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10.1. THE NUCLEON WAVE FUNCTIONS,

We use in this chapter the proton wave functions introduced

in /2.,8/ and determined by the matrix element of the three=local

operatcr: -

(\Q\ ELF u; &’) U}P l\i"\ &: b’:)\ P)= %H % ll (&:\h? (\SEP”,E N L%L?\) +
@' ‘ﬁ'i C\} 3% N{ A bi?‘- = Kszﬂ Po C) ap wﬂ;‘ [ﬂ{ Tk ?)]] : (L0.4)

T (2i=0) = T{&0)=14, Al2:2=0)=0, P>o-.

Here: N\é -is the proton spinor,p=-is the proton momentum, C-
iz the charge conjugation matrix, i, j,k-are color indices,

a.nddﬁ% gre spinor indices. As usually,the Fourier transform
Q
of dimensioniess wave function ( d*ﬂ.= Cliidilliig%(iﬂ’irirh)):

V R%;_?\; Si(l-ﬂ-. QI?H*L% X;(EL?)]JV Uﬂ_\? L=ilz+-§10.2}

{and analogously for FL\LE-.?\ and i tﬁ;?) ) determines a diatri-
bution of three proton quarks in the longitudinal momemtum frac=-

tions 0& X < .1 ) 2 = L The identity of two u-quarks leads

to the symmetry properties:

V(tan)=Viza), T4 23)=T(2,43), AlL2a)=-Al4,3). (10.3)

Requiring the total isospin of three quarks to be equal 1/2,

one obtains the relation:
2T(12,3) = Vita2)- Alesa) + V(24 -Alsz,t) co.a)

Therefore,there is only one independent nucleon weve function

of the leading twist 3,say, \?H Lﬂ =V Lﬂ - A t'ﬂ

The above introduced wave functions correspond to the proton



state of the form ( P% - oe sthe arrows show spin projections

onto the z-axis,for the neutron: u—=> d4d):

2% = cont § 4oy g Y- A0 |yt ut iy e +
VA8 | gt - TR\ e 4l

(10.5)

The properties of the nucleon wave functions vﬁﬂjl P\m and

1 Lﬂ were investigated in detail in the paper /10.1/,using

the QCD sum rules. We give below the main results only and re=-
fer to the paper /10.1/ for details. The dimensional constant

%’ﬂ which determines the value of the nucleon wave function

at the origin,has been found from QCD sum rules /1.48,10.1/ and

is eqiﬂll . <% 9
\£.| =(5.2£03)40 GeV', i
M Inzd Gev
The wave function moments are defined in the usual way:

2 Ly Ty e L "Ny
W[h ; 1IH: Su 1.\ 1: 1: 1:3‘“1\_

The moment values of the proton wave functions V(x), Px(ﬂ

(10.7)

and T(x) cbtaiﬁeﬁ in /10.1/ using the sorresponding QCD sum ru-
les are presented in Table 10.1. (Everywhere in this chapter
the mean normalization peint of the wave functions is Fﬁlﬁ-a\." )
The moment values of the asymptotic nucleon wave function:
Vu,]‘\*"“\ =TU,]~\-‘!°“W =Wasl¥) = 120%:1,Y, are also givenm
in Table 10.1 for comparison,

It is seen from Table 10.1 that the most characteristic fea-

* Let us point that the values of the moments T“ Lhaity) have

been found in /10.1/ by two independent methods: a) using the

Mgy Iy
values of the moments “?,:‘ o bs) and the relation (10.4);
(hangny)

b) directly from the independent sum rules for s 5
The results agree well.

ture of the proton wave function is the large momentum fraction

carried by first u-quark:
(Loo) (4o o)

g \Ql;:m\ P "Qg \Q:Mﬂ "—"Ll"g, (10.8)

while these ratios are equal unity for \‘Qu.-i(i), These results
ghow unambiguously that the proton wave function \QNU., rl:: iG-E‘U')
is very asymmetric,unlike \?ng (‘ﬂ Ihe largest part of the pro=-

ton momentum (= 65% at Pg_-‘* ® ) is carried by one u-quark

with the spin directed slong the proton spin,while each of two

rest guarks carries = 1%2% of the total momentum,

Using the moment values from Table 10,1 ythe following model

proton wave functions have been proposed in f‘ID.U’:*

VG 6)= WM [ 1435 0end)es 8200 - £ 493, -2.04)
AN )= )] c32(x2-e)) (o)
Tl ks Qo) | 13 ML (G ) e g2yl < 0.8y, -338 ) _

The moment values of these model wave functions are also presen=
ted in Table 10.1 for comparison. The profiles of the wave func-
tions \Quk\[\zvu\ s A[‘) - ‘I(ﬂ : \?m*,(ﬂ are shown at figs,
10.78,10.1b and 10.1c respectively,using the Mandelstam plane

0& Xig L S Yi=4.

The multiplicatively renormalized polinomiale for the three-
quark operators of the twist 3 are the Appel polinomials Pnhhi;:):

S: szi \Qmﬂ‘h\ ?,ﬁ(ﬂ ?nh-\\ % Bk

These orthogonality conditions do not determine,however,comple-
tely the explicit form of the Appel polinomiels (unlike to two-
particle operators ), Therefore,either a standard camputation

* see the next page



of one-lcop diagram divergences /2.8/,or the solution of the

corresponding evolution equation /1,29/ is required. The expli-
cit form of few lowest polinomials and values of the correspon=-
ding snomalous dimensions have been found for the firat time in
/1.29,2.8/,a more complete investigation can be found in /10.2/.

We give here some results which will be used in the following:

n . f R T'r/5ta
‘)]’HI'\ H.l_]—- 'J""H['.LHLL\' H‘\i‘ft\v‘t\]/d { L\]\ ]

26

0y ﬂ{, 'y
APVRTAER "Ji 2': 0, (Re) f:}?} 2 Ry-a) +
(to49
3o ronfdelmd 75—?.7. \ 3 ke
luzt,v@&;m U—%lﬂ#-l ety

MR RN ultr\=ﬁtd31kim\v.,tm,tq_

For the wave function (10.9):

o (Metoe)= 0L G (p=icer)=055. (1010

hs usual, the anomalous dimensions are not large,the dependen- -

ce of &$L$ﬂ on W is logarithmic only and hence,the dependen-

ce of \Qu (\‘il}\\ on F“- is very weak, Therefore,because

Qu (X, M=4GeV) g3erors preatly in its form from Was) ,this

difterence will persist up to enormously large values of ,!:!*

10.2, THE NUCLEON ELECTROMAGNETIC FORM FACTORS,

These form factors are defined in a sta.ndard way:

pr—————— LD e i E

* (from the previous page)
Lei us remind (see ch.1) that it is follows from the duality

relations that ﬁu M~ iG“-ﬂ nas the same behaviour at %24

as l“;‘g_gi}\],’ w2 0%,

<?11LE)P1 =_h1 1) Swy 1
\: 195 =T (o) - S ()M 2
EL (0)= i] E: (u}:[}? E: (ﬂ):’: i'}g? E:(u)i—i_ﬁﬂ_’
Culf)= BV B, G(9)=E, (1) EIH_ (9), i

4
Gplo)= Mp=2%8, Gy lo)= Mam-404.

PN
w (42)/1.34,10.3/

are approximately described by the famous dipole formula:

L e byt "l o PP L
EGH(D'\:%‘GH“\E(L-FQ'/”J%: ﬂ%"ﬂ-ﬂﬁi (}N:i (10.13)

It is known that the experimental data for &

(o -’:Q-qz),‘EESGeTJE for the proton, 04 L—qz)émf}ﬂz for the neutron).

The asymptotic behaviour of the nucleon form factors in QCD
has been studied in the papers /1.26,1.29,1.30,2 iTiteBs 29433,
10.4/. We consider below only the form factors EFH (",1}

The form factors E?ﬂﬂl) have the additional auppression”lﬁ/fp
as compared with the behaviour ~ i/‘f expected from & dimensic-
nel counting,because a turn over of the quark spin projection
onto the z-axis is rEQuired (in the mucleons c.m.s,). Thus:

B~ 8" ana ()£ @/1. 07,

The Born diagrams for the nucleon form factor are shown in
Table 10.2 ("X" -is the electromagnetic current vertex,the lo-
west line at each diagram is the d-quark for the proton,u - d
far the neutron). The contributions of the Born diagrams into

(‘\) have been first calculated in /1 .26/,8upposing the
HU{B}-&ﬁmné'tr;r: for '.:the nucleon wave ﬂméfioﬁa,i.e. A(x)=0, -



R T

P(x)=V(x) and V(x) is symmetric in all its arguments, Nothing
definite can be said both about the signs of E:'“ and about
the ratio E:/E: in this case,because different diagrams con-
tribute with different signs,see Table 10.2., It has been empha-
gized in /2.7/ that the non~relativistic form of the nucleon
wave functioms: A{x)=0, V(x)=T(x)= {6(15: 1/3)'5(11"5\!3\)
leads to the reaulta:E:( 1\(‘3 E:[\iﬁ)ﬂ ,which contradict to
the experimental data (10.13)s

The contributions of the Borm diagrams into L P‘ L“‘) have
been calculated in the papers /1.29,2.8/ without any assumpti-
ona on the poaaihle form of the nmucleon wave function WH(Q
(the results for G (_ﬂ:“) obtained in /1.29/ conta:l.n a trivial

error in an overall sign). The expression for E {,31) is:

E (ﬂ U .1;\ \ \ Sdﬂ&&ﬂ{jﬁ& s L \a§+2:9 T (x 3\]} (L0.44)

where eL -is the charge of those quark which interacts with
the electromagnetic current in given diagram ( e, =2/3,e, ==1/3),
the expressions for TLU- ) are given in Table 10.2. .
When leading logarithmic corrections are taken into account,
one can replace: \?H(‘!«\*‘?\QHU]QH and &;%J;(Q“), Then one
has from (10,10),(10.14) and Table 10.2 in the formal limit
Q"> o f1.29,2.8,2.9,3-3.1{} 4!-

4, () v, Q‘Mﬁm 150) \"t? (L0.15)

de(8) Aty
L1 2oy wh“ am)“’ Ar\* 1
L7 dg(ad) mf'.’bfu 1 Lo 1
fr (o) () 1B 25 R ot
8

20/t
Therefore, G: qﬂ)g and G:‘bil}/cl':tﬂ“’[el*iﬁl\) 5&; Q at Q._,,m

Using the expression (10.15) for 'E'rl (ﬂﬂ and ll,_ 0y from

(10.11) one can calculate the corrections to the leading term

in E (%)

20
d¢(Q) \ 3¢, ds (@) gg‘ \k i
Li-3a (B0 o ()0 ] peteed o

Hence, the corrections to the leading term in E: (q(ﬂ (10.15)
are smeller than 30% only at enormously large Q2 P.‘n (&?’/*ﬂ?' lUH
(at boxT ). Moreover /1.48/,retaining only the leading term
for E L) 1n (10.15) and gubstituting &« from (10.6),0ne
hag: =— 0:‘(.}“ Uf‘ ~ - 0.2-40 G'E-v ,and this number is two or=-
ders smller than the experimental data (10.13) (and has the op~
posite sign).

All this shows unambiguously that the formal results (10.15)
have nothing to do with a real life. As it was pointed out be-
fore,the nucleon wave function tylX, M= {6eV) airrers greatly
Prom: Sas\B) ,the logarithmic dependence of ‘Un (¥, fl\) on M
is very weak and as a result,the formal asymptotic behaviour
(10,15) sets up at enormously large velues of QE only.

It is shown in /10.1/ that the mean normalization point Iq
of \Q,{(\ﬂ in (10.14) at Q%= (20-60) GeVZ is F-— { GeV (becau-
se the nucleon momentum is divided between quarks) and therefo-
re,one can use the wave functions (10.9),(10.6). Substituting
them into (10.14) and Table 10.2,onme obtains® /10,1/ ( dg>03 );

*Eor  Rlk)=V ()= 4201,3,, : Che0, ﬁ;“ﬁ Cp (§)=-0240cer"
For ()= Cnonret (8) =T (x,~43) § (xa-43):

m(‘; 4 = ———1 Gula)= —40" GeV".



Loe? (). e W (g LT
R4 Cu(flzoll o™, Re (8= 03 e, to.3)
C": hﬁ/@i“‘z\ =05, =18, Ma=-13

and these results agree with the experiment /1.34,10.3/ both
in signs and magnitudes,see fig. 10.2.

From the theoretical wviewpoint therefore,the experimental
data on the nucleon form factor confirm the main characteristic
property of the nucleon wave function \Qut"‘w}‘“‘i@*ﬂ,predicted
by the QCD sum rules: very uneven distribution of the nucleon
longitudinal momentum (at P> ) between three quarks. The
wave functions for which the nucleon momentum is more or less
equally distributed between the quarks give wrong signes for the

nucleon form factors, =
10.3, THE DEcAys Y~ PP, nn amp Y27 NN

Let us consider the properties of Y F'?.N'} N(=?,‘ﬂ decays
(we put below the z-axis to be along the nucleon momentum, the
angular distribution is of the form: ({L'\'t“lg‘) ). The strong
decay amplitude M;&r is described by the diagrams like those
shown at fig. 10.3 and it has been calculated in /2,2/ in terms
of the nucleon wave function \Qﬁ' lﬂ In our notation the result

has the form:

< H".l_ ) Hi\ g \‘ﬂ?b ="ﬂ% k?‘?r?zj Mty ;

2 e A 1048
| ?4;5.=Q¥w1:f~%f;\§5595i\ gél‘%ofﬁ;¥f¢il L ”1-)__

My | &1

| . = e
{4 ) Yk ) TETE SR |
Mo be| S WP 0 h) s

-brb: {‘L" QJ-X 4- Q(T‘!‘i_' iﬂh—"&if Qtw 3 iﬂ y .-Dif-bu- (3‘3;?’3“}:;‘*1 1\3 ?)’
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where \]frl =18 the \Y -meson polarization wvector.
Substituting the wave functions (10.9) into (10.18),one ob-
tains® :

Mex 0.5, (10.19)

Using (10.18),(9.6),0ne has:

V2902 \ (x| 120k LT e 23! :
e 3%} ) \T;\ o) e KW) s

—i
where ? is the nucleon momentum in the \Y =-meson resi frame.
Substituting (10.6),(10.19) inte (10.20) and using E[\\‘f—‘??)%\':
O.BY {\l['-‘!'allj,ane obtains (at @20.3}:

\-Y%T'ﬁ?\ B .
s : et (10.21)
oe | S | =@V 0359 =039,
while the experimental value is /2.6/:
\'g-»'ﬁ?“?\ 3 ; (10.22)
= nl VIRV 2
%T Y > all (0‘11 ; j/n'

Besides,there are two types of the electromagnetic contribu-
tions into Y-» NN ,figs.10.Ma and 10.Yb,leading to !L\‘x_’-ﬁ?)#
r(\"'j“’h\'ﬂ, The contribution of the fig.10.He diagram is:

(@, n) 2 (?,n) = A
My, <l s S atoay g, o
>

P,h 7
where Ml -:Ei is the nucleon magnetic form factor, The

contribution of the f£ig.10.Hb diagram is:

EM;‘PI“\]E = - 3L Qon Mare

T

where Q?=‘L end €4=0 are the electric charges of the proton

Fob e i/mr} (10.24)

and neutron. We want to emphasize that all relative gigns for

different contributions are determined unambiguously.

o o o o e ma

* For ¥, (X)= Qaeln): Me=0.4; for R l6)= Pranree () M=2-40".

11




Let us estimaste now the ratio Y= EH{-}?T- ?)/t K‘k-‘rﬁ’ﬂ)
T‘—'&L*-%:T %?‘“-_. [M lm_ [M‘E‘ 12 2 %?-. %1“}
L% 1 Meke

(L0.25)

P - : -2
%i il b e & T=003
¥ 5 «L;\ 0

( Ig =0,27 corresponds f&“i-ﬁﬁ’\)/ﬂ‘&-‘r&mtﬂ-ﬂ“ﬁ,m an absence

of the electromagnetic corrections,see (TD.EG)-—[iﬂ,za) 4

= Ywd
fn LA M':. %g %ﬁ=._._3_'_-—-—--——‘-"‘""
R RS e T

=3.25. (10.26)

Let us take:
g R . :
M Ch (M), MG MR- 0ss el
3
Then: E?,_ﬂ%_%'iﬂl, S?= Q‘E,ie%“ziﬂ&iﬁ "
e T

Ik“[-’:_ﬁﬂ 3 \H 0
Q'A{ TR sl

The experimental data are /2,6/ (compare with (10.22):

\Ei—} h&\ (0.4820. 08 /. (10.29)
>0

We have celculated also the atrong decay amplitude Iz-} N'N

{(10.28)

which is described by the disgrams like those shown at £ig,10.5

i2

(the decay Yo-> NN is suppressed: E: (’i > FH)/E (114}7{"3” i/Hl).

M-I 37 3| 2%y, TR,
i) L) \
M, E&?’* %'[ :.Eif} L'z.t; “-Tit:: Tf:ﬁ-& (sfn* b ) ¥

v Ve AR AW
9‘{ “ﬂ%"ﬁﬁ‘ 120 mhk%ur

&‘-‘1: Mi’/-DLi )

(40.30)
= L- 2%/,
o= 4 -(n-1) (2%-1)

Dy =W {Y\; LAY ¥ ‘J'..u*‘éﬁlkﬁﬂ :

where Et-ui is the "J:i meson polarization tenmsor, Mi?-ﬁf.*%@ev-
Substituting the wave functions (10,9),we have :

M, >80, (10.31)

L &11-‘»1@= %QLHX \_%:EL : (10.32)

we have fram (10.30),(10.32):

s S Al \Ii ot
%T\".Llari.u&r\ QEI* '}1‘5\ & e

Using also

(10.33)
2 -] -2
tm,\ L5407 =40 .
| The experiment gives at present the upper limit only/2.6/:
' %T (_“L-L—"'ﬁ?\ < 0. in{u
The crosa section of the resomamce production P?%'IE(QS'S{;’)

i ror mm 4l M3 for G =Rumed); Muz 025

PR & L



ﬁ?*‘*\-{-ubh-EB has the form:

Q= &‘lﬁh R ;z. M (10.34)
) " AM ]

where M'.‘: is the resonance mass, J is 1its apin,ﬁwl is the

beam spread. For ﬁ??—‘rileS-SSB'« j‘:?—? ME;: 12 .6 GEVE}

- <3| -l
T (2P 240 Ta(Xo\= 240 Mev  ond
KT. \ tik 1\ (10.35)

S(Ppats) =25 07 cwt ok AMaA0MeV.

0.4, CONCLUSIONS

1 The QCD sum rules predict unambiguously that the nucleon
wave function \QH" [\Y‘; Nﬁi'@rlﬁ) has very specific properties and
is very unlike both the asymptotic wave function “PML}*\:ﬂUhiﬁ}
and the nonrelativistic wave function “thuth\)-‘-gui- &7'3)%[1{”3)_
The most characteristic property of the nucleon wave function

Oy U]N“—‘LGEV) is the following: about 65% of the nucleon mo=-
mentum (at P> 0 ) is carried by one u-quark with the spin
parallel to the nucleon spin,while each of two rest quarks car-
ries =~ 15%-20% of the total momentum.

2, The signs and the abaoclute values of the proton and neut-
ron magnetic form factors G':.:‘“(‘}!') are very sensitive to the
precise form of the nucleon wave function. Just the wave func-
tion with the above described properties leads to the predicti-
ons for G:;“ (‘\1) which agree with the experiment both in signs
and ebsolute values, At the same time,any wave function (like
\Q“Lﬂ} \?mntbl‘)-‘. ... )which corresponds to more or less equal di-
stribution of the nucleon momentum between three quarks,leads

to wrong predictions for the signs of both magnetic form fac-

tors.

14

It was shown in / £3¢ / that there are "anomalous" logarith-
mic contributions into the nucleon form factor,which appear
first at the two-loop level and are not described by the renor-
malization group, The hard kermel for the sum of such two=loop
contributions into Gnh (ﬂgl) has been calculated explicitly in
the paper /3.€ /. Integrating this kernel with the nucleon
wave functions (10.9) one obtains that the total “anomalous"”
contribution is smaller by a ractor 22 d"‘tfj q‘ﬁg';éiai in com-
parison with the above calculated Born cuz'trihu.tiona and is,

therefore,negligble,

3. Using the same wave function,one can obtain the predicti-
ong tor Y5 PP and ¥Y>VN  decay widths in agreement with the

experiment,while the wave function \‘Pts(.ﬂ sTor instance,gives
the result = 25 times smaller.

4, The ep- and en deep inelastic structure functions Ef(ﬂ
and E:m are dominated at X~*4 by the three-quark compo-

nent of the total nucleon weve functiona, Hence,the behaviour

: p.n
of Ei U‘l at X>1 can ve expressed through corresponding

integrals of the nucleon wave function \QN b‘*} Because =-65%
of the proton momentum is carried by one u-quark (for the neut-
ron by d-quark),we can accept in the first approximation that
the whole nucleon momentum is carried by one quark,while the
regt two quarks are "wee" and can be ignored. In this case/10.1/:
- \] i L
PRS- S P s £ (10.36)
T = peg—— 5 = = - e 1Y 1'\* ;
It is reasonable to expect that the true value of "r" is near
0.25 and,at least,much smé&ller than the value T:G’ hc\ ~0.43
which is predicted for the SU(6)-symmetric nucleon wave func-

tion /1.17/. Thé experimentél daté are at present /10.5/:
¥=(0.20£040)at X =0.65
: 15



Analogously (in the same approximation),one can argue that
the observation of the leading proton (neutron) in the reaction
€€+ hadrons indicates that the photon has transformed into
the pair of u(d)=-quarks, Thus,one should expect that the number
of leading protons in the E*-ET -annihilation is =~ 4 times larger
than of leading neutrons. Besideas,the presence of the leading
proton in one of two jets indicates that the second jet has the
parent l-quark and so the particles ('F]Tf} X~ ) rather than
( -ﬁ, Ti{'., X® ) will be the leading ones in this jet.

16

Tie S UMMARY

The investigation of the asymptotic behaviour of hadronic
exclusive processes has its own history, It is interesting to
compare our understanding of these problems at present and in

the past . We can distinguish two perioda-before and after the
1977,when the modern approach to these problems started.

The main results before the 1977 were the "dimensional coune
ting rules" and the pinch contributions in scatt. ~ing amplitudes,
The "dimensional counting rules" gave & large number of predic=
tions which agreed with the experimental data. Hence,it wu- a

great success, from a phenomenological viewpoint,

However,the above results had a little gpecific to QCD and,
besides,a number of important questions remained without ans-
wers,such as: the dependence of the asymptotic behaviour on
hadron's quantum numbers,the absolute values of exclusive amp=-
litudes, the role of higher order perturbation theory contribu-
tions,etc. I

The main ideas and methods of the modern approach to an in-
vestigation of exclusive processes within the QCD framework
have been formulated in 1977. The new operator expansions
were proposed which gave a possibility to calculate a power
behaviour of exclusive amplitudes. As e result,the power depen=
dence of the asymptotic behaviour on the hadron's quantum num=-
bers was obtained,while logarithmic corrections ware neglected
at this stage. Besides,the hadron's wave functions were intro=
duced as the matrix elements of multiloecal geuge=-invariant ope=-
rators The above operator expansions gave,in principle,a
possibility to calculate the absolute normalization of exclu-
sive amplitudes,provided these nonperturbative hadron's wave

functions were known,

17
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Besides _the propertles of logarithmic corrections
were investigated in the QCD perturbation theory. The cancela-
tion of double logarithmic contributions has been pointed out.
Based on the explicit calculation of one- and two-loop loga-
rithmic corrections,the operator expansion for the sum of
logarithmic correcticns has been proposed, Einally,thﬁ asympto=
tic behaviour of the pion form factor was ghlculated explicit=-
1y in the formal limit Q> o0

Further investigations developed into the perturbative and
nonperturbative directions.

a) The perturbative direction, The more and more rigorous
formal proofs of the operator expansions were proposed. The
simple equivalent approach to the summation of logarithmic cor-
rections using a "physical" gauge and the Bethe-Salpeter equa-
tion has been described,

It was pointed out that there are the logarithmic correcti-
ons which are not described by the renormalization group. It
was elusidated how the Sudakov effects suppresa such contribu-
tions.

The properties of the quark-gluon mixing were investigated
in detail for the flavour singlet channels. The properties of
nonleading logafithms,high&r twiat processes and power correc-

tiona were considered.

b) The nonperturbetive direction. The QCD sum rules have
been used for the investigation of hadron's nonperturbative
wave functions. Specific properties of various light hadron
wave functions were elucidated. The properties of the SU(3)-
symmetry breaking effects in the hadron's wave functiona,the
wave functions of the mesons which contain heavy quarks,eic.,
were considered., It has been demonstroted that,in general, the
form of nonperturbative wave functions ( X, Mo L Ct\l\) differs

~reatly both from
{R

the non-relativistic and the asymptotic (perturbative} forms
of wave functions.

A large number of applications of the general methoda has
been considered, The main result is that it is possible to

cbtain the selfconsistent description of all considered exclu-

sive processges in a reasonable agreement with the experiment.

The selfconsistency means that the same wave function sumilta-

neously filfills the QCD sum rules and is used for a deseription

of sll exclusive processes in which the given hadron participatea.

Probabilities of the exclusive processes are very sensitive
to the form of hadron's wave functions., When the form of the
wave function is varied comsiderably,the probabilities change
by two orders of magnitude. Therefore,the agreement of theore-
tical predictions with experimental data for & large number of
various exclusive processes can hardly be a mere coincidence,
but ruther confirms a correctness of the whole approach. Note
that the theoretical formulae for exclusive amplitudes contain
no free adjustable parameters.

On the whole,it seems that we understand quite completely
at present most characterisric properties of exclusive proces-
gea in QCD., We ecan also calculate their probabilities with a
"reagonable" accuracy. This "reasonable" accuracy is not high,
however (typically within the factor = 2 in probabilities).
From our viewpoint,just the problems connected with the increa-

ging of an accuracy become the moat important now.
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APPENDIX A, UNITS AND NOTATIONS
1, Rl n i ‘/{f,,,/"‘f: 197 % AP'FV) M';‘;jzzr.fa"?:m,

F
where /7, is the proton mass,
The metric tensor has the standard form:

Foo = feor =~F22 =~ Sas ‘.{
2 The Direc matrices

N T o Sgn i
(

/////4 //é/ /%”/-;a’/f"%z-
/// g}’“ﬂ/ 6;%&/ f,;;]/f-zé/‘wxr/é

3. The SU{BJ-matrices T i
¢ , abe g¢ 2 4% _
(E 554 )4 6% atenss

4247
e 80 ;

g ¥
S
N

iz ;/’ y ?’:»;‘35.; o A b T
A
) (Fle = redy - £53:0]
d 4 7
(

AR
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s I Probabilities have the form:
The decay 1-»2:

aw = J‘I/”/g////ﬁ’

where /lr is the initiel mass, P’ is the final momentum in
the c.m.8. At /‘(.}?)@ £ .
Z
W .fg_// / "V/

The elastic scattering:
sz AL av
o5 LZed / .Z‘z-?‘r ’ f'!f-@&/-@?&'?j

S =(208)°<(8+4)°, Z=(8-8)"=(3-4)" .

Be Dotted lines denote gluons,solid lines-quarks,wavy linesge

photons (or W-bosons),"x"-denotes the extermal current vertex:

1Ll
+
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4.

The Feynman rules are:

4,.

/’r/w *S?"/ﬁ'ﬁw" * a8l

N
]
i
”Q|\

63/': ; q /:.‘ ﬂé;/c
A padnnw s B sl

af
4L__;ﬁ___6' -¢ ;/;ﬁq; —({-f/ %j/

144

v
R LR T 7
.ﬁ Flk. 3

g %ﬂr %6
¢} rd®

£ ! e
\“,’;’ cf/z/ / @%%%ﬂ*/
2 Sl ;‘ ”, “hrre pors
éf{’ \‘ﬁ’; . &"7/’6 ﬁ"féy
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APFENDIX B, THE FORM OF ASYMPTOTIC WAVE FUNCTIOQNS

The purpose of this appendix is to describe the simple method
for finding the asymptotic form of various wave functions,o’s,-u,
\Qg_:;[\ﬂ =\Q ‘\h?‘**’“)— We want to emphasize that the form of %Lﬂ
has nothing to do with hadron properties. The asymptotic wave
functions are pure perturbative objects and so,they can be found
by computing simplest Feynman diagrams.

To illustrate the method,consider the leading twlat pion
wave function \?1: L’},]"‘\J defined through the matrix element of the

bilocal operator: K j ;
<g\d®1¥j ewp uﬂﬂ &&B;@Euk ﬂ\“("(b 3 "“S{ quhg ‘lﬁ ok (‘1 ﬁ{m)

20,
where ]\\ is the renormalization point.
Let us introduce now the system {Dh]] of multiplicatively
renormalized operators, 0\1("“ E(ﬂﬁitﬂ En(-"{ﬂ/ EW\UU‘) " where
Ehkﬂ are unknown polinomials we are interested in, The decom~
position of the bilocal operator ih (B1) over the local ones,
0\"-. ,corresponds to the following decompositiion of the wave

runction: QR(; W)= Q)L b, (1) By m,.
S&H\ka‘r\e Kﬁ\f L"a\ %w, Shr ﬂ g E\Q:&}ﬁ&h\, (B2)

1(.\*11 (!.ul
A= (m)e o8
in)=Eon 1 bl

where %‘n k‘ﬂ are the corresponding anomalous d:lmenaicns,ﬁmf’fn
and %(\&\} is the Gell-Mann-Low function. The system of polinomi-
als ILE“L'Q\ and the asymptotic wave function wﬁ(’)\) are de-
termined completely by the perturbation theory properties,while

the properties of the hadron determine the values of the cons=

.23



tants %  in (B2).

To find the form of \?“Qﬁ it is convenient to use the con-
formal invariance of QCD in the small distance region. Let us
restrict ourselves at first with the Born approximation,put the
quark masses equal zero and take two local operators 01 and O,
belonging to different representations of the conformsl group.
Then the two=point correlator

1§ eVl T 0 0,0 |0 =0 (23

equals zerc due to the conformal invariance, When the quark mas-

ges and the non-perturbative corrections which breek the confor-
mal symmetry are takea into account (but all logarithmic correc-
tions are still neglected),the formula (B3) remains true at
iﬁﬂ"’m ;because all symmetry breaking corrections die off at
large Grz, It has been pointed out in /3.,10/ that the conformal
spin is s8till conserved when leading legarithmic corrections
are accounted for, Thie implies that the conformal operators
do not mix with each other in this appruximatiﬁn. and so,they
are multiplicatively renormalized. Therefore,the formula (B3)
remains true in the leading logarithmic approximation also., We
now uge it to determine the form of \?&ibh and il?- (’;\]B

Let us choose in (B3): Oy= Cl'i‘-\é LLE’D\ U, 0,=U U.'-l',\ég
and calculate the correlator in the Born approximation:

Tulg,2)=1§ de e Mol TINZELED Y Ul T2 d0) o=
(2a) Thkw\ 2=0, (84)

Teittin- Mﬂg *’u q ‘r%\’»

24

It follows now from (B4) and (B3):

7
a) the asymptotic wave fumction is: \QM(‘:\ ~ (L- \
b) the ayatem of mul‘hialica tively rennmlized operators is:
32 32
[LOnE= & d?:.\gs (%bfi-'b\u‘a where Cn (.I,\ are the Cegen-
bauer polinomisls,., The reason is that just these polinomials
are urthugonal with the measure LL" 1}

Sh,b-ﬂ (t,\tm [ﬂ [B'mn

+~That-is,the explicit form of \?u{,‘h and the nrthngnn&lity
conditions (B3) determine uniquely the system of polinomials
corresponding to multiplicatively renormalized two-particle ope-

rators.

x '\-\.-.\_‘.\_\l—.

On the whole,we see that it is sufﬂcient ‘ﬁr cglculata the
corresponding correlators in the Borm approximtion (i.e. loop
diagrams with free massless quarks and gluons). fo find \?u.i- (2')

i 1 D 0.

Below some examples are presented ( §= 11-11] Ys,,j-'{i-i.)

Q) ¥ K“‘ﬂ“" Qu~i ey 3) [9.4
E) \\)KFU.*KQ* \{'G'r“,\\' Qag~ (‘!..-7, \*Cn L‘,\ 126 128, L2

) GGy , W~ (a-22Y > o ) [3.44/ (5)
e
d\ “’(K? (:DL\ \y \?mt”({.‘ \ 4 Ch ("!h ! ‘ai[

K 1K+5]’z
§ TOIYY . wuEr) e 6 [l

caa fa . £ reap—p— - e

* It is even simpler to calculate the discontinuity of the

correlator,
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The aaymptotic wave functions \?ﬁ Ui,it,iﬂr) for three-partic-
le operators can be found analogously,but the orthogonality con-
ditions are unsufficient in this case to determine uniquely the
correaponding polinomials.

Calculating the three-particle Born diagrams with free quarks

and gluons,one obtains:

% \\’C&kutxs\‘\’ Y : \\’QS’N‘\’ Y ] Qe ™~ Yiha¥s [i.?.?:_?..%/

: 0@ Wxﬁkitxs\w @m? : g~ X;.i:.ﬁ “v ” (Bb)

N Gl o Qweexil el
The results (B5) and (B6) refer to the kinematical structu-
res of the leading twist for each given operator, Analogously,
by separating in the correlators the kinematical structures of
the nonleading twist (for instance,the twist 3 for two-particle
operators,the twist 4 for three-particle ones,etc.),one can find
the form of corresponding asymptotic wave functions., In particu-
lar,all two=particle wave functions of the twist 3 used above
in the text can be found in this way.
Let us consider as an example the ?.L -meson weve function
of the twist three (see ch..f-}):"?;’Ihj‘qa-m):%{u.ﬁ.:secauﬂe (i_psl):
7 - (&,-'{‘,13, the corresponding polinomials have the form:
E“Q-ﬁzﬂ.h Qi{ih\ﬁ-%hcrzmjﬂhe coefficients Ow and Ow are de-

termined by the orthogonality conditions:

4y 3 (1) 20V )= S

Ag the mixing matrix is triangular,the anomelous dimension of
the locael operator 0\'\_ corresponding to Ehh)._.ia:

i & m-ii
En= QF[!\.‘ (\“*ﬂ(\'ﬂ-ﬂ J"Ll?;_-— |

(before a mixing with three-particle operators).
26

APPENDIX C, HEAVY QUARKONIUM WAVE FUNGZIONS / LJ-IW

These wave functions are defined in a standard way:
— i e
@%blﬂn(ﬂ\Q?K’t}ﬂ‘i?[ng_i&ﬁBLG‘)EQA—})\MQB? (c1)

where Q is the heavy quark field,l}*kfr> is the quarkonium sta-
te with the momentum p, The expansion of (C1) into zeseries is
at the same time an expanaion in powers of quark relative mo-
mentum, The relative momentum is small in the non-relativistic
case: P“g,“-‘(_ﬁ./t)ﬂﬁ« M&( Mﬁ is the heavy quark mass)., Hence,
one can restrict himself by the first nontrivial order in z

in (C1). In the same non-relativistic approximation one can con=-
sider the quarks in (C1) as free ones. Using then the Dirac equ=~
ation it is not difficult to find the explicit form of the wave
functions. The results are as follows:

|
1) Eq state:
@J\?k%;ﬂ:'\_} g[ﬁk?:ﬂ—hﬁzi%GLMR*ZMﬂGﬁQ?FE\J—LP ‘(C?.)
2) 3?1 state:
%1%(%1?\: %‘{. ZM&%MEQ 2Mq + Sy ?T“?;Ll? i €3)

3
where ?3"‘:87‘“ %y and Erw is the Qg_ meson polarizaetion
tensor,

3)351 state:
A
?QQQ%?F 'IL{'“ %w[ € 2Ma + S ?ﬁﬁa‘l “®, (C.li)

where 8!4 is the > Si meson peolarization vector,
L
4] éu atate:

@1{,(11?\:%{&&‘{ !P\ES*ZMEX;\&? : (CS)

The constants %i- in (02)=(C5) have the dimension of the
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mass and determine the wave funetion:values at the crigin,

They are ccm:iected with the non-relativistic wave functions
Ri‘.(\ﬂ\) and R?L‘h /1.40/ as follows:

fo =he = 2\ RO/,
S TR T VO /AT S e (M AT

At large MG. : &L”Mﬁ- For the chaermonium: h,-:.-: 400 MeV
(compare with & = 133 Mev, %g'zzuo MeV).,

28

APPERDIX D, QUARK VACUUM CONDENSATES AND CHIRAL
SYMMETRY BREAKING

It has been shown in ch.& thet a' selfconsistency of various

\(0\?1\1\‘9\ > \<0\E&\ﬁ>\ > \<U\E$\0>\ 25+ {D1)

Besides,the numerical estimates were obtained therein (the expec=
ted accuracy is = 20%):

<n\-‘i\l -E‘}\'?-") : m’.; ik

Lol $3 10> f (mrmq(m#*mqmi o (p2)
(o\Tu-28\ Eheatex |

o ﬁ 4 \n§ : (‘m‘-mq(‘mﬁ Mu ‘M: b

There is at present a number of papers /6.2,6.4,6.5/ in which
the signs and the absolute values of the differenses { UU-44S
and <11\1-M> were determined with a help of the QCD sum
rules for meson and baryon mass differences or by the different
method /6.3/. All results agree with each other and with (D1)
and (D2). Therefore,there is no doubt at present that the heavi-

er is the guark,the smaller is the absolute value of its wvacuum

condensate <‘3\‘:‘?ql" l%) 7

The purpose of this appendix is to elucidate the relation-
ship between the formulee (D1),(B2) and the chiral SU(2)xSU(2)
and SU(3)xSU(3) perturbation theory / 5.1 6.4 6208/. It scems at
the first sight that the unequalities D(1) contradict the predic-

tions of the chiral perturbation theory. Consider first the chi-

- S BE B

* This is trivial for heavy quarks,because when the quark

mass 'mr;‘, is much larger than the inverse confinement radiusz

r5-k /s <*czf\’€wY \oD = -(ﬂ-‘%ﬁ—@ﬂﬂ/m Mo,
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ral SU(2)xSU(2) limit. Then:

o) W-T010> = & (mp-md) | dycal T Rm e ey
04N, WOuE - DAY « O w2 i)

It seems that the spectral density in (D3) is positive definite

and so <:}\'ﬁu-‘&e\\ﬁ\} :&ma_mﬁ\t,\) Q »in contra-
diction with (D1). The loophole is the following, The quark
condensates (G\ \l\i\\ﬁ>?<ﬁ\ d&\@ and <ﬂ\ 3*3 \ﬁ> are go defined
that the perturbation theory contributions are subtrected out
of them (and are accounted separately in sum rules)., Therefore,
the perturbation theory contribution should be subtracted out
of (D3),and the dispersion relatminn.haa really the form:
A 3 : WMa-Wu | ( &% L
Q .!ulu__ \ I:’ -~ = = rm PRl
4]

}i.- i *T ?!"ltxe'ﬂ ‘3'
Hence, the answer can have,in principle,any sign.

The logarithmic two=Goldstone meson contribution is the domi-
nant one 1n Swm' V(%) in the chiral limit, One can believe,
more or less,to the chiral SU(2)x5U(2) perturbation theory re=-
sults,because the pion mass :i.qs sufficiently small (the two pion
threshold is- L”L'\: = U‘?J'X%k"). But there is no two pion contri-
bution into (a\ﬁu*ﬂ\ﬁ)

There are K'K™ and '-’E"’ «’ contributions into (D4) and these
can easily be calculated in the chiral SU(3)xSU(3) limit:

LV L rcalBulodN) w2

L0870 !

a5 “uwe

o e -

(43

where Ma is the characteristic mess Mq:’— M?-ﬂ,@a};’. Analogously,

de i S <OlUM\OD\E)  me e
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These contributions ere the dominant ones in the formal chi-
ral SU(3)xSU(3) 1limit Wig~ hﬁ-»{‘.- , and their signs are op=
posite to (D1). But the experience shows that the real apectral
densities and the results of the formal chiral SU(3)xSu(3) sym=-
metry limit can differ essentially (the real threshold is
.\.\mi x ﬂ.i&a‘!“‘. ¥

Tt has been shown in / 5.1/ using the model spectral density,

that even in the correlator

U AT \@u&&\i\mi&\ﬁg\ay - (pert.Xh)

which includes the two-pion contribution,the role of the loga-

rithmic enhancement is very mild:

<a\ﬁu +E &\GB g <ﬁ\ﬁu +E\$\*U>\m“:‘ma=ot

= 2
Wig+ Mu E <“\ “U‘\“\P\

3 Kot
w k5

(D5)

E:;.—\- M“:‘.'LGEV
“K%’; el

and the sign of the r.h.s. (D5) changes with increasing of
Wig at WMc2300NMN.This shows oneemore that the result ob-

tained in the formal SU(3)xSU(3) chiral limit can be misleading.

We conclude that there are no gerious reasons to doubt

the correctness of (D1),(D2).
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