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HADRONS CONTATNING A HEAVY QUARK

AND QCD SUM RULES

E.V.Shuryak

Abstract

Masses and other parameters of mescns and barions

conteining ome heavy ( ¢, b, ...) quark axre calculated

by the method of QCD sum rules developed by Shifman,
Vainshtein and Zakharov, In ocur case the calculations
simplify strongly because heaﬁy quark acts like gtatic
centre similar to proton in hydrogeh atom. Analysis - of
the sum rules is more difficult, for continmuum contri-
pution is more important, Brief discussion of ordinary

barions ==~ the nucleon and isobar - is also given.
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1, Introduction
The understanding of hadronic world has started with the

discovery of the isotopic symmetry and, less accurate, SU(3)p
symmetry of hedrons made of light u,d,s quarks. As it becomes
clear now, these symmetries are not due to similarity of the
quark masses, but to the fact that they are too small to be
important.

Similar phenomenon takes place if some quark mass is too
large to be important. Families of similar hadrons should
exigt, the difference between their members being only the
substitution of one heavy guark by another one. An attempti
to put this idea to more quantitative ground has been made
in my work [1] , where the limit Mg-»eo ( Mg 18 the meas
of heavy quark Q ) was discussed as well as 0(1/M)corrections,
In this limit hadrons with uné heavy quark resemble hydrogen
atom with its fixed center, and many problems of current
models of hadronic structure ( e.g. that of C.M. motion )
are trivielised, Mesons made of one very heavy and one
1ight querk are, in some Sense, the simpleat hadroms in which
nontrivial QCD dynamics is essential, so their studies are
of great- importance. 0f course, mesons made of two very
heavy quarks are gimpler, but they are next to trivial.

In the present work I attack the same problem, but with
the help of such powerful and pundamentel method as that of
QCD sum rules developed By Shifman, Vainshtein and Zakharov
with colloborators. The applications of this method to charmo=
pium [2,3] , classical mesons 1\,§ [2], gluonium [4]anﬂ
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barions [5,61 have significantly affected our understanding
of hadronic structure. Very deep relations with QCD vacuum
structure has been demonstrated, and new classification
seems ito appear, see [T} .

Compered with these applicetions, the problem under con=-
sideration has its particularity. The presence of heavy
quark significantly simplifiea the calculetions, At the
same time, it is more difficult to single out the contri-
bution of lowest statea which are of main interest,

Only one work has so far been done in this direction,
published only as short conference report |8 | full of
misprints, We use some methodical inventions such as the
1imit HQ-» oo  and Borel improvement of sum rules. Our
analysis is more complete, we give not only upper limits,
but definite predictions for D,B meson decay conatants,
and consider wider range of chanmnels including the barionic
ones, We also consider in section 7 some questidéms concer-
ning ordinary barions.

The paper is organized as follows. Section 2 deals with
general facte about two current correiatura in perturbation
theory, wvhile the nonperturbative corrections ere discussed
in the section 3, Borel improvement and final form of mesonic
sum rules are discussed 1in section 4, Their analysis ims
made in section 5., In the section 6 we come to bariomic
currents, In section 7 we deviate somehow from our main

s

sopic and discuss some questions concerning the theory of
ordinary hadrons, namely the nucleon and the isobar, The
reagon is that it in many respects resemblesanalysis made

in section 5, We also make critical remarks about analysis
made in the first works [5.6jlcn-the gubject, Then we come
+o barions containing heavy quarks. Section 9 contein summa-
ry and discussion of further calculations and improvements,
to which we hope to returm in next publications.

Befordwe complete the Introduction, few words about our
convention for particle names, As far as no generally amcep-
ted classification is available, we follow the following
principle: all names are those for strange particles with
the subscript, showing which quark subatitute the strange
one., In particular, we discuss the following particles:

Ko (), KI(1) , 20" ), @p (7)
Ao (0), Ve B140), 2e () 20801

where we have shown alsc gquantum numbers 3* and isospin 1
( for barions ). Note, that for barions such names are already

used, for KQ there are proper names KG-D, Eh-B and we met no

discussion of Hk}jiﬁ?. Note, that the use of familiar nemes
is useful, but any analogy has its limits. In particular,
uniiku the case of strange hadrons, no symmetry between
1ight and heavy gudrkm exisis 80 the clessification in
semiliar SU(3) multiplets is meaningless.



2, Correlators of mesonic currents

The baslis of the method of QCD sum rules is the calcula-
tion of the correlators of certain currents in close spece=-
time pointe. Due to asymptotic freedom, such calculation is
possible if perturbation theory, and with the help of Wilson
operator product expension ( OPE ) it cen also be done for
nonpertugetive effects, The next step is the use of disper-
sion rele%ions, which connect such correlators with physical
spectral density with corresponding quantum numbers. 0f par=- '
ticular interest are the lowest states in each channel, beling ‘
the hadronic states under consideration.

For mesons with one heavy quark Q and one light antiquark
@ we have the following local currents to be discussed

)%= 510 (07) SRR 0

= 10 (1) JA- g L@ (1)
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where we show also their quantum numbers JP. Note, that if
both quarks are -v€7y heavy. - ones, then only negative
parity currents survive. Quarks u,d are very light ( we never
include ﬂ1ianﬂ congider masliess case ), but still there i=s
greas difference between positive and negative parity gtates,
The definition of currents becomes complete in field
theory when we have specified normelisation scale for it.

Change in this scale leads %o renormerlisation of fields,

and also of currents made of them, Such expressions are
2 s i

xnown for momentsa much larger any mass G ?)f*§ , where

the result is given by lmown anomalous dimensions

11/5) = ols (&) w‘iJ A ]
)(@) ( ._51‘;44}) J°

db.:a:fﬂ'-t? : AFS?&M'-” 79

[

(2)

Here A1 is the normalisation point in which the fields
can bé considered as free ones. For momenta smaller than
HQ we are in the nonrelativistic region without the logarith-
mic renormalisation, so in this region ( to be considered )
one may change () Mg in (2). Multiplying by the factor
(2) we obtain renormalisation invarient current(indepen—
dent of jM). of course, this is the quantity comnected with
physical speciral density.

With these comments we are ready to put Eq to infinity
averywhere outside 1ogs, which significantly gimplify the
problem.

The correlator we are discussing is defined as follows

K(q): i el ST o e ¥ 4 o7 o

? )
At large Q?;"422, corresponding to small X , the main con=
tribution is given by free propagation of quarks correspon- j
ding to the diagram Fig.1(ap For its calculation we use

dispersion relation to be used throghout the whole work
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K (8) - ij Tud K(E)AE /Pﬂgyﬂfﬁmf)
B M EF+ /A (4)

PP AT L)
Here /A is virtuizlity, or‘energy counted from the physical

threshold at quark level, HQ in our case. The so called
subtraction polynom’which hes no imeginary part is also
ghown, Up to this pulgnﬁﬂ;gthe spectral density of real
states JLwm K(E) determins correlator itself.

It is quite trivial to calculate imeginary part of the
contribution of loop diagram Fig.1(ak .

= R
lmK Iij" E (5)

Here E is energy above threshold, and the limit Iqq o0
is implied., For vector and axial currenis cne may intro-
duce invariant structures as follows

Lo (0.9./2%- 9.0, ) K+ (3.9./4°) K ®

and their imaginary pert coincides with (5).

Thewe are perturbative corrections, for example those
of the order olg due to diagrams Fig.1 (b~d), Their calcu=-
lation is although routine but combersome bisiness, Fortuna-
tely, this result can be taken from recent paper [iz] and

the correction factor to (5) is as follows:

2.

1+ (30+066b, %@)ofj/ﬂf;} (1)

It should be noted that in 1flﬁq order one finds splitting

in total momentum J, but no splitting in parity F takes

place in perturbation theory. As far as experimentally they
are completely dlfferent, the nonperturbative effects should
be important.

3, Power corrections

Account for these effects, being due to nontrivial
vacuum structure in QCD, is the most important ingredleni
of the method developed by Shifman, Vainstein and Zakharov,

The simplest and most essential effect of the kind in
our problem is the interaction with quark vacuum condensate
due to disgram shown at Fig.2a, It is computed trivially
aad in our case ( M oa) the resulting corrections to th

correlator K is
SKPS= SKY = - K== 0K =+ o @l991e)

FHote that it really splits channels with different parity,
which is needed, At the same time, it does mot splii say
pseudoscalar and vector channels, In this paiﬁt the work

(8] containdan important misteke, §K. nas the wrong sign.
THis mistake becomes evident in the limit Hq4 e« we use for
in this case the direction of the spin of heavy quark ( the
only difference between these chanmnels ) is of no impoX$ance.
Clear, that Kq and K; are degenerate in such limit,
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Calculation of further corrections is more difficult for
it is connected with gluon field, The most adequate method
for such calculations was developed in the works[9,10], and
it is based on Snhwinger formalism for treatment of procea-
ges in some arbitrary external field. We are not able to
give any details here and only say that some formal coor-
dinate basis [X) is introduced in which momentum operstor

@M acts as covariant derivative. In cur limit lq—ian

corrections to (8) are given by the following expression

5 —{ o 5 01! 3
K ;-~£n=x(m % e 35 )M/ﬂ (9)
It corresponds to the same diagram Fig.2@), but in some ex-
ter nal field. Operator [, is small compared with c-num-
ber virtuality /A , so in first approximation the result
coincides with (8). Expanding the propagator in [)ﬁ /b a8

I

Pl A v Rt A IR
A~ Pe
one has some serie in local operators 2 f. /0 with
definite coefficients. This expression is then nothimgg
else than OPE by Wilson.
Only zero spin operators have nonzero vacuum average

tig frst corretion
values, So, onrmay write as follows

1.

; = - 1 25 s ¢
t.i.'?,' LE: PL[ZJD'(& ,L].': ;‘_f,p)jl tz PE"? ,}p) e -.E (D,!Ia.z [;39;96“;5 f?ﬁ"’()ﬂ}

e g
where we have used the equations of motion Pj? fg = fj?fr
+ ;QEC i))/ﬂ,:ﬁ. As a result, the following correction 1o

current correlators arizes

gl e & = o A 4
t"HPS: U"{f = RS S ey (12)

- L )G9, 641°)Q 10D

320°

Analogous but more lengthy calculaticns give further correc-
; . 5 - & f o . .
tion § wheer DuGuv =~ Lg% s focn used

K ps gf{(ﬂ/@_g};‘{q?)z[ﬂ) (13)
St 19747

Correctionse to other correlators are the same up to common
gign, which is the same &s in (8).
Annthe:#arie of corrections are due to diagram Fig.la
in extermal field., The first possible operator here is
the so called gluon co-ndenﬂate 4 ﬂf ga@i) ?fﬂ? . Eq__gr'éver,
explicite calculation along the line discussed -1{ details
in [80] givé zero result in the limit M, « , 80 Wwe do
not discuss this point in the present work. Purther correcH
tions are too small, because in general the loop diagram
contain small numerical factor of the type 1/47 % 3
Now, what are the values of the parameters (of??/q?etc?
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Stridﬁy speaking, they depend on vacuum structure which ie
not so far understood and we may take them only from expe-
riment. However, as discussed in [2] the very interesting
phenomenoclogy of such average values can be discussed in
various approximations such as heavy-to-light quark matching,
instanton calculus etc. Not going into this, we just list
our guess for these quantities

l§910) = - (200mee)”

~ : s iy
<ﬂ§ﬂ§ﬂﬁJ?wJEh£¢MWwi,M@;ﬂfwu

- 7 (14)
G (F4.1%9) 0 ) = - % (<6182 /07)

Note, that we have chosen slightly smaller wvalue of {hjébjp)
then in [2 ] where <o/({J-(240 Mev )> for it makes the
agreement better in all cases considered.
4, Sum rules

Now everyting is ready to formulate the final form of
the sum rules, They are the dispersion relation (4), in
which now we are going to determine spectiral density from
the calculated correlator,

For such & program the sc called Borel improvement of
the sum rules ( seggested in [2]) (5 very useful, It is

13

the functional transformation defined as followa

in4 | " )
Bfn) = bw [2-L4)]f@). . 7

(h—ymo

n—» oo ;
e wi = fixed |

First, being applied %o dispersion relation it cangel the
»

i 11 owid transfor-
gubtraction polynomial. Then, note the following

mation rules:

f‘_’ / |
R B s (16)

g [1/a% ] = @) “w?

The former one shows that the dispersion relation with the

1 /(B1E ) turns into relation with exponenti-

weight
to lowest states. Due to

al weight., much more gensiiive

] ti become nu=
-he latter relation, higher power corrections

merically suppressed, 80 the theoretical predictions become

more accurate.

After Borel transformation is made, the sum rules for

1iec currents look as follows

me s oL - ;
R P11 L110L S ({7 AN )=
=t At T TSP PN T “ 1)
: =Y £ g
B _;__(j';}:.g m_‘;: K{E) (fgg_@/f'ﬁ/‘h
=
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whe:af’in. (1%) is parity of the current. Note that we
have divided the r.h.s. by the current anomelous dimension.
Strictly speaking, all operators should be treated in the

semé way, say (39) should be understood as ¢§f u'[sl Hﬂfé‘fs{ﬁ')}%

However, such factors are too slowly varying to affect our
results.

The last question is that up to what Rl this ex=
pression for correlator can be trusted. In this respect
the perturbative corrections are of interest, because all
power ones seem to be reasonably estimated and they converge
rapidly, As it will become clear later, perturbative correc-
tion is reasonable for it becomes important approximetely in
the point where 1l.,h.s. of (17) start to deviate fruﬁ the
r.,h.s, In what follows, we consider m 2400 Mev as the reaso-
nable region for the validity of the sum rule (17) with suf-
ficient accuracy.

5, Sum rule analysis

Having fixed the sum rules for mesonic currents, we are
ready to look for the information about the corresponding
physical npeutrﬂl'dannitr.

The lowest state in any channel is some mesonic atate
with the quantum numbers of the current. Due to confine-
ment, it is separated from the quark threshold IQ by finite
gap E, . Its contribution inte spectral density depends
on the matrix elements defined in the standard way as fol-

lows:

15,
(fk'iﬁfféiffﬂa’fﬁz)t}):nli?c(‘:ﬁﬂ
2
T ETy T3 b e
é g + e,
Iy

and is equal %o

z

) T‘ 2
LT _2’1[(? M O(E- E,) (19

Note, that the theoreticael part of the sum rules has the facte

1imit qujcﬂ , and (19) also should be finite in this limit.
2

Another way to see that f M~ roust is the following: let

the light quark be nonrelativistic one, 80 that the ordinary

wave function of it exists. Then, one finds that

r2 . s i 2

fM=1iln , 0 z [¥/0)] (20)

Here we have introduced new gquantity, the density of light

guark on the heavy one yL as the important parsmeter of

bound mesonic states. In what follows we use notation (20)

for relativistic quarks as well.

Already at this level some results for resonance para=
meters F, A  can be obtained due to positively defined
.cqntrihutian of other physical siates, as it was done in
[8] . This property demands that the contribution of the

resonance 1o (%)

i exp(— E"f) (21)



16,

ig smeller than the theoretical expression ( [#) for any
m. Por example, for negative parity case it gives the in-

equality

The asymptotics of apectral density at large energy
ig also known on general ground, it tends %o that for
free quarks. This fact is evident from the sum rules them-
gelves, for the simple loop is the leading contribution
at large m, Following [2) , we may write it a3 follows

TuK(E)= ETnlEe-£)+ 55 EBEE) TaeK (53

where the undefined Im::;!{ (E) is semall both for large
end small E . It contains next resonances, threshbid
structures etc., Important, that it is separated by finite
gap from E, and corresponds to Ko7 ,... meltiparticle
atates., All contribution apart from first resonance we
call "continuum" in what follows, We also move the term
with O -function to the left side of the sume rules in
order to cancel large but trivial term G{ij. Without i%,
the limit m-» - can be taken, producing the so called du-~
ality reliation

o

Ec, - ZFghd = v +,Tiszmffff’f“)f”5 (24)

o

-—-E
21
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[ ]
Usually the relations of this kind are interpreted as the

equality of guark croas gsection to that "eaten up" by the

3 e.l . -
rescnence, Note, that we have obtain the finite nonpertur-

bative correction %0 guch naive duality arguments.

The last step before the analysis resulis are reported
is the choice of convenient dimensionaless variables. If

we define the acale ag follows

i

Froal o sy .
? = (- Tel@plor)” = 260K (o5)°

the sum rules can be written as ) |
s S 1/1s Sc 4 £2 )1+ 3dst Dblatldgt- )
e E i+ S AT TR
2 apaixt ) = 2L M exp(- 52)

+ P(1-m /522K ) = 5 -

xzmjpe : &= E/2 ;& = Fo /X

Some unimportant terms are omitted here as well as T AK(E)

(see below).

Analysis under discussion is jus
by finding the most suitible

4 the fit of the 1.h.s.

to single resonance in r.h.8.

paremeters &, &y, 1+ FOT definiteness, the accuracy of

al calculations ghdld be introduced. In the
we consider the main error as coming

the theoretic
region m> Y00 Mev
¢rom poor ( + 50%) inowldke of (gjé(fgﬁéﬁ?,!a)_

Ag it is shown at Fig.3, the quality of the £it is

excellent, and the parameters are &8 follows
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_.Icf._

~ K , ~3
E, 209101 Gev, E, 209201 6ev 1y~ Sip e (27)

It was found impossible to give meaningful pradictions
for TmoK , For example, the introduction of second reso-
nance give ite contribution several times smaller than that
of the first one and inside error bars. Of course, it is
not a proof that T JK is aebsent completely and we esti-
mate its max’mal possible influence on, say, "M to be
of the order of 30%.

The mass of & meson K, = B meson is already known and
it can be compared with our results (27). The mass of the
b quark has been deterined accurately in proper normaslisa-

tion peint H% in the work [13]

Ma; = {f?g D053 Olv (28)

which together with (27) give Mp= 5/502 (00 to be compared
with experimental value M E-_,_";: Myus )= 5270 Mev,

For D=K,6 meson ome has to include corrections o(1/%,.),
for charmed quark is not heavy enough, We are plannirg to
discuss such effects aléﬁh&re and only ccmment here that
the main effect is very S8imple recoil motion of ¢ quark,
meking all .cha7medihadrons to be ~150 Mev heavier tham
estimated .n M) 200 case. Jo, My 270+ Y001 150 > 18 20 Mev

It is interesting to verify our predivtions

19,

Lo 220 Mew 7£B,: 140 Mo (29)

for the naive bag model calculations [11) give predictions

several times larger.
We have mede analysis of the same type for positive

parity channel as well and were surprised to find that

the accuracy of the method is in this case even better.

As it is seen from Fig.4, the contribution of the conti-

nuum is relatively smaller in this case, The parameters of

these mesons found from the fit are as follows

e o
,-’{3:‘: 12402 6w - Efi‘fﬁm“*&& M‘P:gm se® (30)

Rather nontrivial is very large difference between these
jumbers and those for negative parity states. The difference
n mass is nearly 1 Gev, and the density is much larger.
Such properties are not reproduced by models like MIT bag,
‘nere excited states have smaller density in larger bag.

n gome sense., another sign of correction mean quite dif-
erent interaction with vacuum for positive parity, or ano=-

ther “"bag".

n conclusion, we predict new resonances Lq {0*}J

;¢f4+? with masses near 2.9 Gev for charm and

b, 0 Gev for béhty mesons.
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6. Bﬁrionic currents

The generalization of QCD sum rule method to barions
was considered so far in two papers [5,6) , which differ
strongly in definition of currents and corrections inclu=-
ded., So in this section we &iacusq the classification of
barionic currents in general, and with application to the
case when one of the quarks is heavy.

We begin with the classification of two quarks into
their total quantum numbers, Spinor indeces ere in stan-
dard way expanded in 16 gamma matrices with the help of
charge conjugation matrix ( as foliows

%;'ﬁb - QVThf‘f? L
hed Gl E(-), Lult], Ldp ) 6 -

Plus or minus in brackets mean the symmetry of matrix ({1?L¢

(31)

If the two quarks are up and down ones, this sign deter=-
mines the isospin of the pair

(Rlev. sl .. [-)]& 10 e

Adding the third quark to symmetrical ceses we have
two possibilities

urehu)feu ;| («C8u)l6uu (33)

21.

Using Fiertz transformation and demanding the symmetry of
all quarks we obtain unique current for isobax IEJ.

For proten two currents remains, for example
i v
J: W) Bl Ay = (48 k) g-*&dy,}

Changing =d to s we obtain currents for J barion,
For A case we need isospin-0 quark pair, so there
are three posgibilities

I @ d)S o ) g A) LS
J,: 2 (uled ) yes

So far, we did not cdbider SHEB%Tprﬂpertiea. Note, that

(35)

the number of currents obtained above corresponds to the
following decomposition of its representations

IpIB®I 0P BB LT (36)

In more familiar nonrelativistic SU(6) nomenclature only
10@8 survive., We do not go into this further because for
very heavy quark no symmetry is expected with light onea,

On the contrary, the nonrelativistic limit Hq-a.xa atron-
gly simlifies the problem, One has then two currents for
both J, and /|, typegof barions

j;:(qufh) .?J}(P ,i;z f”rfﬂf“)%fﬁ'gﬁ) (37)
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Jl(uTehd )@, 2 (e ug 4)68

We do not discuss spin-3/2 particles for their degeneration
with spin-1/2 ones is evident in MQ-?aa limit.

Note also, that curremnts (33-35) have wo invariant
atructures in the two current correlator, J;} and fgf .

vor spin-3/2 case there are 4 of them, However, in our non-

relafiﬂatic case only one structure 'JE(’J;H)# is present. -

7. Comments on the nucleon and isobar

Strictly speaking, in this section we deviate from the
main line of the present work. However, the sum rulea for
such currents as fouad in[5,6)are in fact very close to
those analysed in section 5, 8o it is instructive to com=
sare the results. Also we wonld like to make gritical re-
marks on the method of analysis used in these papers.

45 noted in the preceeding gection, the total number
¥ currents and inveriant atructures in their correlators
o rather large. All this gystem of sum rules remainse the
subject for more detailed invessigations. We discuss here
nwe simplest ones for the nucleon and isobar, refaining
nly first nonperturbative corrections, So, we doO not

'19z for
go for high accuracy, put” consistency with previous cal-
alation for mesons with heavy quark.

.8 in section 5, we introduce the following free pera«
neierg: resonance position Wi, threshold position. M,

and resonaAnce regidial defined as

23.

W= Gl e )
)Ld &_'ﬂ,,{ : o] Jua 18 ) 8

méd | - €xp/ /41 =£+ i )}+ $0.669) ()’ -
% Zg{ (.?T?J{?A‘zﬁ)f‘p/—— H_if:’.;]

nm? /
(39)
where ccnstanfa'are ﬂ' : 8 =
/‘r"!) 5 g‘g/'l‘z

Q‘
Using dlmensional variahlea |
x-u hf.*_";w:[ 8 %y
LN e L & .Sq-') ?‘{Tf)}%

fe can reduce it to single form
X*[1-expl- &)1+ &
4 X)(!?L}:T*zxf)]*‘l =
= Weexp(- T /x )

where | '33}
h= I“ » 8nd we recognise the same sum rules as

we ha
ve discussed in section 5 . Therefore, our result
y 8 g
can be directly aepplied to this problem,

(40)

But i
pefore we come to this, note the following simple

relati ar
elation which exists between the nucleon and the isob
channels in :
4 the approximation considered:
. /
‘ W /g, - 15'4 sdesll
A 1
}l/ - . (41)
‘ A i

er

than
1%, which is "too good" and probadbly is due t
o some

coin
cidence, For example, second sum rules [51 are rel
B,
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ted with another scale ﬂﬁfé)%:h?ﬂ' , with 13% error. of

courge, the account for further corrections should imp-

rove the accuracy,
for the nucleon and {gobar channels is left.

but in gemeral no simple gscale relation

Now let us translete the regults ( 27 ) of the fit

to nocleon and isobar paremeters, They are 88 follows:

g ' 2000)
My = 9902 100Mev [ 980) .= 141021SOMw (

(42)

N (zn)'x 1.0 6w® (1.9)
m 8. 1820 Romey (2100

8 ~ jgp 4130 Mev (1900) , M
4

Nom)'o 26wt (9)

In brackets the corresponding results from |5 ] are given.

Masses ere rather close, which is watly the effect of power

1/6 taken, but continuum thresholds and matrix elements of

currents significently deviate.
We believe this is due to 4nsdequate analysis method

used in[5,6). Instesde of fit, their suthors used some

additional hypotheses that at the walue of Borel parameter
resomance mass continuum contribution is

i  equal to

smell and sum rules can be trated as algebraic equations.

This assuntion is mot justified. Contimuum contribution

is not negligible, When it is acoubnted for, equations

25,

become meaninglesa for both sidea of them agree well in
rather wide interval of m, Also, there is no reason for
this values of m to be exactily resonance mass, although
it is of course of the same order of megnitude.

Our discussiocn of the nucleon and isobar wé finish _
with the following observation, The continuum thresholds
in both cases coincide with the second resonances known
in these channels, w(1470) and ﬁf(TEHOJ. For ( - meson
case, the same 1s true for QI{1250). Three coincidence
without exceptions - it should be due to some reeson,

Note also, that we Xmow gi to be very badly created by
current in e'e” data, and also ﬂfjilf are predicted
frou sum rules to be small. Very interesting possibility
is that they are not radial excitetions, but molecular-
type threshold bound states,

In any case, it is interesting to look for primed reso-
nances &' (2300 ), 8’[5‘&&&} etc.

8. Barions with a heavy quark

The derivation of the sum rules for currents ( J7) is

analogous to that for mesonic currents, discussed in details

above, Therefore we give here directly the sum rules

£

=~/ A A 2
L e E * —K§92) =)\ exp (- Ep/m
207 ¥ ;(E d g 7 pl- Es/m)

ABE(:(D}J;{;B> (43)
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where the unite of energy is taken to be (2()
" ¥
- Lo '/ 2 -
X:=(~ % Colggle)) > = 260 Mev (44)
end the sign t corresponds to. N and /.
As above, we represent the spectral density as rescnance

plus continuum with O ~function, which is moved into the
left hand side, The resulting sum rule has the form

W1~k ep - S)[ ()" 6 (2)'s o( &) b0(E)
+ 120 & + 120 ] + 4 = %%éexp/ﬁ .f?z) (45)

Xz m/e , &= E /2

In this case the quark cross section grows more rapidly

from the threshold, and the contribution of the continu-

um is much more important than in the case of mesons. This
igs shown at Pig.5,6 , and at first sight it seems impossible
to get any information about the properties of the reso-~
nance, However, it turms out that there exist well loca=-
lized region of parameters, which give good fit to the sum
rules, This situation is very nonirivial and presumably is

-

" not due to some coincidence, The results of the fit are
the following values of parameters

b
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o, SN A .
E, S 031015 6w  E. 0920560, )= 245 0o
(46)

3 5 -3
E? = L1to2 6 L E = 1120200 Ag™ b0 007

Because of very important continuum contributiom in
this case, it is of particular interest to check these
results. However, only recently f'l{ barion was first
observed with its mass equal to 5425 +175 Mevw. « Our
calculation give $8001/50 Mev, which is good agreement.
For ﬂt using naive expression

f = '
Mdr = M.t £+ IS0mey = 2120 T IS0 Mev (a9

we also have number close to experimental one 22'?31 6 Mev,
For Iq,' f\ﬂ aplitting our accuracy is not good: Hz-‘? - Mﬂp o
= 400t 250 Mev and of course does not contradict the
experimental number HG;-&):IJO Mev., At least, the sign
is evidently correct.
2¢ Results and discugsion

As we have shown above, it is possible to calculate
masgses and some parameters of hadrons containing heavy gu
quark starting from QCD Lagrangian, OFE method and some
phenomenoclogy qf physical vacuum, Some results agree reaso-
nably well with data, and some need mew experiments to
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be chacked, In particular, it is importent to measure J-JE

meaons decay constant, say by E-afb% ., Different theore=-

tical appreaches give raether different valuea for it. Loosely

speaking, the radius of D meson is predicted within factor
of two, It is also interesiing to look for scalar and axisal
regonances in o /1 £ systems, which seem To be predicted
most accurately by our method., We hope there are good chan-
ces to find "primed" particles in the “hreshold region

etc., We are nct going to list here all the predictions made
above, but try to formuiaie the main conclusion from this
work.,

Its main result is the extention of SVZ method [2 ] to
new region, where it seems io work well. This statement
is not triviel because in our cese the sum rules are "much
worse" then those discussed in [2] for ﬂ' F mesonsd, &and
in their work |87 SVZ themselves were careful not to go
too far with them, In order to explain what we mean by this,
let us discuss some classification of sum rules.

The point is how A&rgmg are power corrections due to
nontriviel vecgum structure. We do not mean the value of
corresponding vacuum average in absolute unifs, of course,
for in any cese it is transformed avay in suitdble dimen-
sionaless virisbles. Wg mean how strongly the correspon-
ding function changes. Hote also, that in the casge of or-
dinary hadrons the natural variaﬁle is squared masﬂ,-nhile

i{n our nonrelativistic case it is the first power of energy.
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With this comment, the sum rules studied are af tree types

&
& K
ajf’ £°d¢ i‘!:ﬁfﬂ‘x})ﬁ;}/_{;

(.'(:f) — ?TI‘? (48)

(22) =3 A O, 0 P50

(k=5) — ﬂgf fh
With the increase in strength of corrections, continuum
becomes more important, and predictions for resonance
alone become more difficult,

However, as it was found by our analysis, the proper-
ties of continuum are also reagonably fixed by the sum
rules, and deviations from O (f-€, )-Tw V°(F) is not
large, at least in respect to integrals with exponéntial
weight entering the sum rules, Bven for barions with heavy
quark, where continuum dominates completely over the resow

ance contribution, the fit give quite definite and reaso-
nable results. Note alsoc, that in the only spectral densi-
ty measured, ‘that of electromagnetic current, £ -function
approximation to reality is very good indeed. Therefore,
the results under discussion mey stimulate further studies
and applications of QCD sum rule matﬁud.

At the end, we would like to enumerate several further

calculations along the line of the present work, which can
be made easily. They are 13Hb corrections which, first,

increase acuuracy for chermed hadrons and, second, pro-
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duce splitting between J=0,1 mesons and 1/2,3/2 barions,
The next problem is the introduction of the strange quark
( say, F-type mesons ) and looking for the effect of the
gtrange quark mass, One may also try to calculate electro=-
magnetic splitting in igormltiplets, which in such prob-
lem is much simpler than for ordinary hadrons, We hope

to return to these questions eldwhere.

The suthor acknowledge multiple useful discussions with
A.I,Vainshtein, M.A.Shifmen, Vv.I.Zakharov, B.L.Joffe and
V.L.Chernyak &nd also valuable help from O.V.Zhirov in
computer calculations.
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Pigure captions

1. Disgrem of zero order in strong interection (a) for

?he two current correlator, together with perturbative (b-+d)
corrections.
2, Born diagrams for nonperturbative corrections.
3, Borel transformed correlator (curve 1), the same quantity
with continuum subtracted (dashed curve 2) end the contribu-
tion of the K, resonance ( curve 3 ).
4, The same as at Fig.3, but for positive parity mesons.
5, The same as at Fig,), but for ﬂQ .
6. The same as dt Fig.3, but for 'iﬁ .

«)



35.




37.

36.

A




