hand sides of those sum rules to which
the given resonance contributes.

It is easily seen that the relative disparity 4 of the sum
rules in the region {2 is connected with 6 by the relation
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Axl—e?,
Amma { | ZUDIIO0 | ) 00— 0r)
F (M) I F (M)

(15)

We minimize with respect to the parameter & the dis-
parities of the sum rules, and thus obtain the masses and
residues of the baryons." The fact that several sum rules
must be reconciled allows us to improve the accuracy with
which the masses and residues of the resonances are deter-
mined.

The threshold W of the continuum will not be specified
beforehand, but will be determined from the condition of the
best agreement of the sum rule in the region £2. For each
polarization operator we can, generally speaking, introduce
two different continuums at structures with even and odd
numbers of ¥ matrices. The reason is that the contributions
of resonance with different parities to a sum rule with an odd
number of ¥ matrices are of the same sign, whereas the sign
of their contributions to sum rules with even numbers of y
matrices are different. By the same token, the threshol ! of
the model continuum can generally speaking be different ..
these two cases. Since we are restricting the size of the contri-
bution of the continuum to the sum rules, it exerts no signifi-
cant influence on the calculated masses and residues of the
baryons. Even though we require that the sum rules be in
agreement only in the region {2, the fact that the sum rules
are satisfied also in the region where the continuum domi-
nates indicates that, despite the crude model of the higher
states, the continuum approximates them well enough,
meaning that the correction to the baryon mass to account
for the continuum is of the correct sign and order. The accu-
racy of our results is thereby improved.

3. THE NUCLEON

The matrix elements between the states of a nucleon
and of the vacuum differ from zero for both currents %,, and
75, - Therefore the nucleon mass and its residues in the quark
currents can be determined by considering the polarization
operators I1,,,(n,, 0,), IT,,,(n,, 7,) and 1T, (1,,7,). It is clear
that the agreement between results obtained from indepen-
dent sum rules for these polarization operators can serve as
an important check on the validity of the entire approach.

a) Sum rules for IT,,(n, ,7,). The calculation of
11,,(n,,m,) with allowance for the diagrams shown in Fig. 1
leads to the following equations:

¢‘In(—¢*/A*) .
T (2n)* YugYvs
<0le,n—1G?|0> @\ -
32(2m)° n( - F) T
<Olaul0>® . m<0laul0>® .
= 2
- —%%—%2—) ¢‘ln ( — —jq{z—) oYy,  Iw'=0,

<0]a,m='G?|0><0|zul0>
ms=+ o YuYvs
17 a, <Olaul0>®
A z
IL. 3l = (27) p YuYv-

.=
Huvb = —
Huvc = —

' =—

Hpve =
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oo
(16)

The letters labeling the polarization operators indicate the
diagrams of Fig. 1 which were used in their calculation.

Using the method expounded in Sec. 2, we write down
the sum rules for the structures 7, 4y, and 7, 7, (the contri-
bution of the continuum has been transferred to the left-
hand part):

-~ 1 4 2/ M2 W‘_ W2
b y 2/ M2 1 43 1 mz 2/ M2
+§L/'M2(1_e—-w‘/u) +6—a2L’ 1——2-2(12,_1702: B‘Ze-m/M’
1 o [ W2 ab
o oo (o)) -
17 a, a° .
e Bime,
_ @A) s
In(u/A)

where on the left of the sum rules are indicated the structures
for which they have been written, m is the nucleon mass,
B, = (2m)*B,, W, and W, are the thresholds of the contin-
uum.

The reconciliation of sum rules in the region {2 yields
the following values for the mass and the residue of the nu-
cleon:

m=1,02+0.12GeV, B,2=0.45+0.15GeV$

B:=0.66+0.11 GeV>. (19)

The scatter of the values of the mass and of the residue
are due to the uncertainty of the continuum threshold and to
the fact that at a fixed value of the threshold it is possible to
choose different m and 3, without substantially increasing
disparity of the sum rules. Figure 2 shows the M dependence
of the left and right parts of these sum rules. The values of m
and B, [Eq. (19)] agree well with the corresponding value
obtained in Ref. 2. The residue B, determines the amplitude
of the proton decay in the SU(5) grand unification theory. Its
value (17) confirms the proton lifetime calculations of Ref. 7.

FIG. 2. Plots of the sum rules of the polarization operator 7,,.(7,, 7,). In
this and succeeding diagrams we use the following designations; solid
line—right-hand part of sum rules, the dashed line corresponds to the left-
hand part of the sum rules for structure with odd number of y matrices,
and the dash-dot line—for structures with an even number of ¥ matrices.
The following values were chosen for the mass and residues of the nucleon
and for the thresholds of the continuum: m = 1 GeV, £2 = 0.43 GeV®,
and W, = W, = 1.5 GeV.
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b) Sum rules for 17,“,(17,,1_72). A contribution to
Im/T,,(n,,m,) is made only by states with spin } (nucleon),
with @, = 0. The values of the residues a, and /3, can also be
related to each other. We note to this end that the current
7,,, has the following property:

YuM2u=0. (20)
Using (13), (20), an the Dirac equation, we obtain
az=4[32/m- (2 1)

In the case of resonance with negative parity, we must
replace m by — m in (21).

Calculation of the polarization operator leads to the
equations

,,*=I1..°=0,
<0lzul0>* “
O = ——— {Wa 291},
q
5 <Olaul0>* h
M = g mo" —— {11vg 12940}
<O|ﬁu|0> 2 qz { qv'{ua
¢ NUUIN] _4 —a gl
M 5emy 4 0m ( A’) WA (22)
L — me*<0laul0 aYud
uv 4(23‘[)2 qz )
1 <0lan—G*10><0nl0> 4ud
s = EZ z qz { YuYv— ___q?"_},
2 a <0l7u| 0> L, and
e I S U}
These lead to three independent sum rules:
. 5 a2 /M2
(Yuysq) : @?L®* — T me’ ST Bif.e
A e [ e (V_Vf+ , )) e
()t el (1= ) T
23
B %%L:F = B,f.me="""", 23)
~ 1 a2 1 ey @D
(qVYuQ) _2__ al e/ M2 (1_e—Wr/M ) _:_ _4__ am 2L — e
..1__?_s£ = ___BiBZ e‘""/M'_
9 n M m

From the sum rules (23) we obtain for the mass and
residue of the nucleon

m=1,05£0,15 GeV, B,B,=0.65+0.15 GeV*® (24)

Figure 3 shows the behavior of the sum rules as a func-
tion of M at the chosen values of the mass, residue, and con-
tinuum.

The residue ,, which can be determined from (19) and
(24),

B.=(2.5+0.8) - 10~ Gev?, (25)

is of interest because it is connected with the constant f; in
the asymptotic expression for the neutron electric form fac-
tor. Namely (see Ref. 8), as Q >— o the electric form factor of
the neutron is given by
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FIG. 3. Plot a corresponds to the sum rules for the 7,7, § structure; b—
for the y, 7, structure; c—for the ¢, 7, § structure. The mass, residue and
continuum threshold are: m = 1.05 GeV, 5,8, = 0.67 GeV®, and

W, = 1.5GeV.

Fn (QZ) =»(4nas (QZ) )z (F:_;(SSZ_))-) /21
1

100
X—— | £ |2
3 I fO, QA ’

(26)

where the constant f;, is determined by the part of the matrix
element

e*<0| (u*Cyu’)de|N>
=(qufotYub) Ysv(q)

that is proportional to g, . Separating from the current in the
matrix element (27) the current corresponding to the isospin
1, we can easily transform the left-hand side of (27) into

(27)

1 1
£ 0] (@Cy,%) A Ny= o= <Ol ey N> = 3—% qv(g), (28)

where 7,,, is defined in (5) and we have used Eq. (21) (the
terms proportional to y,, are left out). Hence

fo=t/sBam="=0.810- GeV? (29)

Substituting this value in (25) we obtain, say at Q2 =25
GeV?,

F, (Qz,)asymszz -10-2/Q* ,

as against the experimental value

Fn (Qz)exp z—1/06v

(30)

i.e., besides the difference in sign, the form factor calculated
from the asymptotic formula is smaller than the experimen-
tal value by almost two orders of magnitude even at @ 2 = 25
GeV2.

¢) Sum rules for /7, ”V(nz,;]z). In contrast to the already
considered sum rules, contributions to ImH#v(nz,ﬁz) are
made not only by particles with spin J, but also by particles
with spin 3. It is therefore necessary to choose structures to
which only fermions with spin ] contribute. Such structures
can be chosen by using (11) and (12). They take the form

GVt YuYvtYsguv (31)

The sum rules for these structures will be used in the calcula-
tion of the nucleon mass. _
The calculated polarization operator /7,,,(7,,7,) is
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' =—

—In
5 (2m)*

12 ¢ ¢ 2
S e
qudv ~}
qd¢
q*
){‘Iuvq
_1‘_ QuQV'q\}
2 ¢° ’

(QV'YM QPYV)

(QVYn+ quy=)—

2 <0|asn 'G* 0> 3 “
n,=—-— {l ( —— YuvY

3 (2m)*

.3
T —é_ (QV'Yu_QuYV) - ? (qVYM+qI‘YV) ]—

(()IEulO)z{ ~ 3

8wd — — Tu\vd +

IM=—-16 3

2

1
—5 (@ram } (32)

28 <Olﬁu10>2{ ~ 3

IL =_3_”’4>2 q., guwd _"S“Yu“fvzl
+-——(«mu guYv): (qm+qm)}
L colmaloy L g 5
Huve=16'__“‘ z} { v T T Tulv
P ( v ) ST
IR Ul L S quqv}
4 g 2 gq
, <0lzul0> q° 1
H"v»'_—=—8m° W{ n(—F)[gw—Z—“{,{{v]
1 vin T v A 1 v
+_q’Yuz‘1uY q_____‘Inzq},
4 q 2 gq
2 <0la,n~'G*10><0lzul0> 1
uvg = 2 { v"z—”{qu
q
Qv'fu qu{v A—Z Qllqv}
'S ¢ )’
14.2¢ Olaul0X ;19
h— 2 _v
HIN 27 _J_T(zn) qk lg;w 88 ’Yu’Yv
+_3_Qv"{u_Qu'YV ~ _i‘hqv }
2 ¢ 1 ¢ f

Comparing the relations between the different struc-
ture functions in the right-hand side with Eq. (12), we can
readily seen that these relations are very close to those ob-
tainable, for example, if the rlght hand sides of the sum rules
were to contain only a resonance with spin 3. Fhis means
that the contribution of spin-1 states to the sum rules for the
polarization operator /7 V(nz,nz) is strongly suppressed (by
an order of magnitude or even more). Therefore the different
corrections not taken into account by us, particularly the
corrections ~a,, may turn out to be important for the calcu-
lation of this contribution.

For the structures (25) we obtain from (26) the following
sum rules:

L vy _-w.um( W“+E+1))
oL M(1 e R

1 S (] __p—=W ¥ M2

+ o bMEL (e ) (33a)
2 27 7 Zmoz —m2/ M2

Ty AL g T e
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1 D — W2/ M2 vWZZ
——gabrm (1=emre (2 1))

+ —23-aL“/“mt,2Mz (1—e~7/MY) (33b)
ab 12 o, o e
+9—+ 81 Mz_ B.Pme=mA,

The right-hand side of the sum rule (33b) is positive,
whereas the first (principal) term in the left-hand side is neg-
ative. Several ways out of the resultant contradiction can be
considered. The first, obvious and most likely, is that the
sum rules (33) are of no great significance, since the contribu-
tion of the unaccounted-for corrections ~a, can exceed that
of the accounted-for terms. We assume, however, that this is
not the case, and attempt to satisfy the sum rules (33) in their
present form. It is then clear that the second term in the left-
hand side of (33b), which is proport10na1 to am,?, should be
large enough, i.e., parameter m2 > 0.5 GeV? is large. As will
be shown below, this condition does indeed hold, so that we
can attempt to satisfy the sum rule (33). The best fit leads to
the following values of the parameters:

m=09x0.2 GeV, B,*=0.45:0.25 GeV® B,=0,65+0.15 GeV?3,

(34)
However, as seen from Fig. 4a, the left-hand side of the sec-
ond of the sum rules, as a function M 2, is in quite poor agree-
ment with the right-hand side, as well as with the left-hand
side of the first sum rule. The second sum rule can be brought
into agreement only by assuming that besides the nucleon
contribution an important role is played in the right-hand
side of (33) also by the contribution of the negative-parity
resonance which enters in (33b) with a minus sign.

Ifa negative-parity resonance with mass 1.5 GeV is tak-
en into account explicitly, the agreement between the sum
rules improves markedly. This is seen from Fig. 4b. The mass
and residue of the nucleon do not change significantly in this
case. If we now substitute the mass and residue, which are
known from Secs. 3a and 3b, into the sum rules (33), we can
obtain the mass of the resonance N !/2, since its contribution
to the sum rules is not small. The mass and residue of this
resonance are found to be

FIG. 4. a) Case of one residue, and thresholds of the continuums are

m =0.9GeV, B3 =0.52GeV5, W, = 1.6 GeV, W, = 1.4 GeV; b) case of
two resonances. Their parameters are chosen tobe m = 1

GeV,B2 =0.6GeVS, m_ =15GeV,B2 =2.05GeV®, W, = 1.6 GeV,
W, =1.4 GeV.
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m_=15GeV, B_*=0.25GeV (35)

The conclusion obtained in this variant should not, of
course, be regarded as important. All that matters is that
even in this case, which to some extent is extreme, the mass
and the residue of the nucleon remain practically the same as
before, and the mass of the resonance with J? = 1~ turns out
to be large enough. If we consider seriously the variant with
allowance for the resonance R ~ with J? =] ~, the same res-
onance would have to be taken into account also in the sum
rules for Hﬂv(n,,;),) and /7 “V(n,,;]z). The good agreement
between these sum rules without allowance for the reso-
nance R ~ shows that its residue in the current 7, should be
small compared with 3,. This is not surprising, since it has a
natural explanation within the framework of the constituent
quark model, in which R ~ consists of quarks situated in a p
wave.

4. THE RESONANCE N3/2~

Asseen from (11) and (12), only resonances with spins 3
contribute to the sum rules at the structures g,,g and g,,,.
From (32) and (12) we obtain the following sum rules for a
resonance with spin 3

24 . w1 W‘i W‘z
CAE —M"L‘/”(1—e war (waﬂ))

~ 2 oLt (1—emint) —46arLn

+g_8_ l""__;l 2g- MR/ M1

3 M 36)
o (Bhe1))

(gw): 16aM‘L'/=’(

—8a]"12m02L—‘/21 (1_e—W2’/Mz) )
2 352 a, a® .
o —— ——— M —-MR’/M’
3 ab 27 n M* A Mae

where My and A, = (27)?A  are the mass and residue of the
resonance N * ~

The fact that the sum rule (36) should be saturated with
aresonance with negative parity follows from the sign of the
second sum rule. The mass and residue of the resonance from
(36) are found to be

Mr=1.75£0.25 GeV, Az*=20—100 GeV® (37)

Figure 5 shows the behavior of the sum rules for this
resonance. The large scatter of the resonance N 3/~ in mass
and in resonance is due to the fact that the region {2 is very
small.

5. THE 4 ISOBAR

Asshown in Ref. 2, the current 773 withisospin 7 = § is
the most suitable for the calculation of the A-isobar mass.
The polarization operator /1,,, (7°,7*) is of the form
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FIG. 5. The mass and residue of the resonance N 3/~ are chosen to be M
=1.6GeV, 1460 = GeV®; W, = 1.6 GeV, W, = 2.2 GeV are the thresh-
olds of the contmuums
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From the signs of the polarization operator at the struc-
tureg,,, it follows that a resonance with positive parity, ie,a
A isobar, will predominatein theg,,§and g, sumrules. The
sum rules for 4 are

<017ul0>*
_—
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FIG. 6. A isobar. M, = 1.35GeV, 1% = 2.5 GeV®, W, = 2.1 GeV,
W, =22 GeV.
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T M, (39)

where 1, = (2m)?4,, and M is the A-isobar mass.
From the sum rules (39) we obtain the following mass
and residue:

My=137+0,12 GeV, A,*=2,3+0.6 GeV®e (40)

These values are also in accord with those obtained in Ref. 2
(to be sure, the residue A , 2 turns out to be smaller by a factor
1.5). Figure 6 shows the behavior of the sum rules for the 4
isobar.

6. RECONCILIATION OF THE SUM RULES

In the preceding section we investigated the sum rules
for different baryons. The most interesting case is that of the
nucleon. It is not trivial at all that by using different sum
rules of different polarization operators for the calculation
we obtain the same value of the nucleon mass. The residues
obtained from these sum rules also agree with one another
and with the results obtained earlier in Ref. 2.

Thus, even if no account is taken of the sum rules (33)
which have low accuracy, in the case of a nucleon with four
free parameters (m, B,, B,, m3) we have five sum rules that in
good agreement as functions of M *.

Another check on the sum rules is also possible.

We write the sume rules for /7,,, (7,,7,) at the structures
49,.9.4and g, g,, saturating them with resonances having al-
ready known residues and masses obtained in the preceding
sections:
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FIG. 7. The masses and residues of the resonances are the following:
m=1GeV,B? =04GeV, my = 1.7GeV, 1% =60 GeV®, m_ = 1.5

GeV B% =0.25 GeV.° The thresholds chosen for the continuums are
W,=2.1GeVand W, = 1.6 GeV.
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3 My m m-

(41)

If we represent graphically the agreement with the sum
rules (see Fig. 7), it can be seen that accurate to 15-30% the
right-hand side agrees with the left. We note here that the
substituted masses and residues are already those obtained,
and are not adjusted for a best fit. We have thus shown that a
large number of sum rules can be transformed into one an-
other at a relatively small number of free parameters, there-
by verifying convincingly the validity of our analysis.

7. ESTIMATE OF m?

Even earlier, in Sec. 3c, we advanced argument favoring
the assumption that m} is relatively large and positive. In
this section we show that the value of m3 can be obtained
from other sum rules. To this end we shall use Egs. (23) and
(39), since these sum rules contain m} with a relatively large
weight, and the region {2 is not small.

We shall vary the quantity m3 in the sum rules (23) and
(39) and reconcile these sum rules in the best fashion at each
fixed value of m3. The mismatch parameter § will vary in
this case. If we plot §(m2) we obtain the picture shown in Fig.
8, from which it is seen that m2 = 0.6-1.1 GeV?2 In all the

J g
ﬂ.ir a b
.ﬂ‘Z — 0.‘/ — \/
0.1 0.2+
1 | 1 I | I
0.6 7 0.6 1 m}

FIG. 8. Plots obtained from the sum rules (23) (a) and from the sum rules
(39) (b).
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preceding calculations we used the value m} = 0.8 GeV?, a
good choice in accordance with the result of this section.

8. CONCLUSION

The present investigation of the QCD sum rules for bar-
yons has shown that it of these sum rules, the masses of the
nucleon, of the 4 isobar, and of the resonance with
JP=3",T=}as well as their residues in the quark cur-
rents. Allowance for higher-power corrections hardly
changes the results, which agree with those obtained earlier
in Ref. 2 and, within the limits of the calculation accuracy,
with experiment. At the same time, the calculated masses
were found to be systematically 10-15% higher than the
observed ones, possibly indicating that the quark condensate
(0|Y9|0) = — (0.24 GeV)? assumed in the calculation is
somewhat (~20%) overestimated. It was shown further that
a large number of independent sum rules are in good agree-
ment with one another and lead to the same results for the
masses and the residues. On the basis of the sum rules, we
determined the value of the quark-gluon condensate

20| H0 (A"/2) Gu™p| 0> =<0 H5| 00,
me*=0.8+0.2 GeV?
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and obtained the residues that determine the proton decay
amplitude in the SU(5) grand unification theory, and the
asymptotic value of the electric form factor of the neutron.

""The mass and residue errors cited below correspond to the condition
A4~24,, (4., is obtained with account taken of the uncertainty of the
contribution of the continuum; as a rule 4,,;, ~ 10%).
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