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1 Introduction

After the quantum chromodynamics (QCD) was t:orm'u'lated [1,_ 2] and the plh;en'(:{:;lexll)ont 1(:2
asymptotic freedom [3, 4] was discovered, the a.pplu.:ablhty .of this theory was :m ; ySfers
physics of hard processes, in which the quark-giuon interactions at lazge momen! 1.11:}11 Tan: o
(small characteristic distances) are described in terms. oflthe QCD pertu.ﬂ:fa.t'lon fe}alog.onjc
this early stage, QCD was able to predict only certain integral ch.a.ra..cten'stlcs of ot 1; onie
physics, like the logarithmic evolution of the moments of parton distributions, or
i +e~ — hadrons. .

cros;‘oie‘;tliznf::.tier development of QCD, understanding of nonperturbative nature oLﬁhe
quark-gluon vacuum Wwas crucial. As a result, during lasf: ten-ﬁfte?n yeazs a;. hre(xina.r ble
progress was achieved in application of QCD to the physics of.a.n individu fa r(;‘n, t1.e.
to calculation of various hadronic characteristics: masses, c?uphng constants, form factors
and structure functions. New methods of calculation, l?ased @rectly on the QC}? La,gra.ng]xla.n,
have been suggested. Applying these methods, one deals w1.th w_ell 'deﬁned objects, su:. :s
vacuum correlation functions of quark currents, and uses basic principles, such as analyticity
andOu:;tZ; l:lz.e most fruitful and universal approaches of direct calculation of hadronic es:l.ram—
eters is the method of QCD sum rules [5]. Originally, this methc_)d was formulated to et u:]ze
the mass of 2 given hadron H and its coupling to a correfpondmg. quark current jx, 1:;.. : e
matrix element (H | ju | 0). The calculation starts from introducing the vacuum correlation

function of two currents,
(g% == f(l‘zri""(l) |'1'{j"(m),j"(0)} 10). 1)

The main iden is to use two different representations for this correlator. Firstly, ilzzvc‘)kingf the
dinpersion relntion hanad on analyticity and unitarity, one is able to represent Ii(¢?) in a form

of & sum 0V HVH L 1 0 ds p(s)
() = {0]74 lm%)(_qzlml >+f_s__£‘1?_ _, @

which starts from the lowest resonance contribution of the hadron H -and includes dlspers:og
integral over higher resonances and excited states with the qua.ntumnumbers.of H b r;:%resi‘nti d
by the spectral density px. Secondly, using the oper?.tor product expansion ( ) o
current product in (1) it is possible to calculate TI(g?) in a form of series

T(¢*) = 3, Ca(¢*){0 | 0| 0) ®3)
d

:x elements of local, dimension d operators O4 composed from quark and gluon
;i;:c&u";‘?enz:;zﬁation is valid in t’he g% region of high virtuality, far enough from resonances
and hadronic thresholds in the dispersion integral (2). The answer (3) Inrludyn, n part fron} the
perturbative contribution of the unit operator with d = 0, pontrivial ('(llﬂ.ll'"l!,luns of higher
dimensional operators. The latter are interpreted as effects of interactionn with nonpertur;
bative quark-gluon fluctuations of the vacuum. The matrix elaments (I | (2 | 0) represen
average densities of vacuum fields, the so-ca.lled. condensatos. e "

Equating representation (2) with (3), one is ablt:v to eaxpresa l!w wieantinable quanti 1esl,
the mass of the hadron my and the coupling (H | jn | 0) vis QUD prmmeters: the qui.rc
tnasses, the quark-gluon coupling constant and the condsusate deaitien [t 1 important that
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the latter are universal and do not depend on the quark current jy. For practical applications,
one has to use certain technical improvements, so that the contributions of excited states to
dispersion integral (2) and the contributions of higher-dimension condensates to the OPE (3)

* are simultaneously suppressed.

As a result of numerous applications of this method, the masses and couplings of many
hadrons with various spin-parity and quark flavour content have been successfully reproduced.
A few QCD parameters, the quark masses and the densities of the low dimension condensates
serve as universal inputs in these calculations. They are determined from sum rules with
experimentally known hadronic part and after that used in many other sum rules (for details
see the original papers [5] and reviews [6, 7, 8]). )

The main problem which is considered in this thesis is to generalize the method of QCD sum
rules from calculating the characteristics of an individual hadron towards direct evaluation of
the quantities measured in a given hadronic process. The characteristics of processes, such as
decay amplitudes, form factors or cross sections, generically involve more complicated hadronic
matrix elements, in many cases containing two or more different hadrons.

The way to obtain the sum rules for the simplest hadronic process, the radiative transition
between charmonium levels was firstly suggested in [9]. The main idea of the method is to
introduce a correlation function of three local currents, including two éc currents with appro-
priate quantum numbers, interpolating the charmonium levels, and an electromagnetic current
of the photon emission. This correlator is an analytical function of two independent variables,
the squared four-momenta of the quark currents, and has, therefore, a double dispersion rela~
tion. The double spectral density in the timelike region starts from the resonant contributions
proportional to the amplitudes of the lowest radiative transitions between charmonium lev-
els. One may then estimate the amplitudes after calculating the correlator in the spacelike
region with the help of OPE. The major advantage of the obtained three-point swm rules is
the following. They depend on the same set of universal parameters of QCD (quark masses,
a,, condensates) as the two-point sum rules outlined above. No new parameters should be
introduced. In general, an interconnected hierarchy of QCD sum rules based on various two-,
three- and four-current correlators emerges. It makes the predictive power of the method
very impressive. In particular, transition to three-current correlation functions, allows one to
calculate various form factors [10, 11] and three-point vertices. The further transition to the
four-current correlators, provides a possibility to estimate the structure functions of hadrons
[12] or two-photon: cross-sections.

Various modifications of the QCD sum rule method suggested and developed in this thesis,
are applied mainly to the processes with heavy hadrons. In many cases, the corresponding cor-
relators with heavy quark currents are indeed better suited for OPE, due to intrinsic “storage
of virtuality” provided by the large mass of cand b quarks. Some of the approaches, considered
here, are nevertheless more general and may be useful also for processes with light hadrons.
In addition, we consider hadronic processes with initial and final photons. The corresponding
correlators can also be relatively easy analyzed in the framework of OPE, due to the pointlike
nature of the photon.

The content of the thesis is presented in the following chapters, from 2 to 7.

In chapters 2 and 3 the processes with heavy quarkonium are considered. After formulating
the double-dispersion-relation method for the amplitudes of radiative transitions we calculate
the leading nonperturbartive effect of the gluon condensate and present our predictions fin
the lowest transitions in charmonium. An interesting analogy between QCD sum rules au]
radiative transitions in nonrelativistic quantum mechanics is pointed out. The obtained results
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for three-point correlation functions allow to estimate various annihilation processes of heavy
quarkonium bound states, among them, the two-photon annihilation and the annihilation to

the light scalar (Higgs-type) boson or axion. Finally, at the end of the chapter 3, we consider '
an alternative version of the sum rule, which uses the four-point correlation funciton and ¢
contains the two-photon widths of charmonium. This sum rule allows to estimate the gluon
condensate density in a new independent way. ;

In chapter 4 we turn to investigation of the photon structure function, which is measured
in two-photon processes. This chapter describes 2 new model-independent approach to the
problem of evaluating the so called “ hadronic part” of this structure function. The impor-
tance of measuring the structure function of the virtual photon in the region of intermediate
values of the Bjorken variable z , is emphasized. The leading nonperturbative contribution
to this structure function due to the gluon condensate is calculated. The structure function
of the real photon is then obtained using dispersion relation in the virtual photon momen-
tum. The result, without any new parameter, is in agreement with experimental data. In

secion 4.4, the part of the photon structure function, corresponding to the charm production
is considered. In experimental analysis, this part is usually subtracted using the perturbative
approximation. We demonstrate that from the point of view of QCD, the charm contribution
is one of the most “pure”objects in the hadrenic physics. Direct calculation of the moments
of this structure function, presented here, reveals that the nonperturbative gluon condensate
contribution influences these moments substantially, providing another interesting possibility
to measure the condensate density.

In chapter 5 a new method of calculation of the heavy meson structure functions, i.e. of
the valence heavy parton distribution in D or B mesons, is suggested. It is based on the
4-point correlation function and uses double dispersion relations. The resulting moments of
parton distributions estimated from the obtained sum rules nicely agree with phenomenological
expectations. The sum rules predict a distinct dependence of the parton distribution on
the spin-parity of the heavy meson. The obtained results are then used to produce certain
phenomenological cutput. Firstly, we estimate the fragmentation functions of heavy mesons
and, secondly, comparing the obtained parton distributions with their parametrization in
Regge-pole models, we predict the intercept of the heavy gquarkonium trajectory.

Among most topical problems of hadronic physics, is the spin content of the proton. Ex-
perimantally, this problem is under intensive investigation in various processes with virtual
polarized photons interacting with the nucleon target. The universality of the QCD sum rule
method allows to attack this problem theoretically, in various ways. The first idea to study
the structure functions of nucleon by using the OPE for four-current correlation function with
baryon currents [13] was formulated in {12]. In chapter 6 we apply this technique to the direct
calculation of the chirality violating structure function kq{z) of the mucleon in intermediate
values of scaling variable z.

In sect. 6.3, we use another method, which allows to estimnate static characteristics of
hadrons, i.e. couplings with zero 4 momentum transfer, in the frunework of OPE. One has to
introduce an auxiliary external static field and to expand the product of currents in presence
of this field {14, 15]. We study the sum rule for the aucleon SU(3) Havonr-singlet axial i
constant, directly connected with the fraction of proton spln carried hy yuarks. The result for
this constant is obtained in terms of specific nouperturbative prrmeters, so called induced
condensates. A problem of determining thewes parameters I luveatigated. An interesting, and
physically important phenomenon of breaking of the QOPE fin the conelator of two singlet
axial currents is indicated.

In chapter 7, as an alternative to the conventional QCD sum rules based on OPE in local
operators, we use the expansion of the correlators around the light-cone. This expansion is

extremely useful for exclusive hadronic processes containing a light meson ( e.g. pion or kaux)5
ora real photon in the final state where the conventional metlhod encounter principal difficul-
ties in form of infinite series of local condensates. The QCD sum rules in this approach ;m‘
obtained in terms of so-called light-cone wave functions [16]. The latter are certain nni;'ors'al

matrix elements of nonlocal quark-gluon operators taken between the vacumn and the ]ie}hr

hadron or photon state. The expansion goes over twists of the underlying quark-gluou 01;1‘1-—

ators. The light-cone wave functions play the role, which in conventional sum rules is played
by the vacuum condensates. We start the applications of this method from the calenlation (I)f
the he_avy—to—light forw factors B —» 7 and D — r which are measurable in the semileptonic
exclusive decays of heavy mesons. The form factors are obtained with twist 4 aceuracy and
for timelike momentum transfers up to the values of order of the heavy quark mass s l.la‘r(’(l
Furth.er application of the light-cone sum rule technique involves an estimate of thvletrou;
coyplings of heavy mesons with pions, D*Dr and B*Br. Combinig the fogm factors Aralrxf—’
lated b.efore at small and intermediate values of the momentum transfer with the pol;-n'm(’]f*l
approximation we predict the semileptonic widths B ~s wlyy and D — wly and extract the
value of the fundamental CKM parameter V. Finally, in the section 7.5 we demonsrrate thé
use of _the concept of the photon light-cone wave function. As a study case, we consider the
long-distance contribution to the amplitude of the weak radiative decay B —) P P];\*si;'all ;
the effect' corresponds to the photon emission from the initial B meson combi;md v:'i‘th' thye;
wcjak a.uml%ilation. The light-cone sum rule provides the first model-independent estimate of
this long-distance effect. As a byproduct of this calculation, the widths of B —s Jw,y and
D — py decays are predicted. .
In the concluding chapter 8 the main results of the thesis are summ

; 1dling arized. In the appendix.
we list the publications, on which the thesis is hased. .




2 QCD sum rules for radiative transitions
in charmonium

For several reasons, the radiative transitions between charmonium levels represent very con-
venient objects for application of QCD sum rules. These processes have simple initial and
final states. The charmonium spectroscopy is well studied experimentally. The masses and
the coupling constants of lowest charmonium states are calculable from two-point sum rules
[5, 6, 7). The corresponding correlation functions have well defined OPE and the nost impor-
taut nonperturbative effects are due to the interaction of ¢ quarks with the gluon condensate.

2.1 The outline of the method

For definiteness we consider the radiative transitions between the pseudoscalar ( 7, 7;) and the
vector ( J/i, ') levels of charmonium. Following [9], one introduces a three-point correlator:

Aulpry ) = [ dizdtye =90 | T{52 (07 (=)iau(w)} 1 0)

= Eﬂl’ﬂﬁptl'lng(pL Pg) ’ (4)
where jS™ = Eyyc is the electromagnetic current corresponding to the emission of a real photon
with momentumn k; j1 = Ciysc and ja, = &Y,c are the pseudoscalar and vector currents with
momenta p; and py (p1 = pa+k, k* =0). If one is interested in processes of transition
between charmonium levels with other JP¢ quantum numbers, the -matrix structure of the
currents should be appropriately changed.

In the region p?,p < 4m! the invariant amplitude A(p},p3) corresponds to a highly
virtual fluctuation, developing at small distances of order of 1/(2m.). In zeroth order in a,
this amplitude is approximated by a three-point ¢-quark loop ( Fig. 2.1a). In terms of the
OPE this diagram corresponds to a Wilson coefficient of the unit operator in the expansion
of the T-product of three currents in (4). The next important contribution to the OPE is the
gluon condensate term, to be discussed below. Employing analyticity and unitarity for the
invariant amplitude A one writes a double dispersion relation in two variables, p? and pi:

2\ p(s1,52) =
A(p?,pz) = /d31/d82 (Sl —Pf)(sz —'P%) . (‘-’)

We neglect possible subtractions which are not important for the sum rule derivation. In the

double spectral density,
o(s1,52) = fofumepAJ/Y ~ 7:7)8(s1 — ml )8(sy - my)

+{J[% = ' = 0} + p"(s1,93) (6)

we single out the lowest pole in the variable p? corresponding to the liphtest psendoscalar
(JP¢ = 0~*) charmonium level, 7., and the lowest pole in the variable p) corresponding to
the lightest vector (JP€ = 1-~) level, J/3. The residue of this duuble pole contribution is
proportional to the product of the decay constants of J, [ and n.

{0 ' Cise | ’7#) bl ’“u.fu. '
(J/9 | Evc | 0) mmyforl | (7)

7
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and the radiative transition amplitude, the main object of our interest, defined as

(J[$(p2) | 5™ | ne(p1)) = i e punap€spTPE AT [ = 1) (8)

where € is the polarization vector of J/1. The analogous contributions of radiative transi-
tions between the excited states 1/'(3685) , 7.(3590) and the lowest states are denoted with
parenthesis. Diagrammatical representation of this part of the spectral function is presented
in Fig. 2.2. The spectral density p*(s1, s2) includes amplitudes of transitions from the higher
states to the lowest states, and of transitions between the higher states. In both chaunels,
we attribute to the set of higher states the charmonium levels located above the open charm
threshold |/Sg = 2mp, as well as the continuum of two- and many-body states of charmed
-anticharmed mesons with J¥¢ quantum numbers of the respective channels. Standard ap-
proximation [5] following from the quark-hadron duality, is to replace the spectral density p;
by the corresponding density of the lowest order perturbative ( partonic) contribution to OPE.
For the correlator considered here, one has to replace

pP(s1,2) = (51, 5)0 (51 — 0)O(s2 — 50) ©)

where p° is the double spectral density of the three-point diagram of Fig. 2.1a, corresponding
to the lowest order perturbative contribution to OPE of the correlator (4). After substituting
(6) and (9) into the r.h.s. of (5), in order to suppress the duality-dependent contributions of
higher states and to get rid of possible subtraction terms, we use multiple differentiation of
the dispersion relation in both variables, p? and p2. In other applications, one may also use
the Borel transformation [5]. After differentiation at p? = p2 = 0 which is still far enough
from the physical thresholds p2, p} ~ 4m? one finally obtains the power moments of the QCD
sum rule for the linear combination of four transition amplitudes:

f i m 2n+2
A(J [ = ney) + 7= <—"—) Ayl = J/¥v)

f'lc My,

e

fo

2%k+1
+fw <m1/¢)

f , m 2n+2
AW = 7ey) + 55 (—") AW — név)]

Myt Jae \ ™y
3mymy, (m,,, )“‘ (m,, it [(n 4 E))?
— e o G
ol o 2mc) e {1+0() +&+..1}  (0)
where O(c,) denotes unaccounted hard gluon corrections to the unit operator ( Fig.2.1b), ¢,

is the sluon condensate contribution, ellipses in the Lh.s. correspond to the integral over p"
and ellipses in the r.h.s. denote higher dimension contributions to the OPE. The presented

der[iva.ti(}n illustrates only the basic ingredients of the method. Further details can be found
in [9, 17].




p+q (2

diagram corresponding to the unit operator contribution of the OPE of the correlator

Fig. 2.1 (a) The he diagrams corresponding to the gluon

(4), (b) - one of the diagrams of O(e,) corrections, (c) b
condensate contribution.
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Fig. 2.2 The diagrammatic representation of the double spectral function (6).

7
Ye I‘\
&
(b}
.
4 ,4\,
&
(4}

2.2 The gluon condensate contribution

he OPE of the correlation function (4) after the unit

i t contribution to t , ; ;
The second important Son's with dimension 4. Phywically, this contribu-

tor, is due to the gluonic operator G, G* ‘
(t)iizalcrés into account the interactions of ¢ quarks with the vacumn gluon condensate. Due

to the dimension of the operator, this effect is suppressed l.)y the fourth pnw'(-r. of: fhetka(‘ela;g
quark mass ( the characteristic scale of the correlation function). It lulllwrvfuu- uu.e‘:s?:n 11) for
heavier b quarkonium. Besides that, in the b quarkonium the role of llluhﬂ‘.l order pertur : 131,
corrections of the Coulomb type is enhanced. Therefore, chinrtnonhn in 1 unique optim

At

object for probing the gluon condensate. This circumstance was used in [5] to extract the
value of the gluon condensate density

o] %:G;”Gw" | 0) = 0.012 GeV* (11)

from the sum rules for the product of two &y,c currents saturated by the experimentally
measured contributions of J/,1/, ... resonances.

In order to obtain the gluon condensate contribution to (10), one needs to calculate various
quark loop diagrams in an external gauge field. For this kind of problems a useful tool is the
Fock-Schwinger gauge [19, 20] for the gluon condensate field A3 used in [21, 22, 23, 24]:

(x — 2g)uA™ =10 (12)

Here we fix the point zg = 0. The fixed point gauge allows to express the field four-vector
directly in terms of the field strength tensor,

1 1 T e O T a
Ad(z) = z"/ﬂ uduGs,(uz) = -27G3,(0) + 2272 D, GL,(0) + ..., (13)

1
2 3
at the expense of violating the translational invariance. The latter is naturally restored in
the sum of all diagrams which should be gauge-independent. For the calculation discussed
here, the first term in the expansion (13) is sufficient. The Wilson coefficient of the gluon
condensate contribution to the three-point correlator (4) corresponds to six diagrams, some
of them shown in Fig. 2.1c,d. The fixed point gauge (12) allows already at the initial stage to
represent the answer for the diagrams in a form of vacuum average of two gluon field tensors
multiplied by a standard Feynman integrals. For brevity, we do not present here the complete
answer for the diagrams in a form of double integral over parameters obtained in [17]. For the
correlator interpolating 0*+ — 17~ transitions, the corresponding results can be found in [18].
For the three-current correlator interpolating the decay of x.; —+ 27y ( the case of 2+ current
instead of the 0~* current in the correlator (4) at p2 = 0) the gluon condensate contribution
is calculated in {25].
After differentiation in p?, at p? = p = 0 the final result for the gluon condensate
contribution to the sum rule (10) is :

¢ ___ (n+1) 3_ o3 2 L
&= (2n+2k+1)[(n+k) 2n°® + 2K +4nk +3n —k - 2] . (14)

where the dimensionless parameter

Qs a Mapy
@=E(OI 22 G2, G [ 0) (15)
9 (4m?)?
One easily notices that the gluon condensate contribution fastly grows as (n + k)? and is
negative with respect to the loop diagram answer. The analogous contribution for the corre-
lator with the scalar current has the same behaviour, and turns out to be numerically larger.
The indicated behaviour is in accordance with the result of [5, 7] obtained for the two-point
correlators with pseudoscalar,vector and scalar &c currents. The euhancement of the e-quark
interactions with the gluon condensate in the case of the scalar current has the following ply-
ical interpretation: being in P wave, the quarks are propagating at larger average distances.
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The perturbative O(a,) corrections to the coefficient of the unit operator have been cal-
culated [26) only for selected moments . One has to evaluate two-loop three-point diagramns
with massive quarks, as shown in Fig. 2.1b . The complete calculation is very important
for further improvement of sum rules. It may be recommended as a useful application of re-
cently developed technology of two-loop calculations using various computer-algebra devices.
Meanwhile, from the existing results for two-point correlators [5, 7] and from estimates of [26]
one may conclude that the magnitude of perturbative corrections to the sum rule (10) is of
order of 10-15%. Therefore, the sumn rules presented here predict radiative decay widths with
a typical accuracy about 20-30 %.

2.3 Estimates of radiative transition widths

One easily recognizes that at sufficiently large n and k ( in fact, the combination n + k
plays the role of effective number of the moment) the contributions of excited and higher
states to the sum rule (10) are suppressed by powers of ratios like my/mys. Therefore one
may safely use experimental data and/or phenomenological assumptions, like quark-hadron
duality, to estimate these contributions. At (n,k) = (3, 3), (3,4), (4, 3) one expects [17] that all
contributions to the Lh.s. of (10) sum up to a O(5%) correction to the J/¢ — 7 amplitude.
Neglecting this small “contamination” one has then from the r.h.s. of (10) the following
estimate
A(J/Y 2 ney) =33+3.5 (16)

For the numerical analysis we have selected the moments with n + & < 7 for which the gluon
condensate contribution is still less than 30%. We have also used the values of the ¢ quark mass
and coupling constants fy, and f, obtained from the two-point sum rules [5]. Therefore, the
sum rule (10) does not contain new parameters. In the adopted normalization, the estimate
(18) yields

D(J/Y = ney) = 1.8 + 2.0 keV (17)
Independent analysis of the sum rule (10) carried out in [26] have confirmed our result within
20-30 %. A very close estimate was obtained in [27] where the vector dominance type relation
was used, inspired by the sum rules. Recent analysis in the relativistic quark model [28]
predicts a width close to (17). We remind that the sum rule method is purely relativistic and
does not refer to any picture of charmonium potential and/or wave functions.

The single, already quite old experimental measurement [29] still used in [30] gives
BR(J/} = ney) = 1.3+ 0.4% . Combined with the current value of the total J/¢ width
[30]) one has I'(J/ — ney) = 1.1 £ 0.3 keV. Taking into account agreement amoug various
theoretical calculations ( see e.g. review [31]) one concludes that a new measureincut of the
J/¥ = ney is of a great demand.

In analogous way, the sum rules for radiative transitions between scalar { \., with ')
and vector ( .J/u1,¢') levels of charmonium have been obtained [9, 18]. Note that in the nonrel-
ativistic potential models these processes represent electric-dipole-type traamitions seusitive to
the overlap of wave functions, whereas the pseudoscalar-vector transitions cousidered above,
are of the magnetic-dipole type. From the point of view of sum rules the haxic difference is in
the initial currents in the correlator (4). One has to replace the pueudoscalnr current by the
scalar current éc. The final form of the moments of sum rules at the point p?  pd=01is

fVJ" Ty, et B
Alxeo =+ I+~ { — AW )+
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x [(2k + 3)(n + k+1) +1]{1 + O(a,) +d5, + o} (18)

where the expression for the gluon condensate term dS) can be found in [18].

The practical application of this sum rule turns out to be more difficult because there are
no moments having the contribution of higher states and, simultaneously, the gluon condensate
contribution sufficiently suppressed. One has to follow [7) and expand the dispersion relations
at negative values of p?, = —4m2. As numerical analysis reveals (18], it is possible to single
out six optimal moments in the interval 8 < (n + k) < 10. The obtained linear system of
equations for two amplitudes is almost degenerate and fits the following relation

Alxeo = J/9y) +0.24 AW > xey) = 5.1 (19)

The resulting prediction for amplitude of the lowest transition A(xeo = J/[¥) noticeably
depends on the second amplitude A(y’ — x07). If one uses the absolute value of the latter
extracted from the experimentally measured width (30] the result for the lowest transition has
two solutions dependent on the relative sign between two amplitudes in (19). The solution
with the negative sign yields [{xo — J/¥y) =2 130 keV which is in & reasonable agreement
with experimentally measured width T'(xo — J/t7) = 92 + 25 keV [30). The solution
corresponding to the positive sign is certainly rejected by the data. The accuracy will be
improved when the perturbative corrections are calculated.

2.4 “Asymptotic freedom?” for radiative transitions in quantum me-
chanics

A very useful analogy between QCD and nonrelativistic quantum mechanics, was noticed in
[32]. If the interaction potential is nonsingular at small distances and grows sufficiently fast
at r — oo, one is able to derive asymptotic sum rules in quantum mechanics, which are,
on one side saturated by lowest energy levels , and, on the other side, well reproduced by
Born approximation of the potential. In [33] it was shown that the abovementioned analogy
can be generalized also to the radiative transitions. One is able to derive double sum rules
in quantum mechanics which are, on one side, saturated by the contributions of the lowest
electrical-dipole transitions, and on the other side, well approximated by Born terms taken
over the interaction potential. The starting object for derivation is a correlation function of two
nonrelativistic temporal Green functions and the velocity operator. The latter corresponds to
dipole radiation of the nonrelativistic particle. Using the spectral representation of the Green
function, one is able to derive an expression for this correlation function in the form resembling
nonrelativistic limit of the 1.h.s ( the hadronic part) of the sum rules (18). The contribution of
each dipole P —+ S transition is proportional to the corresponding overlap integral Ips, (i.e. to
the amplitude of the radiative transition in the nonrelativistic approximation), multiplied by
the S level wave function Rs(r) and derivative of the P level wave function Rp(r) at the origin
r = 0. Simulteneously, one is able to evaluate this correlation function in a form of “ operator
expansion” seriés in the interaction potential. For this purpose one uses the corresponding
expansions for the Green functions. As an example we present the obtained [33] sum rule for
the oscillator potential V = mw?r?/2 :

1 Eyp — Ers Eip+ Eis
5= Bip(0) Rus(0)pssh (T) exp (*—T) +
me\3/2 w? 191 .
= (= _— 20
(2#) [1 4¢? + 480¢? + ] (20)
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where 2¢ = ¢, = €, €;,; being the Borel transformation parameters in S and P channels,
respectively. This transformation is used to suppress the higher state contributions. Effec-
tively, €1 ( €2) correspond to 4m2/k ( 4m?/n) in the QCD sum rules presented above. In the
r.h.s. of (20) the first three terms of Born expansion in the oscillator potential are retained.
The fact that the sum rule depends on the reduced parameter € is in full analogy with the
effective (n + k) dependence of the QCD sum rules for radiative transitions. Both parts of the
nonrelativistic sum rule (20) agree with each other in the region 0.6 < ¢/w < 1.0 if one retains
in the “physical”, Lh.s. the three lowest dipole transitions and uses the values of the overlap
integrals and wave functions obtained from solving the Schrédinger equation for the oscillator
potential.

Summarizing, the QCD sum rules for the radiative transitions based on OPE of the three-
current correlator, and on double dispersion relations, have a definite prototype in nonrela-
tivistic quantum mechanics.

-
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3 Photonic annihilation of heavy quarkonuim

3.1 Two-photon decay amplitudes from three-point QCD sum rules

The process of annihilation of O~* charmonijum level 7. into two photons can be evaluated
in QCD starting from the three-point correlator (4) considered above, in the particular case
p2 =0, i.e. when the correlator corresponds to the interaction of the heavy quark-antiquark
current with two real photons. The same is possible for photonic annihilation of O+ or 2+
charmonium states, X0 OF Xcz, if one replaces the pseudoscalar & current by a scalar or tensor
one, respectively. Naturally, in this derivation the dispersion relation in one variable p? is
sufficient. This idea was suggested in [6] where the three-point sum rules without gluon cor-
rections have been obtained. The account of the gluon condensate contribution substantially
improves the sum rules. For the 7. — 27y decay the necessary calculation was done in [34, 35].
From the correlator with the scalar current we obtained [18] the sum rule for the x.o — 2
decay:

.
3Imy,,

_ mXeD 2n+1 (n!)2 .
Alo = 27) 4 = %= ( e ) e C+.):  (21)

where dC, is the same gluon condensate correction as in (18). For brevity, we present here
the compact expression obtained after taking moments at p} = 0. As in the case of radiative
transition considered above, in order to avoid too fastly growing gluon condensate contribution,
one has to expand this sum rule in moments in the spacelike point p? = —4m?. This yields:

T(xe0 — 27) = 3.0+ 0.4 keV . (22)

The indicated uncertainty corresponds to the spread over moments. The obtained prediction
is close to the independent estimate presented in [7]. The current experimental value [30]
D(xe0 — 27) = 5.6 = 3.8 keV still has a large uncertainty. We stress that in the absence of
perturbative O(a,) correction to (21) the prediction (22) has additional uncertainty of order
of 20-30 % . Within this uncertainty and within experimental error, the agreement between
sum rule prediction and the experimental number is quite satisfactory taking into account
that no new parameters are involved. It would be very interesting to measure the width of
the xo = €te™y  Dalitz decay” for which the sum rules [18] predict a ratio

D(xeco = €t e™y; Mete- < 1GeV)  4a
~ —T

where the numerical value of the phase-space integral is I = 5.3.

Furthermore, in [25] the sum rules for two independent invariant amplitudes of the x.2 —
2v decay were derived taking into account the gluon condensate contribution. A new diagram
should be added in this case to Fig. 2.1c, corresponding to the soft gluon emission directly
from the 2++ vertex. The origin of this diagram is due to covariant derivative in the current
with tensor quantum numbers. The estimate of the width obtained for this decay is

(e = 2y) = 2.35 £ 0.2 keV . (24)

The experimental number for this width has recently dropped down to the interval between 0.3
[30, 36] and 0.7 keV [37] which is considerably lower than (24). Since our prediction is obtained
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without fitting any parameters, specific for this channel, the origin of the discrepancy, (if the
current data will be confirmed) may be a reflection of the fact that for the correlator with
2++ current the role of higher order OPE terms and perturbative corrections is considerably
higher than expected. Clearly, this interesting problem deserves further investigation.

In conclusion of this subsection, we consider the electromagnetic annihilation widths in b
-quarkonium. Although the method developed above is in general not applicable to b quarko-
nium, one may use the similarity of vector and pseudoscalar levels, T and 7. Taking into
account the most important , Coulomb part of the perturbative a,-correction, we obtained
[25] the following estimate:

D(ns — 29) = (1.01 £0.1)3QT(T = pp) ~ 0.4 keV (25)

from the ratios of first few moments of the corresponding three- and two-point sum rules. As
anticipated, the result turns out to be very close to the nonrelativistic limit which corresponds
to numerical coefficient in parenthesis in (25) equal to 1.

3.2 Heavy quarkonium decay to a light scalar boson or axion

In various models with spontaneous symmetry breaking new light pseudoscalar (P) bosons (
axions) or light scalar (S) bosons are predicted. In many of these models the coupling of these
particles to quarks is proportional to the quark- mass, similar to the Higgs coupling in the
standard electroweak theory. Therefore, one of the best methods to detect such particles is to
search for corresponding radiative decays of quarkonia, e.g. J/¢ — Pv,S5v, or T — P, S7.
A simple formula for the width of such decays was suggested in [38]

2
Tw(V = P7) = Tw(V = 57) = 54 T(V — u*u7) = Tw (V) , (26)
_ 2mazy

where V = J/$,T(Q = ¢,b), zq is an electroweak model-dependent factor. The above formiula
was obtained in the approximation of nonrelativistic quarkonium model. In [39) the widths
of quarkonium decays to photon and light scalar boson or axion were calculated by means of
QCD sum rules. The idea of calculation is the following. In case of the pseudoscalar boson one
starts directly from the three-point correlation function (4) with the squared momentum in
the pseudoscalar channel p? = 0. For simplicity, we consider massless bosons. If mgp <« mg,

the same derivation is valid at p} = m} p.

After that, the sum rule in the vector channel is considered. For the scalar boson one has
only to replace the pseudoscalar current by the scalar one in the same correlator. Having at our
disposal the relevant OPE results for the correlators, and a sufficient amount of experimental
information about resonances in the vector channels of charmonium and b quarkoniuum, we
analysed the sum rules. For higher accuracy, we included the Coulomb part of the perturbative
a,-correction in the sum rules. As a result, the following numerical estimates for the decay
widths in units of the width (26)were obtained

T(J/$ — Py)=(1.20+ 1.30)FW(J/>¢) ) | (27)

(T — Pv) = (1.05 + L15)Tw(T) , (28)
T(J/$ = Sv) = (0.75 + 0.80)Tyw (J/¥) , (29)
T(T — S7) = (0.85 + 0.90) Ty (1) . (30)

These model-independent estimates reveal that corrections to the nonrelativistic approxima-
tion (26) are noticeable, especially for charmonium decays.
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3.3 Two-photon charmonium widths from four-point correlators

The four-point correlator is, by its complexity, the next after the three-point correlator in
the QCD sum rule hierarchy. The imaginary part of the four-point correlator in the case of
forward scattering is proportional to the total current-current cross-section.

Here we consider the simplest correlator of that kind, corresponding to the two-photon
charm production cross-section:

D = —i(eQu)! [ dladiydze™) =i

x(0 | T{7p(0)u(=)3u(¥)ix(2)} | 0) 5 (31)
where j, = &y,¢, p* = ¢* = 0, the kinematics corresponds to forward scattering of currents
(t=0) at fixed s = (p + g)*. Q. is the c quark electric charge.

The hadronic representation of the correlator (31) averaged over polarizations is simply a
dispersion integral of the experimentally measurable cross-section ¢,y = oy = charm).
The resonance contributions*to this cross-section are received from all C -even charmonium
levels which are able to annihilate into two photons. The calculation of the correlation function
(31) in the spacelike region —oo < s < 4m? provides an independent possibility to estimate
the two-photon widths of charmonium. This possibility was used in [6] in zeroth approximation
on a,. In [40] we calculated the gluon condensate contribution to this sum rule, that is, the
amplitude of the photon-photon scattering via intermediate c-quarks in the external vacuum
gluon field. The details of the calculation will be presented in the next section for more general
case. Here we present only the final form of the sum rule for two-photon widths:

i oz (2J + D)mal(R = 29) /oo Cdi
M"(s) = 8 %: T (mh— sy o (B s)n+1s”~n(s) .
In the sum over resonances R, the lowest contributions are provided by 7.(2980), x.0(3415),
xe2(3550), and 7/(3594) located below the open charm threshold. The cross-section ok (s)
corresponds to open charm production in two photon collisions. In duality approximation, it

can be replaced by the corresponding partonic cross-section. At large n the accuracy of the
latter approximation is not very important. The expression for the L.h.s. of (32) at s=01is:

M, (0) = 24ma®QA{ M2 — M{FV®} (33)

(32)

where the perturbative loop, contribution is

12 nt+5n+5 (5n+3)(n+41)
M2 = 22 (n 2 . 3
" (2n + 3)!(2m,)*" n+2 n? (34)
The Wilson coefficient at the gluon condensate contribution is determined by
(G?) — 9in [(n+ 1)!]2
M. 2 (2n +3)!(2m,)*
1081 167 5 1 (4n® + 36n — 45)(2n + 1)(2n + 3)
133 ?[n+1 +n+4]+ 16n(n + 1) }’ (35)

where ® is defined in (15). It is easy to convince oneself that at large n the ratio of the gluon
condensate contribution to the unit-operator one grows approximately proportional to n?, as
in the case of the two-point correlator considered in [5] or in the case of three-point correlators
considered above.
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3.4 New possibility to determine the gluon condensate density

In [5] the numerical value of the gluon condensate density was extracted from the sum rules
for the correlation functions of two e.m. ¢ quark currents. The sum rules (32) obtained in
[40] provide a new, independent possibility to estimate this key parameter of nonperturbative
QCD. One has to substitute the necessary experimental data to the r.h.s. of (32) and compare
it with the Lh.s. calculated in QCD according to (33). In practice, as it was noticed in {40]
it is more convenient to use the ratios of neighbouring moments of (32) rn = Mp11/Ma in
order to get rid of large powers of m. , the parameter which is known with limited accuracy.
Comparing r, calculated from (32) and (33) one may fit the gluon condensate density.
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Fig. 3.1 Comparison of the ratio r,, obtained in two ways: from Lh.s. ( black circles) and from the
r.h.s ( white circles) of the sum rule (32) for various n. The arrows restrict the region of reliability
of the sum rules. Part (b) corresponds to the standard choice (11) of the gluon condensate , and (a)
and (c) correspond to values which are half and twice as large, respectively.

Currently, the experimental values of two-photon charmonium widths are still very uncer-
tain and have a typical error between 30% and 100%. Also the OPE result for of M, still
has room for improvement. One may expect that the total uncertainty of the theoretical part
of the sum rule (32) is of order of 10 = 15%, which is mainly due to lack of perturbative
a, corrections. Therefore, the full-scale task of extraction of the gluon condensate density
should be postponed until one calculates the perturbative corrections and sufficiently precise
measurements of the widths are available. At present stage, the sum rules (32) were used [40]
for an important check of the consistency of the approach. Applying three-point sum rules
[25, 34, 35] for each of two-photon annihilation amplitudes we fixed the widths entering the
hadronic part of (32) theoretically, within accuracy of the three-point sum rules. After these
substitutions and taking \/35 = 3.8GeV we compared the r.l.s. and the Lls. of the sum rules
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(32). The results in form of ratios r, are presented in Fig. 3.1 for different values of gluon
condensate. It is evident that there is an agreement at the expected level of 10% for all those
moments for which the approximation we have used is reasonable i.e. the higher states and
condensate have simultaneously small contributions.

Importantly, the best agreement is achieved for the value of the gluon condensate (11)
estimated in [5] and considered as a standard in all current sum rule calculations. Changing
this value by factor of two in both directions, one increases the deviation between two sides
of the sum rule (32) beyond expected accuracy of 10 + 15% . This check, in our opinion,
demonstrates very nontrivial self-consistency of the method.

Summarizing , we conclude that QCD sum rules for charm production in two-photon colli-
sions provide new, diverse possibilities to analyze the properties of QCD vacuum. This analysis
may be done in two ways: first, by comparing the calculated correlators with experimental
cross-sections, and second by comparing various sum rules for the same two-photon widths.
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4 Photon Structure Function in QCD

The photon structure function determines hadroproduction cross-section in the scattering of a
virtual photon on a real photon. As in the case of e*e~ annihilation, the physics is simplified
due to absence of initial hadrons. In order to sum over final hadrons, one may use the parton

model reducing the result, in first approximation, to a simple process 7y* —+ qg. Nevertheless, .

it is well known that apart from partonic part, the photon structure function contains also so
called hadronic part, which cannot be calculated by means of QCD perturbation theory. This
part is usually estimated with the help of the vector dominance model. The OPE method
provides a new possibility [41, 42] to calculate the photon structure function. The result
contains, apart from usual perturbative part, important nonperturbative contributions, which
are dual to the hadronic part.

4.1 Structure function of the virtual photon

The cross-section of hadroproduction in two-photon collision is given by the imagina.r‘y part
of the forward scattering amplitude. The expression for the latter is already given above in
(81) in a form of correlator of four e.m. quark currents. One only needs to replace the ¢ quark
currents by the sum over light-quark currents j, = 3, 4,9 (¢ = u,d, s) and slightly change
the kinematical conditions. Hereafter we assume the light quarks to be massless. Consider
first the scattering of two virtual photons at ¢* 3 p?, ¢%,p* < 0 and simultaneously, |p?| >> A2
As it was shown in [13, 43], the method of OPE may be directly applied to the imaginary
part of the correlator in the variable s = (p + g)?, in the region of intermediate values of
Bjorken variable x = —g?/2(p - g) not too close to z = 1 and to = = 0. Apart from the unit
operator, with a short-distance coefficient corresponding to the simple four-point quark loop
( Fig. 4.1a,b), one encounters in this expansion the operator of gluon condensate. The short-
distance coefficient for the latter corresponds to the sum of diagrams similar to ones shown
in Fig. 4.1c,d. The contributions of quark- , quark-gluon and 4-quark condensates in leading
O(a,) are proportional to 8(1 — z) and are not essential at intermediate z. The calculation
of the gluon condensate contribution is usually done in the Fock-Schwinger gauge described
above. It differs from the analogous calculation for the two-point or three-point correlators by
some technical complications. The imaginary part in s of the diagrams similar to Fig. 4.1c,d
is taken with the help of Cutkosky rules. The quark lines with vacuum gluon insertions and,
respectively, with double poles in the propagators, have imaginary parts given by derivatives
of é-functions. The result of the calculation [41)] expressed in terms of the structure function
of the transverse virtual photon, yields following relation which is applicable at intermediate
values of z:

Ff(z,p*) = 3;“ Z(e.,)“z{ —24+8z(1—=z)+

+ [zz +(1- 1:)2] ln__g: 4_#2(0 | %G:uGauv | 0)} (36)

p? o7 piz?
where the contribution of the gluon condensate is taken in the leading ~ 1/p? twist approx-
imation. Note that the quantity FJ(z,p?) is in principle measurable by itself, demanding
however great experimental efforts. One has to detect two tagged electrons in the final state
of the two-photon process and to measure a cross section which is suppressed by virtualities of
photons. This is a task for future colliders with upgraded luminosity. One has to stress that
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the structure function of the virtual photon at intermediate = predicted in (36) is a unique
object that can be simultaneously measured and calculated in QCD with sufficient accuracy.
Another interesting object, the structure function of the longitudinal virtual photon, is studied
in [41] by the same method.

q q q q
W, W
p NV haa p [
(a) (b)
L] '\/\,\
N Y i,
{c) )

Fig. 4.1 (a),(b) the diagrams determining the perturbative part of the photon structure func_:tion
( coefficient of umit operator in OPE); (c),(d) ezamples of diagrams corresponding to the gluon
condensate contribution :

i
i

4.2 Hadronic part of the photon structure function

Tn order to obtain the structure function of the real photon, the following method was suggested
[42]. Using dispersion relation in- p? one has to express the virtual photon structure function
in terms of the integral over hadronic states. In this representation a standard model of the
hadronic spectrum is used (in SU(3) flavour approximation) : the lowest vector resonance
with mass my = m, plus continuum of hadronic states with p quantum numbers. The latter
is estimated with the help of quark-hadron duality, from the spectral density of the loop
diagram. The model describes réasonably well the hadronic spectrum in the two-point sum
rule for two e.m. light quark currents with isospin 1 [5]. From the latter sum rule, the value of
the threshold parameter s = pi = 1.5 GeV? is known. The other parameters of the dispersion
representation are fixed by the OPE answer (36) at sufficiently large p?. After that, making
use of the analyticity of the dispersion relation in p?, one may continue it to the point PP =0.
For the structure funciton of the real photon the following final expression is obtained:

' 3
Fj(z) = FI(2,0) = %2(%)%{ —1+6z(1—x)
q

2(0| 22Ge,G* | 0 X

e leae o))
27 pex?

As numerical analysis reveals, this expression is applicable in the interval 0.2 < z < 0.7.
Importantly, the resulting structure function (37) contains two parts. The first two terms,

+[.1:2-}—(1—:z:)z]ln—gi-}—i 2+ (1-z)?
z?p}  2mi
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one of them proportional to the logarithm, should be identified with, the perturbative part.
The dimensionful parameter under the logarithm is p3, corresponding to the integration over
hard part of the quark loop. In all previous studies this parameter was simply fitted from
experimental data. Furthermore, it is natural to interpret the third term in (37) as the
hadronic part. In terms of duality, it contain the soft part of the quark loop and the main
nonperturbative term. Numerically, the hadronic part is substantially larger than what one
usually has (in the vector dominance model) and is also sensitive to the choice of p2. The
expression (37) does not contain new parameters and nothing should be fitted. Nevertheless,
the experimental data are described reasonably well in the region of not very large )* where
standard evolution of the perturbative loop are not yet essential ( see Fig. 4.2). Recently, the
problem of evolution of the photon structure function in this approach was studied in [44].

1 I |
a al ae nE [

Fig. 4.2 Comparison of the photon structure fu.nciion (37jwith ézpen'mentul data from [{6] at Q* =
(a) 23 GeV?; (b) 9.2 GeV?; (c) 5.3 GeV?; (d) 4.3 GeV2.

4.3 Calculation of the twist 4 correction

In the suggested framework, one is able to estimate [45] also the twist 4 corrections to the
photon structure function. These are scaling violating effects having order of u%/Q?, where p
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is some characteristic hadronic parameter of order of Agep. The knowledge of higher twist
corrections is important for comparing with experimental data at small Q2.

The procedure of extraction of twist 4 correctious, in essence, coincides with the way
of calculating the structure function itself. The same main steps should be repeated: OPE
calculation for the virtual photon, parametrization of the dispersion relation by comparing with
the result of the short-distance calculation at p? # 0, and , finally, analytical continuation to
the point p? = 0. However, now one has to retain all scaling-violating terms of the kind pZ/Q?,
m¥ /@*. The most essential and technically difficult element of the calculation is the twist 4
correction to the gluon condensate term in (37). We present the final result:

o tra o (01 2GLGM 0) [ 3atp?
FT( ( ,P2) = """ (eq)4 £ " 1- Qz -

9 4 zp
The expression for the scaling-violating twist 4 correction to the structure function of the real
photon can be found in [45]. As numerical analysis reveals, in the intermediate region of
the twist 4 corrections are small even at Q2 = 1.5 + 8 GeV?. This fact is important for the
selfconsistency of the approach. Meanwhile, when the experimental data in this region will
have a few percent accuracy, the higher twist effects should be taken into account.

(38)

4.4 Contribution of ¢ quarks to the photon structure

At high energles, a noticeable part of the two-photon cross-section is due to charm production.
Summed over final hadronic states, this cross-section is, in first approximation, given by the
partonic process yy* — €c. In chapter 3, this process was considered in the case of two real
photons. When one of the photons is virtual, the charm production cross section is nothing
but a e contributionto-the structure funetions-of the-second-{real) photon. This part of-the-
structure functions which we denote by Ff ,(z) is usually subtracted from experimental data,
being considered as somme sort of a background. In reality, as it was firtsly noticed in [47], the
accurate measurement of the charm production cross-section itself would be very important.
The point is that the moments of o(yy* —+ charm), or, equivalently the moments of FY,(x),
are calculable in QCD with the account of all major nonperturbative corrections. As already
discussed in the previous sections, there is no such possibility for two photon-production of
light hadrons. The initial correlator in the case of light quarks contains long- distance region
at forward scattering , and only its imaginary part at certa.m region of s corresponding to
intermediate z = Q%/ (Q2 + $) can be calculated.

In order to estimate the charm contribution to the photon structure function one has to
return to the 4-point correlator (31) with c-quark currents and consider it in the kinematical
region p* = 0,¢? < 0 in the form of dispersion integral in s = (p + ¢)?, at some spacelike point
s =35 < 0. The imaginary part is decomposed into the structure functions Fy,. After taking
the nth derivative with respect to § and putting § = —Q? the dispersion integral is easily
transformed into the nth moment of the structure function,

Mn(l 2) = / Fl 2 ) - ld * (39)
where z* = z(Q* +4m?)/Q? is a more convenient scaling variable in the case of deep inelastic
production a massive state on a massless target.

It is possible to use OPE for AL, , directly. The contribution of the unit operator cor-
responds to the siniple 4-point loop ( Fig. 4.1,a,b) with massive quarks. The new task is to
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calculate the gluon condensate contribution. The latter is determined by the diagrams Fig.
4c-d. Using the Fock-Schwinger gauge one reduces very complicated initial expressions to the
form of standard one-loop integrals. The latter were calculated with the help of computer
algebra “ REDUCE”. The byproduct of tlie same calculation at Q? = 0 is the expression (35).

As an example, we present the obtained result for the gluon condensate contribution to
the moments of the structure function Fj:

{G) __ 3aQi®
Maa) = ~6r

z:"/o ’ dmz"{S(l —v?)? [1 —P=(3- vz)z]
x(1 —z)*ln G_I-TZ) — 16v7(z* — 42° + 622 — 4z +1)
+%v5(17z4 —622° + 842 — 50z + 11) + %v3(432z4 + 3202° — 22322% + 1908z — 437)
—2v(24z* — 802° + T22? - 422 + 17) + %(1622 — 48z +41)

2 (m 4 1)a(l~ ) + S+ 1)(n +2)(1 — 2%} (40)

where 2. = Q%/(Q*+4m?); v = \/1 — 4m2z/Q?*(1 — z) and where the dimensionless parameter
® is defined in (15). Numerically, the moments with sufficiently large numbers are very
sensitive to this contribution (see Fig. 4.3). In duality sense, the revealed situation corresponds
to the substantial gluon condensate contribution to the structure functions at large z, i.e. in
the resonance region of the ¢ production. In the region of large s (which at fixed Q? = —¢?
corresponds to small z), i.e. far enough from resonances, the calculation of the imaginary part
{1 e correlator is also-possible yielding forthe structure functions: e

Fiy(2) = Fi3'(a) + F{3)(a) , (41)
where the unit operator contribution is
)\ _ o, pel0)y _ 3@, [Q*(1 —z)
and the gluon condensate contribution is
2 4
FO(z) = 22 F9(z) —B;—rQ—C@z(Q — 50z + 542% — 16z%) . (43)

One has to notice an essential difference from the photon structure function for light quarks
considered above. The latter diverges at small z indicating that OPE is not applicable in this
limit. For the charm part of the structure function, the heavy mass of the ¢ quark guarantees
that the limit £ — 0 is safe. Numerically, the gluon condensate contribution (43) is small as
compared with the perturbative part (42). Thus, F; f,(ff )(z) is a very good approximation at
large values of c.m. energy /s which is consistent with usual duality approximation.

Summarjzing, the charm contribution to the photon structure function is calculable using
OPE. The moments of this function are sensitive to the effective ¢ quark interaction with the
gluon condensate. Extraction of the gluon condensate density from accurate measurements
of these moments, can be suggested as another new way to estimate this important QCD
parameter.
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Fig. 4.8 The influence of the gluon condensate contribution on the charm part of the photon structure
functions (¢)F§ and (b)F{ at Q* = 1 GeV? ( black circles), 3 GeV? ( crosses) and 5 GeV? ( black
circles). The plotted ratio R, is obtained by dividing the moments My by their perturbative values.
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5  Structure functions of heavy mesons

Traditional applications of QCD to the structure functions of hadrons are concentrated on
logarithmic evolution effects within the perturbation theory in the quark-gluon coupling «,.
Initial parton distributions at fixed Q? are usually taken from certain models or fitted from
experimental data. In order to calculate the parton distributions inside a given hadron directly,
one clearly needs noperturbative methods. The most straightforward approach suggested in
the framework of the QCD sum rules in [13, 43], reproduces the valence quark distribution
in nucleon at intermediate values of Bjorken variable z. The method is based on the OPE of
the 4-point correlator. As shown in [48], introducing analogous correlator with heavy quarks,
one is able to proceed even further and to calculate the moments of the heavy quark parton
distribution inside the heavy meson.

5.1 Derivation of QCD sum rule

Consider the following 4-point correlation function:
Co(P1 P2, 01, @2) = i / d'zd'yd*z exp(iqz — igy — ipaz)

x(0 | T{eivsu(0), vuc(z), eruc(y), @ivsc(2)} | 0) = C(p}, 05, 41, 43: 5, ) + . (44)
where the most convenient kinematical structure is retained. For definiteness, we start with
the correlator with ¢ quark currents interpolating charmed mesons. The replacement ¢ — b
allows to get analogous results for B mesons.

In (44), the current Zvysu creates D° meson from vacuum. The currents &y, ¢ correspond
to creation and absorption of a virtual photon by a heavy quark. At fixed spacelike values of
%, ¢ 8s=(n +@)? = (p2+ ) and at ¢ = (g — gz)? = 0 the correlator (44) is calculable in
terms of OPE. The most important circumstance is the fact that at ¢ = 0 the hadronic states in
the ¢ channel of the correlator are still far enough, at a distance O(4m2). This makes essential
difference from the case of the correlator with light-quark currents. Not only the imaginary
part of the correlator, but also the correlator itself can be well approximated by the sum of
leading OPE terms, including the contributions of the unit operator, the quark condensate and
the quark-gluon condensate operators. The gluon condensate contribution was not calculated
within adopted accuracy. We relied on analogous results for two- and three-point heavy-light
correlators which show that this contribution is numerically unimportant.

The result of the calculation of the invariant amplitude C at t = 0 obtained with the help
of the standard external field technique and in the fixed point gauge for the gluon field is
rather complicated. However, it is simplified after making double Borel transformation

(@)~ ( d

B f(Q*) = limq2 nsoo,@ fnmps =+ _EQ_5> £(@%) = f(M?) (45)

in variables p?, p}, equating the corresponding independent Borel masses: M? = M2 = M?

and, finally, differentiating n times over the external variable s. The final answer for the unit

operator contribution ( the loop diagram of Fig. 5.la) is obtained in a form of dispersion

relation ( g} = ¢ = —Q?):
d’l

2o 02 o) =
ds"C (M?, Q% s)

1

T2

a" . 81+ Sy
/dsld.szﬁp(sl,.sz,Qz,s)exp (— Y ), (46)
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where the double spectral funciton is symmetrical over s; and s; :
P(sl, S2, szs) = 6(‘51 - s2)ﬁ(sla sz s)@(s] - mZ)@(sz - m:) > (47)

and the expression for the reduced spectral density j is presented in [48]. The quark condensate
contribution ( Fig. 5.1b) and the quark-gluon condensate contribution (Figs. 5.1b and c) are
also taken into account.

Fig. 5.1 The diagrams corresponding to (a) the unit operator contribution to the OPE of the corre-
lator (44). Diagrams (b)-(d) contribute to the quark and quark-gluon condensate contributions.

Furthermore, one represents the correlator (44) in a form of double dispersion relation in
2 and p:
p; and p3:
dsl

d.Sz
C(??:I’%a‘l?a?%;‘sat = 0) = / 51 —P% / 52 __p%p(sl’s%‘ﬁ, q%"s) (48)

The lowest double D meson-pole contribution to the spectral function is

m4
248(pt — mb)8(pz — mp)T*(", s), (49)

o = —r'f}

where the amplitude T° is defined via matrix element
Tt(08) = [ ad'ac™(D | T{or,c(a), ene(0)} | D) = guTi(ds) + .. (50)
corresponding to the virtual photon forward scattering on the ¢ quark of the D meson. (At

p? = p} = p* and t = 0 the kinematics simplifies: ¢; = g2 = g and p; = p; = p). The D meson
coupling constant fp is defined in a standard way

me(D | éiysd | 0) = fpm} . (51)
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Using quark-badron duality we approximate the continuum of states above D meson, by the
quark loop in the region s; > sq, s2 > sp of the dispersion representation (46). Returning to
the amplitude T, one easily notices that its imaginary part in s is proportional to the valence
¢ quark distribution in D meson which we denote ¢(z, Q%) where Q% = —¢* and = = Q?/2(p-q)
is the usual Bjorken variable. Furthermore, at fixed QZ, the corresponding dispersion integral
is easily transformed into an integral over the parton distribution with a certain weight. After
differentiation at specially chosen spacelike point s = m%—Q? ( Q? « m}—m? is implied ) the
integral turns into the (n — 1)—th moment of ¢(z). Finally, we equate the Borel transformed
and differentiated hadronic representation (48) to the sum of OPE contribuitons. As a result,
one obtains the following sum rule for the moments of the heavy quark distribution in a heavy
meson:

1
=/ dzz"e(z, Q%)
0
__me [1 fo 2(s1 —mp)]| (@)™ a°
fim} {;r.i./:nz dsi exp [_ M? ] nl ds’ p(s1,Q
_ ajo mZ {(n+1) m?2 M?
mc(qq [L e {4 - 02 + =

1+ 3—21;(71 +1)
0% 2("’ +1)(n+2)] }] ! exp [ &%M—?)] } (52)

s)la:m%—tp

2

where u =1 — 1%—213_

We use the standard parametrization for the quark-gluon condensate density
{go* ﬁg,G" g) = m%(gg) in terms of the quark-condensate density. The factor proportional
to L = {ln(mc [Aqep)/in(p/Agep} accounts for the perturba.tlve renormalization of the quark
condensate density.

5.2 Moments of the heavy quark parton distribution

The obtained sum rules (52) do not, in fact, contain new parameters. The effective threshold
so =6 GeV?, together with the coupling constant fp = 170 MeV and the value of the ¢
quark mass m, = 1.3 GeV is taken from the analysis of the two-point QCD sum rules for
two D meson currents. The numerical analysis of (52) indicates that the moments of the
sum rule are applicable at low n < 4 and at Q2 > m} — m2. This is still the region where
a,ln[(@*+m )/AQCD] « 1 and standard perturbative QCD evolution of the moments can be
neglected. In the region of their applicability, the sum rules predict very weak dependence of
the moments on Q2. As a reference point we make all numerical predictions at Q% = 20 GeV?
for D-meson ( 70 GeV? for B-meson). At larger Q2 one has to take into account the evolution
of Mg.

The first moment calculated from (52) is a very stable function of the Borel parameter
M? with an average value close to expected M$ = 1. It is in fact a nontrivial check of the
method because separate OPE contributions add up to give the unit value. At n > 1itis
more convenient to work with the ratios of neighboring moments. The obtained moments of
¢ (b) quark-parton distributions in D (B) meson are presented in Table 5.1. The values are
close to unit, corresponding to the leading effect [49]-[51] of the heavy quark inside the heavy
meson. Note that for b quark the leading effect is numerically more pronounced, as expected.
The further details can be found in [48].
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Table 1: Moments of the c(b) quark distributions MS(M®) in D(B) mesons with various J?
at Q2 =20 GeV? ( Q* =70 GeV?)

n JP=0",1"- JP =01+
2 0.85( 0.94) 0.65(0.80)
3 0.75(0.89) 0.48(0.68)

4 0.67(0.85)  0.38(0.60)

5.3 Parton distributions depend on the spin-parity of the heavy
hadron

The advantage of the presented method is a unique possibility to repeat similar calculation
for another heavy meson with different quantum numbers, replacing the relevant currents in
the correlator (44). In [52] we calculated the moments of the parton distributions ¢(z) for
mesons with other spin-parities: vector (177), scalar (JF¢ = 0%*), and axial (1**). The
obtained results are presented in Table 5.1. Within the accuracy of the method, the structure
functions for S-wave ( pseudoscalar and vector) heavy mesons have equal lowest moments.
The same is valid for P-wave ( scalar and axial ) heavy mesons. Simultaneously, there is a
distinct difference between two groups of mesons. The average part of the meson momentum,
carried by the heavy quark, is lower in P-wave mesons. The difference in the sum rules
emerges due to the simple fact that the relative sign of condensate contributions and the loop
diagram is different in correlators with S and P wave currents. In other words, the interaction
with the condensate enhances the leading effect of the heavy quark in the S wave meson and
suppresses it in the P-wave meson. The situation resembles two-point sum rules |5} where
the interference and interplay of various contributions in the OPE explains why hadrons with
very close quantum number and similar flavour content ( say, vector and axial mesons) are
not-alike. From the sum rules similar to (52) one draws an new important conclusion : OPE
predicts that the structure functions , or equivalently, the valence parton distributions depend
on the spin-parity of the hadron. Furthermore, the sum rules [52], predicting degeneration
between structure functions of § wave (pseudoscalar and vector) heavy mesons as well as
between structure functions of P wave (scalar and axial) heavy mesons are in complete accord
with the expectations of Heavy Quark Effective Theory ( see e.g. the review [53)).

5.4 Fragmentation of heavy quarks

Direct experimental test of the results presented above is impossible. However, in various
phenomenological approaches, the parton distributions ¢(z) and b(z) determine the average
momentum distribution of the heavy quark.not only in the scattering , but also in decay
processes of heavy mesons. Qur predictions for the heavy quark distributions have been used
in theoretical studies of inclusive semileptonic {54} and exclusive B decays [55]. In addition,
one may suggest [48] that the ratio of the neighbouring moments of parton distributions for
heavy meson is equal to the analogous ratio for the fragmentation functions of the same heavy
meson measured in e*e”-annihilation. This assumption is far more weak than the simple
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equality of the fragmentation function and distribution function used in phenomenological
studies [56, 57]. Strictly speaking, an equality of that kind is not proved for hadrons ( see
e.g. discussion in [58]). For the quarks at the level of leading logarithms it corresponds to the
familiar reciprocity relation [59, 60]. To deal with fragmentation functions measured at high (2
one needs first to evolute the moments of the distribution function obtained above. We make
use of the fact that in the initial condition for the evolution equations one may safely neglect
the contribution of the light valence quark and sea partons in the heavy meson. Applying then
the assumption formulated above one reproduces the moments of the fragmentation function
of the heavy meson at high Q%. We stress that the considered fragmentation function is
physically complete, including both hard and soft parts. The latter is usually described by a
certain model. The suggested approach is able to avoid such division. On the other hand, one
may use the obtained moments and factoring out the hard part, extract the model-dependent
parameter characterizing the soft fragmentation. Further details of this analysis can be found
in [48].

. -

5.5 Regge asymptotics of scattering on heavy mesons

In certain models [61, 62] of soft hadronic processes the concept of parton distributions is used
in the framework of Regge-pole phenomenology of high-energy hadron scattering. In these
models, the momentum distribution of heavy quarks inside heavy mesons is parametrized in
the following form :

@-(Z) s () weh.

where ay(0) and a,(0) are the intercepts of J/1 and p Regge-trajectories. Using the values
of moments of ¢(x) obtained above we have fitted the ansatz (53) with the following results:
a,(0) =02+ 0.5 and

ay(0) = —(2.0 + 3.0). (54)
The latter parameter is especially important, since one has no independent information on
the charmonium trajectory from the physics of soft processes. The intercept oy, (0) determines
[61, 62] the hadroproduction cross sections of charmed hadrons.

Additional information about intercepts of Regge trajectories, connected with heavy quark-
antiquark mesons, is available by considering the scattering of photons on heavy mesons. One
uses OPE and dispersion relations in the spirit of the approach described above and compares

* the result for the moments of the scattering cross sections with their Regge-parametrization.
A detailed analysis of this problem is presented in [63]. Two independent ways are considered
there. The first one is to use the amplitude of forward photon scattering on quarkonium, and
the second one is to consider the virtual photon scattering on a heavy meson. The calculation
of the correlation function in both cases is very similar to the procedures presented above and
we will not repeat the details. The first method confirms that the intercept ay is within the
interval (54). The second method gives uncertain results for this intercept, but turns out to
be more useful for estimating the intercept of the b quarkonim trajectory. The following upper
limit for the absolute value of this negative quantity is obtained :

lex(0)] > 7+ 8. (55)

These estimates have been recently used in [64] in estimating the hadroproduction cross section
of B-mesons.

29

6 Applications of QCD sum rules to the proton spin
structure

In the introduction to the previous chapter, it was already mentioned that the four-point
correlator may serve as a starting object to calculate the nucleon structure functions. However,
in contrast to the correlators of heavy and heavy-light quark currents considered above, fshe
applicability of this direct method is restricted by the region of intermediate va:lue.s o‘f z, siml‘la.r
to the case of the photon structure function considered in chapter 4. In this limited region
of appllicability the major twist-two structure functions of the proton, Fj,(x) and 9 ,2(.1:),
were estimated [43, 65]. Very convincing is the coinsidence of this parameter-free prediction
for g1, made before the experimental measurement, with recent data [66]. In the first part of
this chapter we present the results of the first calculation [67] of twist-two nucleon structure
function hy(z).

Another approach to the direct calculation of structure functions is to use current a.lgebfa
and to express the integrals over of the parten distributions via hadron couplings wif.h c‘erta?u
quark operators. In this way, in particular, the total part of the quark spin p1r.0ject10n in
the proton can be expressed in terms of the coupling constant with the flavour singlet axial
current. For this kind of matrix elements with zero momentum transfer to the current, a
special technique was developed [14, 15] which uses OPE in an external static field wiifh
appropriate quantum numbers. The hadronic constant is then obtained in terms of certain
induced condensates, corresponding to the vacuum fluctuations of quark and gluon vacuum
fields in a presence of external field. This method was applied in [68] to obtain a sum rule for
the proton singlet axial coupling.

6.1 The 4-point correlation function

The cross section of the deep inelastic scattering on a given hadron is proportional to the
imaginary part of the forward amplitude of virtual photon-hadron scattering. The I.1ig1‘11y
virtual photon is predominantly absorbed and emitted by the same quark and the chirality
conservation is evident ( Fig. 6.1a). If Drell-Yan process is represented in analogous way, as
an imaginary part of the Fig. 6.1b diagram, then virtual photons may interact with different
quarks and their chiralities may also be different. Therefore, Drell-Yan process may be used
to measure the chirality violating proton structure function 4, (z) introduced and investigated
in detail in [69, 70, 71]. It is possible [70] to demonstrate that h;(z) can be defined as an
imaginary part of the forward scattering matrix element defined as

T.(p,q,s,8) = %/d“ze""" <p,s| T{jus(x), 5(0) + 5(z), 7us(0)} | 2, s > (56)

where 7,5(x) and j(z) are axial and scalar currents, respectively.
In order to calculate the structure function k;(z) by means of the QCD sum rule approach
we consider [67] as a starting object the four-point vacuum correlator

H#(P: f_I) = —i/d‘iquyd‘izeiq"“”(y—:)

x <0 | T{n(y),1/2(5us(2), 5(0) + 5 (=), Jus(0)), 7(2)} | 0 > (57)
where 7 is the three-quark current with proton quantum numbers [12]
n = e (u Cyaub)ysmad (58)
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This correlator corresponds to the amplitude of forward scattering of the current 7(x) on axial
current with transition into scattering on scalar current. The momenta, corresponding to the
currents 7(z) and j,,j are p and g, respectively.

As was shown in [13, 43], and already used in chapter 4, the imaginary part of the forward
scattering amplitude is determined by small distances in t-channel if p? and q* are negative and
large enough, | p? |,] ¢? > Adgp, and the scaling variable z = Q*/2v, Q*=-¢*, v=p-q
is not close to the boundary values = = 0 and = = 1. Therefore, in this region one may use
OPE to calculate the amplitude ImIL,(p,q). If, in addition, we suppose | p* || ¢* | and
restrict ourselves to the first term in expansion over p?/q%, only twist-two structures will be
retained. Since hy(z) violates chirality, the OPE starts from the operator of dimension 3 - the
quark condensate, unlike the case of other twist-two structure functions, where the leading
contribution originates from the unit operator. The examples of diagrams corresponding to
the OPE of (57) are shown in Fig.6.2. We consider the case when the axial and scalar currents
are u —quark currents. The next-to-leading contribution to OPE is given by quark-gluon
condensate of dimension 5. For the case of scattering on d-quarksboth contributions of quark-
and quark-gluon condensate vanish. Since the squared electric charge of d-quark is 4 times
smaller than that of u-quark, we can safely disregard the higher order OPE contributions of
d-quark to the proton structure function hy(z).

Fig. 6.1: (a) Deep inelastic lepton-hadron scattering, the chirality of quarks is conserved. Solid lines
are quarks, wavy lines are virtual photons, R(L) denote right (left) chirality of quarks; (b) Drell-Yan
process with chirality of quarks flipped.

6.2 QCD sum rule determination of h(z).

The amplitude ImIL,(p, ) calculated in QCD is equated to the contribution of hadronic states,
the proton and the excited states with proton quantum numbers, by means of the dispersion
relation in p?. We are interested in lowest resonance term, which is given by the double pole
proton contribution to the dispersion relation in p? :

1 '
H‘(‘p)(pa q) = )\?Vzpz—-—mz)i E ‘Ur(p)Tl_Ep) (p, q,T7, TI)I_Ir (p) (59)

rr!

where m is the proton mass, v"(p) is the proton spinor with momentum and polarization r,
Ay is the transition constant of proton into quark current

<0inip,r>=Inv"(p) (60)
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and T‘S")(p, g,7,7") is the matrix element (56) nondiagonal in the proton spin. We omit the
details of how the spin-tensor structure whose imaginary part is proportional to & (z) is sep-
arated. The proton contribution we are interested in, is then enhanced by applying the Borel
transformation in p? and additional differentiation in 1/M?* which suppresses the contributions
of excited states.

(4} (b)

Fig. 6.2: Ezamples of diagrams corresponding to the OPE of the four-point correlatordl,, defined in
(57). Wavy lines denote azial or scalar currents, ecternal momenta are shoun by arrows, lines with
a cross denote the quark vacuum fields, dashed lines denote the vacuum gluon field.

The following final sum rule for the u-quark part of the structure function was obtained:

u A m2/M2 2 2 2 w? w4 —W2/M?) 1 —4/9
N
Lzmrt L -8/
_ ) +tgmom (m 5 3z) L%} N »(61)

where a = —(27)(Gg) = 0.55 GeV?, A, = 324} = 2.1 GeV®, E;(2) = 1 — e~*(1 + 2), and
W? = 2.3GeV? is the continuum threshold. The powers of the factor L = In(M/A)/In(x/A)
take into account anomalous dimensions of currents in the correlator and operators in the OPE.
The numerical values of parameters are taken from two-point sum rules for nucleon mass and
magnetic moments [12, 14]. The structure function ki (z) calculated in [67] is reliable at 0.3 <
z < 0.6. The lower limit is determined by the requirement on the highest OPE term to remain
subdominant. In order to establish the upper limit we use the validity of general inequalities
relating hy(z) with other quark distributions in the nucleon [72] . We estimate the accuracy
of this prediction by ~ 30% at 0.3 < £ < 0.6. As was explained above, the contribution of d
quarks is small and the proton structure function

hi(z) = (4/9)h} (). (62)

The result for k() is plotted in Fig. 6.3 where the Regge behaviour with relevant a, trajectory
is assumed for extrapolation to lower values of z, 0 < z < 0.3, the region beyound the sum rule
validity. We assume that this trajectory is linear and has the same slope as p, a; trajectories,
namely o' ~ 1 GeV~2, Since we disregard the perturbative QCD correction, our results are
valid at intermediate @* ~ 5 — 10 GeV?, where deviations from scaling are inessential. We
have calculated only two terms in the OPE. Nevertheless, once the method is established,
the accuracy may be improved in future taking into account higher order terms of OPE. We
estimate the current uncertainty of our calculation at the level of 30-50%. Therefore, having
in mind that the similar calculation of the proton spin structure function ¢, () has reasonable
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a.greemeu.t with experiment we consider our estimate of 4, (z) as a reliable and useful guideline
for experiments aimed at measuring this new proton structure function.

07 | -
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Fig. 6.3:

o The w-quark-contribution-to-the proton structure furiction hi(z) based o the QCD caleulation-—

at inte'r'mediate values of z. In the region of low z an extrapolation from the point x =0.8 is done
according to the ezpected Regge behaviour of this structure function. The dashed line shows the values
of 1/2(u(2) + g{(2)) which serve as an upper limit for hY (z) at large .

6.3 Sum rule for quark spin fraction in deep inelastic scattering

The total fraction of the spin projection of a polarized proton carried by all three light quarks:
A =Au+ Ad+ As (63)

with the 1.1e1p of current algebra can be expressed in terms of the proton coupling with SU(3)
flavour -singlet axial current ( see e.g. [73]):

2mps, AT = (p Ijgs | ) = 2mys,95 . (64)

where jﬂs = ¥ @159, ¢ = u,d,s. The corresponding octet and isotriplet couplings of the
proton were calculated [74] with the help of QCD sum rules in external axial static field. We
f:alculate the singlet axial constant g4 with the same method. The interest to this calculation
is stimulated by the relation (63) which allows to link g% with the experimental data on
polarized deep inelastic scattering on the nucleon. The calculation contains an important

new (.elen.lent, the axial anomaly, which is taken into account explicitly. One considers the
polarization operator

() = [ d'ec=(0 | Tine), q(0)} | 004 (65)
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where the proton current 7 was defined in (58). Index A in (65) means that quarks moovein a
constant (static) flavour-singlet axial field A, i.e. the QCD Lagrangian contains an additional
term AL = j%A*. We are interested in the term proportional to the first power in A, in
the expansion of the polarization operator in external field. The idea is to use the dispersion
relation for II, and to isolate the lowest double-pole term of the proton. The residue of this
pole is proportional to the combination of coupling constants 22,¢% where the coupling Ay is
defined above in (60), and was determined from corresponding two-point sum rules in {12].

On the other hand, the correlator II,, can be calculated at p* < 0 using OPE. We present
the final sum rule for the axial constant after Borel transformation and applying additional
differential operator in M? [14] aimed to suppress the contribuitons of nondiagonal transitions
of proton into excited states in the dispersion relation:

81 d m? 22904 S0\ r-4
¢ =L+ 5yrll— Mg e (y) [or 0By (35) £
. . 8 s _ Il *
+14r*hEM2E, (ﬁ‘;) ¥+ (2m)*(qq) L] (66)

where Eo(z) =1—e%, Ei(z) =1 — (1 + z)e™* , factors proportional L = In(M/A)/In{u/A)
account for anomalous dimensions. This sum rule contains, apart from contributions of the
loop diagram (unit operator) and square of quark-condensate (four-quark operators), new
types of condensates induced by the external axial field A. The densities fo and ko determine
the following vacuum averages:

(01 varsa | 0)a = feA, d=3), (67)

(0 | @nzXGoa | 004 = KA,
We neglect the third possible d = 5 vacuum average of purely gluonic operator which
has small short-distance coefficient in OPE. The axial constant g% is thus expressed via two
unknown but universal parameters.
As usual, one has to try to obtain them from other sum rules with known hadronic part.
One possibility is to study the two-point sum rules of the corresponding currents , e.g. for fo
one may use the relation

(d=6) . (68)

(0 | Gruvsq | 0)4 = limyo 4 / d'ze™ 3 (0] T{@n1s9(2), drurs9(0)} | 0 A,

gi=u,d,s
=1I1,,(k)A, (69)

Since the flavour-singlet axial currents enter this polarization operator, one has to take into
account the axial anomaly. Therefore, the situation for condensates generated by singlet
currents is fundamentally different from the ones corresponding to isotriplet or octet currents.
Using the well-known expression for the anomaly one gets for the longitudinal part of the
two-point correlator (69) the following relation: N

.Qs iqT 3a3 a AL
aallul) =izt [ a0 | T{G(@)C5() |
+2im,5755(2), G45(0)Gag(0)} | 0) = —¢*TIL(¢%), (70)
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Using dispersion relation for this amplitude and estimating contribution of the lowest resonance
7' with the help of usual two-point sum rule technique and the contribution of higher states
with the help of quark-hadron duality, one may estimate the value II(0) and, according to
. therelation (69), the coupling fo. The coupling 4, is estimated in a similar manner. However,
the sum rule for the correlator (70) turns out to be inconsistent: the hadronic part doesnt
fit the OPE. Especially destabilizing effect is induced in this sum rule by the strange quark
contribution. The fact that longitudinal part of the correlator of two flavour-singlet axial
currents manifests breaking of OPE was anticipated from studues of other nonperturbative
aspects of QCD ( e.g. instantons). However we found [68] analogous breaking of OPE also
in the transverse part of the correlator II,,. Higher terms of OPE or, more probably, other
nonperturbative (nonlocal) effects are important in the virtuality region 1 + 2 GeV?2, In this
respect the axial channel is similar to the flavour-singlet pseudoscalar channel 0~+ where the
~ massive 7’ state cannot be interpolated by usual local OPE. The physical consequence of the
breakdown of OPE in the singlet axial channel is that one should expect a strong mixing
between fi mesons. o
Theoretically, the study of the correlator (69) demands methods beyond the usual OPE.
In this respect the problem of g9 -coupling can be inverted. Using experimental data (yielding
currently g5 = 5 ~ 0.4 +-0.5, see e.g. review [75]) one may use the sum rule (66) to constraint
the matrix elements (67) and (68), and consequently , the correlator (69).
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7 Light-cone sum rules for heavy-light form factors and
exclusive decays

In various applications of QCD sum rules considered above, the key element is the Wilson
expansion of the T-product of currents at small distances. In this chapter we consider an
alternative to this method, an expansion near the light-cone in terms of nonlocal operators,
the matrix elements of which are given by hadron wave functions of increasing twist. As one
advantage, this formulation allows to incorporate additional information about the Euclidean
asymptotics of correlation functions in QCD for arbitrary external momenta. From practical
point of view, this approach is especially useful for exclusive hadronic processes involving
among other hadrons a light hadron or a real photon. We will concentrate here on processes
involving both heavy and light mesons, including form factors of weak B —+ 7 and D — «
transitions [76], strong couplings B*Br and D* D [77] and various weak radiative decays of
heavy mesons [78]. Among other practical applications, we present the result [79] of extraction
of the CKM parameter V3 from B — mer decdy width.

7.1 Operator product expansion near the light-cone

For definiteness, we focus on the correlation function which will later be used to evaluate the
heavy-to-light form factor B — 7 and the strong B*B7 coupling:

Fu(p,q) =i [ d'ze™(n(q) | T{a(a).b(), B(0)irsd(0)} | 0
=P, (p+ 9+ FOL 0+ pu - (7)

With the pion on mass-shell, ¢* = m2, the correlation function (71) depends on two invariants,
p? and (p + g)?. We sét m, = 0 everywhere.

In the Euclidean region where both p? and (p + g)? are negative and large, the b quark is
far off-shell. Substituting, as a first approximation, the free b-quark propagator into eq. (71)
one readily obtains

1 d'z d*k i(p—k)z _
| G (@@ msd0))

+ K{m(g)li(z)7u775d(0)]0)) . (72)

This contribution is depicted diagramatically in Fig. 1a.
Short-distance expansion of the first matrix element of (72) in terms of local operators,

Fu(p,q)

a(emned(0) = 5 (0D @) nred(0) 73

and integration over z and k yield

me = (2p-g)
F.p,q) = ¢ M.q. ,
Wpd) = T Y et = g

(74)

where e e -
(m(9)|d Doy Dag - Dayn Yu¥52]0) = ()" GuGay Gaz-+-Gaa M + ...
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has been used, D being the covariant derivative. One now encounters the following problem.
If the ratio

€=2(p- 0)/(m} - ") = (0 + )" — p)/(m} — P) (75)
is finite one miust keep an infinite series of matrix elements of local operators in eq. (74). All
of them give contributions of the order 1/(m? — p?) in the heavy quark propagator, differing
only by powers of the dimensionless parameter £. Therefore, short-distance expansion of eq.
(72) is useful only if £ — 0, i.e. for p? ~ (p + q)? or, equivalently, g ~ 0. In this case, which in
fact effectively corresponds to the scattering on static external field considered in the previous
chapter (see also [80, 77]), the series in eq. (74) can be truncated after a few terms involving
only a small number of unknown matrix elements M,,. However, for general momenta with
p* # (p + q)? one has to sum up the infinite series of matrix elements of local operators in
some way.

This formidable task can be solved by using techniques developed for hard exclusive pro-
cesses in QCD [16 81]. Returning to the initial expression (71) for the correlation function
one expands the T—product of currents near the light-cone z? = 0. In a first step this leads to
the same approximation (72) involving vacuum-to-pion transition matrix elements of nonlocal
operators composed of light quark fields at light-like separation. These matrix elements are
expanded in z and at z? o~ 0 reexpressed in terms of pion wave functions with given twist.
For the present discussion it is again sufficient to focus on the first term in (72) proportional
to m,. In leading twist one has

(r(@la(e)prsP explis. [ da 2,A%(@@)*2d(O)0) = —igufs || duc™pu(u) ,  (76)

where the wave function ¢, represents the distribution in the fraction u of the light-cone
momentum gp + ¢ of the pion carried by a constituent quark. The path-ordered exponential
gauge factor ensures gauge invariance.

Substituting (76) in (72) and mtegratmg over z and k one finds for the invariant function

F:
1 duog(u

P (4 o) = mef, [ " ()
where the ellipses represent contributions of higher twists and multicomponent wave functions.
The leading three-particle wave function enters in connection with gluon emission by the heavy
quark line as shown in Fig. 1b. This contribution is included in the calculations of refs. 76, 77]
as well as two-particle wave functions up to twist 4. The perturbative O(a,) corrections
indicated in Fig. lc are not yet calculated. Their calculation in future may considerably
increase the accuracy.

Comparing (74) and (77) one sees that the infinite series of matrix elements of local op-
erators encountered before in (74) is effectively replaced by hadronic wave functions. These
universal functions describe the long-distance dynamics similarly as the universal vacuum
condensates appearing in the sum rule variant based on short-distance expansion.

Asymptotically, that is at g — oo, QCD perturbation theory implies for the lowest twist
2 wave function @a(u,00) = 6u(l — u). However, at the physical scale p ~ ms, at which
the OPE is applied to the correlation function (71), important nonasymptotic effects are
to be expected. These are parameterized by the coefficients a;(¢) in the following series of
Gegenbauer polynomials:

Prlu,p) = 6u(l —w)[1+ 3 ai(p)C(2u—1)]. (78)

i=2,4,..
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Although the input values of the coefficients a;(¢) at a fixed low momentun scale y are
unknown, the scale-dependence of a;(u) is dictated by the renormalization group. From what
is said above, it is also clear that a;(p) — 0 for p — co. Over the years a great deal has been
learned about these wave functions. They have been classified up to twist 4 and the asymptotic
form has been determined. Also various nonasymptotic corrections have been estimated from
QCD sum rules for light hadrons. In our calculation we have used the wave functions given
in [84].

U]

Fig. 7.1: QCD diagrams contributing to the correlation function (1) and involving (a) quark-
antiquark light-cone wave functions, (b) three-particle quark-antiquark-gluon wave functions, and
(c) perturbative O(w,) corrections. Solid lines represent quarks, dashed lines gluons, wavy lines are
ezternal currents.

7.2 Calculation of B - » and D — 7 form factors

The matrix element of the B — = transition can be written in terms of two independent form
factors f+ and f~:

(m(g) | Byud | B(p+q)) = 2f*(p")au + [F(2*) + £~ (#")Ipus » (79)

where p 4 ¢ and g denofe the initial and final state four-momenta, respectively, and @7,b is
the relevant quark vector current.

The form factor f* enters the dispersion relation for the invariant amplitude F' of the
correlator (71) through the ground state B~meson contribution:

F( (p+(I) )= mbz(ﬁ:lﬂf; +23)z) +/ — _:31)2 H (80)
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where the B meson decay constant fp is defined similar to fp in (51). The integral in (80) over
the spectral density p* takes into account the contributions from the excited states and the
continuum with B meson quantum numbers, s, denoting the effective mass threshold. Using
the result (77) for the invariant amplitude F obtained in the previous section and applying
Borel transformaiton (5.1) to eg. (80) one finds the following sum rule:

- m2 2 d 2 _ p2(] —
f+(p2) = -—-——2‘;;::’25 exp (%) {[: Tuezp [_mb :’M(i U)]

B 0o (u) mi+p*\| _ 4migi(u)
X ((Pfr(u) + ™ [“‘Pp(u) + 3 (1 + 2uM? M4

u 2, .2
+£{—2/; a(v)dv (1+ m;;;f )) + A MY + ., (81)
Here, ¢p, ¥o, and p3x are twist-3 pion wave functions.” The ellipses denote contributions of
higher twist. The contributions of twist 4 are given explicitly in [76,‘77].

The analogous sum rule for the D — = form factor is obtained from the above by formally
changing b — ¢ and B — D with corresponding rescaling of all anomalous dimension factors
appearing e.g. in the higher twist wave functions and in nonasymptotic corrections to the
lowest twist wave functions. Earlier, the light-cone sum rule for f* at p? = 0 with leading
twist accuracy was derived in [82] ( see also [83]).

Importantly, the numerical values to be substituted for ms, fp and s are interrelated by
the QCD sum rule for the two-point correlation function { 0 | T'{js(=), §3(0)}]0), js = bivsu.
We use the set fp = 140 MeV , my = 4.7 GeV, so = 35 GeV? which satisfies this two-point
sum rule without O(e,) corrections in consistency with the neglect of O(a;) corrections in the
sum rule for fgfF.

The maximum momentum transfer p? at which the sum rule (81) is applicable is estimated
to be about 1 GeV? for D mesons and 15 GeV? for B mesons. The resulting form factors
F#(#?) and £ (p*) are plotted in Fig. 7.2. The dependence of eq. (81) on the Borel parameter
M? is rather weak in the range where the twist-4 and the continuum contributions are less
than 10% and 30%, respectively [76]. For definiteness, we have taken M? = 10 GeV? for the
B — 7 and M? = 4 GeV? for the D — = .

7.3 Light-cone sum rules for strong couplings of heavy mesons

Next we describe how the relation (77) can be turned into a sum rule for the strong B*Br
coupling constant. The key idea is to write a double dispersion integral for the invariant
function F:

2
F(p, (p+ q)°) = mpmp.fBfB+9p*Bn .
®h+ 09 = o)+ 9 - mh)
/ ph(sh sz)ds,dsz plll(sl)dsl + pg(é}z)dSz (82)
(s1 = p*)(s2 — (» + 9)?) sy —p? 52— (p+9)*

Here, the first term arises from the ground state contribution and contains the B*Br coupling
defined by the on-shell matrix element

(B (p)nt(q) | B°(p + @) = —9gB-Batue” - (83)
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while the spectral function p”(s1,s;) represents higher resonances and continuum states in
the B* and B channels. fp- is the coupling of B* meson to the vector @y,b current. The
additional single dispersion integrals are due to necessary subtractions. Then, considering p
and (p + ¢)? as independent variables, using light-cone OPE result (77) for ' and applying
the Borel operator (45) to eq. (82) with respect to both p* and (p-+ ¢)?, we obtain the sum
rule

_ me,r _1572.23.'"2 +m 2 _L"_E -
foB'gB‘Br = m%mB- e 2 {M [e Mi—e M ]?"(1/2) + .. } (84)
with M? = M7 M2 /(M} + M}). The contributions from heavier states are now exponentially
suppressed, while the subtraction terms depending only on one of the variables, p? or (p+ q)?,
vanish.

Since M? and M? are expected to be quite similar in magnitude, the coupling constant
gB+Bx is determined by the value of the pion wave function at v ~ 1/2, that is by the
probability for the quark and the antiquark to carry equal momentum fractions in the pion.
This interesting feature is shared bythe sum rules for many other importanthadronic couplings
involving the pion. As already pointed out, the quantity v,.(1/2) is considered to be a universal
nonperturbative parameter, similar to quark and gluon condensates in the standard approach.
It may be determined from suitable sum rules in which the phenomenological part is known
experimentally. We take the value ¢,(1/2) =1.2+0.2 obtained from the light-cone sum rule
for the pion-nucleon coupling [84]. For the remaining parameters we use the same input values
as in the calculation of the form factor ff. In addition, we take fp+ = 160 MeV as determined
from the corresponding two-point sum rule. With this choice, we obtain

gBer=20%£3. (85)

The uncertainty indicates the variation of gg=p, in the corresponding interval 6 GeV? < M? <
12 GeV?, where the higher state contributions are less than 30% and the twist-4 corrections
do not exceed 10% . The sum rule for gg.g~ given in (84) is easily converted into a sum rule
for the coupling gp«p» by replacing b with ¢, B with D, and B* with D*. Using the relevant
D—channel parameters and the optimal interval 2 GeV? < M? < 4 GeV?, one finds

gp*pr = 12.5 +1.0. (86)

The above prediction can be directly tested experimentally in the decay D* — Dm. Eq. (86)

-implies the decay width I'((D**' — D%r+) = 32 &£ 5keV, which is well below the current

experimental upper limit [85, 86] ['(D** — D%r*) < 89 keV.

The dependence on the pion wave function disappears in the limit ¢ — 0 as can be seen
from (77) because of the normalization condition fj dutp,(u) = 1. This is just the limit where
the correlation function (71) can be treated in short-distance expansion by using the external
field method.

. The couplings gp+p. fix the normalization of the form factors of the heavy-to-light transi- .
tions B — m, in the pole-model description

F ) = 5 mdees

2mpe(l — p/mi.) (87)

Yvhich is .va.]_id at higher values of p? close to the kinematical threshold of the soft pion. At
intermediate p* as can be seen from Fig. 7.2 this description successfully matches the light-

cone sum rule prediction. Analogous approximation with the coupling (86) is obtained for the
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D — 7 form factor. Summarizing, the approach presented allows for the first selfconsistent
calculation of the heavy-to-light form factor in the whole kinematical region. Interestingly,
this task is beyound the abilities of other nonperturbative methods, mcludmg HQET and even
lattice calculations, at least in their present status.

The accuracy of the light-cone sum rule method is conservatively estimated to be around 20-
30%. Currently, the main sources of uncertainty are our limited knowledge of the nonasymp-
totic terms in the wave functions and the lack of the perturbative a,-corrections to the corre-
lation function (96).

#0%)

0 0.5 1 1.5 2 25 3
PGev?]

Fig. 7.2. The form factors for the transitions (¢) B — m and (b} D — 7 as predicted by light-cone
sum rules (solid) in comparison to the single-pole approzimation (dashed) with the normalization
constants gpepr and gpspsx, respectively, calculated by the same method.

7.4 Extracting Vi, from B — 7lv decay

Recently, the CLEO collaboration [87] announced the first measurement of the decay B — wlv
(! = e,p) . This process plays a very important role for the determination of the CKM
parameter V5. The decay amplitude is completely determined by the form factor f(p?)
which was calculated as explained above. With this result one easily calculates the total
width using well-known kinematical formulae. The form factor depicted in Fig. 7.2a yields
[79]

I(B° = 77 lty) = 8.1 V[P ps!. (88)
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Experimentally, combining the preliminary CLEO result, BR(B® — n~I*y) = (1.63 &
0.46 & 0.34) - 10~* [87], with the world average of the B lifetime [30}, Tgo = 1.57 £ 0.05 ps,

one obtains
I(B® = nIty) = (1.04 £ 0.37) - 10~* ps™* , (89)

Comparison of (88) with (89) yields
|Vas| = 0.0036 & 0.0006 . (90)

The theoretical uncertainty which we estimate conservatively to be less than 20% is not in-
cluded in (90).
In the case of the Cabibbo suppressed D meson decay D® — 7~I*1y we predict

[(D° = m~I*y) = 0.156 [Vgf? ps~' = (7.6 £0.2) - 1073 ps™* | (91)

where we have substituted |Vea] = 0.221 £ 0.003 [30].
This should be compared with the experimental result

T(D° — n~etv,) = (9.4153) - 1073 ps~t, (92)

derived from the branching ratio BR(D° — = e+u) =3 9+23) - 10~ and the lifetime 7po =
0.415 £ 0.004 ps [30).

We see that the CKM-suppressed excluswe semileptonic widths are not yet measured
precisely enough to really challenge theory.

7.5 Use of the photon light-cone wave function

Rare decays of B-mesons, such as the recently observed processes B — K™ [88] are becoming
an important tool for studying pew forces beyond the standard model. The interest in these
decays stems from the fact that they occur only through loops and are therefore particularly
sensitive to “new physics”. Besides the B — K™y exclusive transition, there are also B — py
processes. The latter modes are sensitive to other CKM matrix elements (and possibly to other
new physics) and may show large CP-violation. It is generally believed that the short distance
penguin mechanism dominates the exclusive decays. The corresponding matrix element has
been calculated with various methods including the light-cone sum rules [90] which yield similar
results. However, besides the matrix element of the penguin operator, there are certain long-
distance contributions to decay amplitudes which are usually investigated in phenomenological
way. Such estimates can give at best an order of magnitude estimate.

As an example of application of the QCD light-cone sum rules we present here the results
[78] of calculation of one of these long-distance effects. For definiteness, we will consider the
decay B — py, although other decays can be treated in similar ways. Fig. 7.3 represents
schematically the mechanism. These are diagrams which do not involve loops of heavy quarks
but just the ordinary four-quark weak interaction. In these graphs, the spectator light quark
pa.ttxcapa.tes in the weak annihilation. Because of the CKM matrix elements, this mecha.msm
is negligible for B — K*v but important for other exclusive radiative deca.ys

A perturbative evaluation of these diagrams is completely inapplicable due to the almost
on-shell propagation of the hght quark which implies the use of a poorly understood ’con-
stituent’ quark mass.
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The relevant effective Hamiltonian for the decay B~ — p™7 is

o = VooV (AL @) (93)
with @, = ¢; + ¢2/3, a combination of familiar short-distance coefficients ¢12, Ly = 7u(1 — ¥5)-
Similarly, the combination a; = ¢z/3+ ¢; multiplies the corresponding operator for B® — p7.
Following the phenomenological ansatz [91], the coefficients a,, az are extracted from two-
body non-leptonic decays assuming factorization. We also neglect the photon emission from
the final state quarks invoking the well known helicity arguments: being factorized, the matrix
element of (93) is in this case proportional to the light quark masses.

Or<ONNO>==0

Fig. 7.8: Weak annihilation mechanism for the decay B~ — p~7y. Tuwo additional diagrams with
photon emission from the final state quarks are not shown.

The matrix element corresponding to diagrams in Figs. 7.4a,b can be written as

- - G . : _ -
{p" | Hw | B™)y = Evubvudalfpmﬂfg(p | (@Lyb) | B ) (94)
where we used {p~ | (d[*u) | 0) = f,m, €4, denoting by foand e, the decay constant and the
polarization vector of the charged p-meson. It then remains to calculate the matrix element

(0| (8L#b) | B~)y = —Apceursap €a” +iApvigu(e -p) — &u(p- )], (95)

which describes the annihilation of B~ into the current @L#b with momentum p accompanied
by the emission of a real photon with momentum ¢ and polarization vector € in terms of
two invariant, parity conserving and parity-violating amplitudes. The light quark mass is
neglected. We use QCD sum rules in order to calculate the matrix element (95). Since the
photon emission from the light quark takes place at large distances, the use of standard QCD
sum rules [5] based on the local operator product (OPE) expansion is not sufficient. Rather,
one should use a light-cone expansion. It will involve the hadronic wave functions on the light-
cone which encode the photon emission by a quark-antiquark pair at light-like separation in
close analogy to the pion wave function considered above. The photon light-cone wave function
was introduced in ref. [92] for calculating the amplitude of weak radiative decay ¥ — py and
used later in ref. [84] to evaluate the nucleon magnetic moments. We introduce the relevant
correlation function

I,(p,q) = [ d'2e™(OIT{a(e) Lub(=), BO)insu(OHOria) (96)

in the external electromagnetic field Fus(q,z) = i(€pqa — €4qp)e'? with momentum g and
polarization vector e. The function II,, can be decomposed into parity conserving and a parity
violating invariant amplitudes Ilpq and Hpy corresponding to the parametrization in (95). In
the region (p+¢)? < 0 and at p? = m} << mj, the heavy b-quark is far off-shell. In particular,
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photon emission from the heavy b-quark takes place perturbatively. The accompanying light-
quark propagator may then be described by the local OPE containing as a first approximation
the free propagation and in the next orders, interaction with quark and quark-gluon vacuum
condensates. The corresponding contributions to the correlation function are depicted in Figs.
7.4a, b and c, respectively. As far as photon emission from the light u-quark is concerned,
after contracting the b-quark line, one is left with matrix element

d*z 'k

Tlps 0 =] Gt =)

e P87 (0la(z) Lu(mst £)rsu(0)|0)ra)- (97)

The diagram Fig. 7.4d describes only the short-distance part of this matrix element cor-
responding to the photon emission from freely propagating u quark. To take into account the
long-distance part one uses the expansion near the light-cone z? = 0 and introduces matrix ele-
ments of nonlocal quark-gluon operators between vacuum and real photon states schematically
shown in Fig. 7.4e. The leading twist two contribution [84, 92] emerges from the expansion
of the operator #(z)oqpu(0) and the corresponding part of the matrix elentent in the external
photon field can be parametrized as

(Of(e)upu(0)0r) = euldw) [ " () Fap(uz) - (98)

']
’ y »
(a} (b) tc)
H D
) €) {f)

Fig. 7.4: Diagrams corresponding to OPE of the correlation function in (96): (a), (d) perturbative
contributions, (b} quark, (c) quark-gluon condensate contributions; (e) emission of photon at large
distances parametrized by photon wave function; (f) gluon correction to the diagram (e). Solid lines
denote quarks, dashed lines -gluons, wavy line -photon, arrows - external currents. Crosses denote
vacuum quark and gluon condensates, ovals in the diagrams (e) and (f) denote the photon light-cone
wave function.

The path-ordered exponential gauge factors for both gluon and photon fields are not shown
for brevity. The function ., has the meaning of the photon wave function in terms of its quark-
antiquark constituents and may be interpreted as the distribution in the fraction of light-cone
momentum go+¢s of the photon carried by a quark. The asymptotic form of this wave function
is known [16]:

wqy(t) = 6yu(l —u) . (99)
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The parameter x normalizing this wave function is the so called induced quark condensate

{01g02p910)F = €,{dq)x Fup (100)

(14, 15] where e, is the quark electric charge, {gqg) is the quark condensate density. This pa-
rameter has physical meaning of magnetic susceptibility of the quark condensate, According
to the analysis carried out in ref. [92], non-asymptotic effects in w(u) and higher twist 4 con-
tributions to (98) are small, contrary to the case of the pion wave functions. This observation,
as well as a rough estimate of the twist four contribution allow us to neglect all higher twist
effects. Collecting all accounted contributions of the OPE we equate the obtained result for
I, with the hadronic representation using dispersion relations for the invariant amplitudes:

. 2 0 h 2
tfsmBApcipy) ]+/ dstc(PV)(S,P) (101)
30

mympz — (p+q)? s—(p+aqy¥
- where the first term represents fhe B-meson contribution. The second term parametrizing con-

tribution of the higher states in B channel is estimated, as usual, with the help of quark-hadron
duality. The final sum rule for the parity conserving amplitude after Borel transformation is

Upepvy =

m 1 du my mi-p}(l-—u -
A% = Fom {/A i [ﬁg - mi=p )] [e“(””> #w

L (AL S5 a (I i ] ) ]

" 4r? 7 mi —p*(1 —w) um?

ep({tiu my — m}
oo () ) 2
The parity violating amplitude has very similar sum rule. For the problem under investigation
we need ouly the values of these amplitudes at p? = m? or at p’ = m¥.. The sum rules are
valid in a much wider region of timelike variable p? , parametrically up to O(m} — 0(GeV?))
and practically up to p>=15 GeV?. Independently, the sum rules similar to (102) were derived
in [93].

The important point is that all parameters entering the r.h.s of eq. (102) are known since
they also enter other QCD sum rules. The value of magnetic susceptibility was determined
several times [94],[95] with essentially the same result y = —4.4GeV~2 at the normalization
scale of 1 GeV.

As expected, roughly half of the values of the amplitudes Apcpy comes from the con-
tribution of the photon twist-two wave function. The contribution from the loop diagram
with photon emission from the light quark is about the same and provides the second half
of the total result. Both perturbative and nonperturbative photon emission from the heavy
quark aze negligibly small. The strong isospin violation (or in other words, dependence on the
flavour of the spectator quark) which manifests itself in drastic difference of the amplitudes of
charged and neutral modes, is one of the characteristic features of this mechanism in contrast
to the short distance penguin amplitudes which are independent of the flavour of the spectator
quark.

Our final prediction for the amplitudes defining the matrix element (95) for the WA decay
B — py is then compared with the corresponding matrix element of magnetic penguin operator

(o]

emy

ot doy (1 + 45)bF* | B) : (103)
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estimated by the same method of light-cone sum rules in [90]. .Our result jlmoulits to zlxlbout
a 10% correction to the penguin mediated short-distance ampl.xtude for B =P w1t' un-
certainty at the level of 50% from the values of the CKM matrix ele(men)ts.vg‘.hif correctxft;n 13
i ix element (103). With more refine
ble to the present accuracy of the leading matrix e nt (10
E;nﬁi?;ta;es however, the long-distance contribution of weak annihilation shou%d pr.esumably
not be negiected in predicting the branching ratio of B~ — Py and the CP-violating zsym—
metries. Our conservative estimate of the overall accuracy is about 15-20 %. The O{as)
t to the correlation function (96) will improve i ) o . _
Cou;flllitl):;sinoradiative B-decays, the effect considered here is crucial in the c?rfespondm.g
D-decays where the short distance penguin contributions are complete}y ne_ghglble. 'It is
immediate then to convert eq. (102) and analogous sum rule for the secor:_((loinva.nant a{n!)htuﬂe
into the sum rules for the Liadronic matrix elements (0 | (d(ﬁ)lf‘c)_l D : Vo determining t ;
radiative decays D — py . One has just to replace b with ¢ , B with D in the swmn rule an
substitute corresponding parameters. _ B .
We predict the branching ratio for D® — K*%y to be 15 10 4(ay/0.5)? and for D, — Pr
to be 2.8 - 10-5. The observation of these decays is an interesting task for the next generation
of experiments in charm physics. '
I?;pla.cing the p current with the leptonic current, one can apply the developed metho'd a.!so
to a very interesting decay B —* lvyy where the photon emission removes the usual clural.lty
suppression. From this calculation, the ratio between the purely leptonic decay\ modes with
and without photon is predicted ({78]) :

re = DB = 1) 41 5080Mev/ f)? (104)
B (B — uv,)

This result is in agreement with the phenomenological estimates [96, 97], and underlines the
importance of the radiative leptonic decays.
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8 Conclusion
In conclusion, we list the main results obtained in the thesis:

1. A new method of QCD sum rules for three-point correlation functions is suggested, using
double dispersion relations.

2. The QCD sum rules for radiative transitions in charmonium are obtained , and the glion
condensate contribution to these sum rules is calculated.

3. It is shown that double QCD sum rules for radiative transitions have an analog in nonrel-
ativistic quantum mechanics.

4. The amplitudes of two-photon decays of charmonium are calculated in the sum rule ap-
proach with the account of gluon condensate contributjon. The two-photon width of the 7
and the widths of heavy quarkonium decays to photon and light scalar or axial bosons are
predicted in a model independent way.

5. A new way of the determination of gluon condensate density is suggested using the sum
rules for two-photon widths of charmonium.

6. A new method of the calculation of virtual photon structure function in QCD is suggested.
The first calculation of the hadronic part of the photon structure function in the intermediate
region of Q% and z is carried out. The first estimate of the higher twist corrections to the
photon structure function is obtained.

7. The first calculation of the charm contribution to the photon structure function is carried
out with the account of the leading nonperturbative contribution.

8. A new method of calculating the moments of heavy quark-parton distribution in a heavy
meson is suggested. Moments of the ¢ and b quark distributions in D and B meson, respec-
tively, are calculated. Dependence of the structure function on spin and parity of the heavy
meson is predicted. Estimates of heavy quark fragmentation function moments are obtained
in model independent way.

9. The method of estimating the intercept of Regge trajectory of heavy quarkonium states is
suggested.

10. The first QCD calculation of the nucleon structure function hy{x) is done.
11. The quark part of the proton spin is expressed via induced condeusates in external flavour-
singlet axial field. The breaking of local OPE is found for correlator of two flavour-singlet axial

currents. Strong mixing of axial singlet mesons is predicted.

12. Light-cone sum rules for the form factor B — @, D — 7 are obtained at momentum
transfer squared up to m}, — O( GeV?) and with twist 4 accuracy.

13. The method of deriving the light-cone sum rules for strong couplings of heavy mesons
with pions is suggested and couplings B*Bw and D*Dr are estimated.
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14. New model-independent method of calculation of long-distance effects in B — py decays
is suggested where the photon light-cone wave function is essentially used.
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U. 3m. ungunihipw6

££9 ANMUMLELE LTLALLELE SULE 24ULGLELR
B4 DNSNLVLELE 4GS SEAh NFLESNA NPN3LULELR LUUUL

Uvononru

UwbGwunumpmbp  Gihpdwd b nwppulpu GwulhhlGiph mdtn  tnfuwqgnbgnipjub
nbumpjul’ Lywlnw)i LpndnghGuwishyuyh (L229) hwyJupyuypG dtpnnltph qupqugiwip L
Yppwniwbp: £29% qnulwplbph YywlnGGiph Snnkgnuip pighwlpwgymd t owGp pywpyGhph L
PnunGGtph htan wnbinh nilkgny huuumﬁm_lflﬁ wpngbubkph phiwdhjwlw pGmpwqpbpp hwyybin
hwdwp:

Umuwigyly t6 LL% qmiwnlbph YwlnGibpp swpdnbhnuih nwnhwghnG wGgmdGhph L
dmunbuyhl wpnhowiGiph hwdwp, hwpywplpty ® qununluyhG YnGnkGuunnh Ghpgpeuodp wyy
qnuiwnpGtph YwbnGGhph ﬁpg: Uzwlpud L qymnGuyhG YyoGnkGuunnh funipjulG npnydwé Gop

dbpny, hpdGywd swpdnGhoush GphmpmnnGughG wpnhnuiGliph hwjwGwlwmpymGGtph huuhup.

urmugywd gnuiwnpGhph YuGnGh gpu:

Unwpwphywd & pmanGh wopmymmpuyhi $mblghwgh hupqupydwi Gop wkpny, opp
hpd@jwd t LR owbpwwnnpughG Jhpmdswd gpu: QhGwhwnfwo b hiwjwd hwgpoGibph
(bpgpnuip mnnGh unpnilwmpuh dmGhghuyh vhke:

Unwowphyty b dawyyby & dwlp skqnGGtph the dwdp pwph-wwmnnG6tph pwzunuiGlipp
unuifwm Gnp Jbpny: .

MpnunnGh b_1 (x) wnpmipnmpuhG $mGyghwt wnwghG wqud hwzqwnplypyb) & -LL9 -jnu:
MpmonGh  wwhbh  pjwphughl  Swup wpnnwhwynyl) £ £28% Juymmdp pGmpwgpog
wwpwitinplikph dhongny:

Umwigwd 56 B - 7 L D — 7 dopddwlpnnplbph hudwp LL9. qnuiwpGbph YwGnliGhg,
npnGp  hhdGywo 6 nyuwghG YnGh oo Juwmnmupdud  owbpunnopughG  JEpmadwi  Jpuw:
Unwownljwo t owlp shqnGikpp L ujhnGGtph mdtn Yuuh hwunummiGitph hwdwp LR
gmuiwpGtph JunGGph dhpnn:

Uzwydwd & B —» py mpnhnuiGhph dhy wtinh niGkgnn tpYwn nwpwdnipynGibph Ebtuniitpp
qliwhwwnbim Gop Smnbkgnud:

XopkamupsH AnexcaHap lOpbesuy

MPABUNIA CYMM KX A NPOUECCOB C TAXENbIMA KBAPKAMWU U ®OTOHAMN
AHHOTAUWA

ﬂ,HCCEpTaLlHH noceAlLeHa pISIHTHlO W HPMHOM(eHMIO BbIUWC/IUTENIbHBIX METOA0B TEOpPHH
CUABHOrO B3OWUMOAEWCTBUA 3NGMEONTAPHLIX UACTHL - ksanToBON xpomoauHamuku (KXA). Moaxop
npasun cymm KXJ[I oBOBLIGH AN BLIUHCAEHHA  AUHAMUHECKMX XapaKTepHCTUK  aAPeCHHbIX
NPOLECCOB C TSHXXENbIMA KBAPKAMK W (POTOHAMM.

MonyueHbl npasvna cymm KXJI nna paavaudoHHbix nepexopos M (POTOHHbIX pacnafos
YapMOHHS, BbiuMCAeH BKNAL FAICOHHOTO KOHAGHCATA B 3TW MpaBufia CyMM. Pa3suT HOBbI MeTOA,
onpefeneHus NAOTHOCTH FAIOOHHOIO  KOHAeHCaTa, OCHOBaHHbIH Ha MpaBuie CyMM AnAa
BepoATHOCTEH ABYXGHOTOHHRIX WHPHH Y&PMOHWA.

MpennoxeH HOBBIA MOTOA BRIMMCNOHWA CTPYKTYpHOUN (DYHKLHM hOTOHA, OCHOBAHHBIA Ha
onepaTopHOM pa3nomenud. Mosy“eHA OLEHKA BKNBAZ O4APOBaHHLIX 2APOHOB B 3TY CTPYKTYPHYH
hyHKLMIO.

MpensioXkeH ¥ PAIBHT HOBBIA METOA RbIMHC/EHHA pacnpegeneHui TRXKeNbIX KBapKoB-
NapTOHOB B TSAXENbIX MEIOHAX.

B KX[, enepBbie BRMUCHEHE CTPYKTYDHAR COYHKUMA NPoTOHa h_1 (x). Ksapkosas wacto
CfMHa NPOTOHA BHIPAXKEHA YEPes hapametpw sakyyMa KXI.

Monyyens: npasuna cymm KXJ1 ann dopmdaxtopos B — 7 u D -> =, ocHoBaHHbie Hé
onepatopHOM Pa3NOMOHUW a8nusn castosuro kowyca. MpeanoxeH MeTon Npaswi cymm KX pns

BBIMHCTIEHUS] CHALHBIX KOHCTBHT COASH 1ANONRIX MRIOHOB C NoHaMu. PapaboTaH HOBbiA Moaxon

spchekTaM Ha GonblMX PACCTORMHAR B pPacnae B » p Y.




