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B—K#»' decay as a unique probe of thep’ meson
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A theory of theB— K #' decay is proposed. It is based on the Cabibbo-favbredcs process followed by
a direct materialization of thec pair into the’. This mechanism works due to a nonvalence Zweig-rule-
violating c-quark component of the;’, which is unique to its very special nature. This nonperturbative
“intrinsic charm” content of they’ is evaluated using the operator product expansion and QCD low-energy
theorems. Our results are consistent with an unexpectedly B{Be-K »')=7.8x 10" ° recently announced
by CLEO.[S0556-282(97)04521-9

PACS numbss): 13.25.Hw, 11.40.Dw, 12.38.Aw, 12.38.Lg

[. INTRODUCTION broken down in the problem at hand suffices to reconcile the
theory with the datd1). The uniqueness of’ is in both a
This paper suggests a theory of tBe-K " decay which  possibility to evaluate this effect and its very large magni-
may shed a new light on properties of th¢ meson. Our tude. The deca—K»’ serves as a probe of the “intrinsic
study is motivated by recent results of the CLEO Collaboracharm” content of they’. On the contrary to how it may
tion [1] which has announced an unexpectedly large branchsound, the mechanism of violating the Zweig rule in tie
Ing ratio is purely nonperturbative. To be honest, we have to note that
L +2.7 5 the accuracy of our result is rather low, of the order of factor
B(B—Kx»')=(7.855+1.0Xx10". @ 2 in the amplitude. It is important, however, that a main
Little thought is needed to realize that this number is inSOUrce of uncertainty in our approach is well localized and
severe contradiction with a standard view of the process delated to the poor knowledge of a particular vacuum con-
the quark level as a decay of thequark into the light quarks dens_ate. Thergfore the theoretical precision can b_e consider-
which could be suggested as soon as #fés usually con- ably improved in the future_. We should stress that in contrast
sidered to be a S@3) singlet meson made of the d ands to a recent proposaP] on importance of the axial anomaly
quarks(see Sec. Il for more detailThis result may not seem in the closely related inclusivB— "X decay, it does not
too surprising if one remembers the well-known fact that thePlay any role in our mechanism. On the contrary, the
quark content of the;’ is undistinguishable from the gluon @nomaly is exactly cancelled in the operator product expan-
one due to the axial anomaly. On the other hand, in the weafion (OPE) in powers ofm; * for a c-quark bilinear operator
decay theb quark proceeds more strongly to tbes system  [see Eqs(16), (17) below], which is a starting point of our
due to the Cabibbo enhancement of the latter in compariso@Pproach to the problem. In a sense, we therefore deal with a
to theuus state. Since a pair af quarks can easily convert “postanomalous” effect which, of course, is suppressed by
to gluons, one can suggest the following scenario of théhe parameter #f2. However, in the real world
B— Kz’ decay. Theb quark proceeds into the-quark and m¢=1.25 GeV is not far from a hadronie 1 GeV scale and,
c-quark pair, while the latter directly materializes into the ~ as will be shown below, the effect of the charmed loop is
via a nonvalence “intrinsic charm’t-quark component of very large numerically. On the other hand, methods applied
the »’ which exists due to virtuaic— gluons transitions. An in our study closely parallel those developed earlier in a
immediate objection to this proposal which can come tostudy of the famous (1) problem(whose key ingredient is
one’s mind is that this process is expected to bring a verjust the axial anomaly and will be explained in the course
small contribution to the decay width as soon as it obviouslyof our presentation.
violates the Zweig rule. We will argue that though the sce- Our strategy consists of a few steps. We start in Sec. Il
nario we suggest is indeed Zweig rule violating, it neverthewith the standard approach to tBe-~K 7' decay and dem-
less can explain the data. The reason is that we actually de@hstrate that its prediction is about two orders of magnitude
here with a situation where the Zweig rule itself is badly smaller than the experimental numkéj. We then propose
broken down. As will be discussed in detail in Sec. IV, bothin Sec. Ill an alternative gluon mechanism and explain our
regularities and sources of breaking down the Zweig rule argnethod for calculation of a crucial quantity of our consider-
nowadays well classified and studied. In particular, it isation which is the matrix eleme®|cy,ysc|»’). Using the
100% violated for pseudoscalar mesons includingheln  data(1) as an input, we calculate an “experimental” value
effect, we find that an extent to which the Zweig rule is of this matrix element. To calculate the same quantity theo-
retically, we first reduce it by using the OPE to the matrix
element of a pseudoscalar three gluon operator
*Electronic address: higor@physics.ubc.ca (0|GGG| 7). The latter object is further related to a par-
Electronic address: arz@physics.ubc.ca ticular correlation function of gluon currents extending ideas
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originally suggested by Wittef8] and Veneziand4] in their
approach to the 1) problem. This correlation function is

next calculated in Sec. IV in terms of a vacuum expectation

value of the three gluon operatdg®G?) by using QCD
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;= —0.3125, ¢,=1.1502, c;=0.0174,c,= —0.0373,

c5=0.0104, cg= —0.0459, c,=1.398< 1075,

low-energy theorems. We also discuss there physics respon- cg=3.919x 104, cg=—0.0103, ¢;0=1.987x 10 3,

sible for breaking down the Zweig rule. In Sec. V we esti-
mate the latter vacuum condensate and finally obtain a theo-
prediction for the matrix element of interest

retical

C11=— 0299, Cio=— 0.634. (4)

(0[cy,ysc|n'). We compare this number with an “experi- Introducing the transition form factor

mental” value found from the observed ddtB and find a

satisfactory agreement between them. This demonstrates that
the gluon mechanism indeed explains the data with a reser-
vation for uncertainty of our results. A final Sec. VI contains

our conclusions.

Il. THE STANDARD APPROACH TO B—K#n’

In this section we estimate a width of tBe—~K #' decay

assuming that the;” meson is made exclusively of light
guarks. In this case the relevant terms in the effective non-

leptonic Hamiltonian are

G 12
F
Hope1=— vubv:s<clol+czoz>—vmv:;i; e}

+H.c. (2

Here O, are defined as[we use the notation

L,u: 7;1,(1_ 75)! R,u: ’)/,u,(l+ 75)]

O,=sL,uulL, b, O,=sL,uuL,b,

03(5):§,u.b§ a—,u.(R,u)ql
o4<e>=s—'LMbl§ q'L,(R,)d,
3 -
Or9=5 sLMb% €qaR,(L,)a,

o) =§§_L bi> e, R,(L,)q
8(10 7 o " 3 qd Rull )

g J—
Oll=mmbs(l+ ’)/5)O'G b,

e _
OlZZmes(l"_ vs)oFb, ©)

where i,j are the color indices and is any of the the
u,d,s,c quarks.GﬂV=Gtha andF ,, are the gluon and pho-
ton field strength tensor®; and O, are the tree level op-
erators, whileO5_¢ and O;_,q are the gluon and elec-
troweak penguin operators, respectivel@,;;, are the
magnetic penguins. The Wilson coefficierts=c;(x) de-
pend on the renormalization scale and to the next-to-
leading order[5] [for ag(mz)=0.118, a.,(my)=1/128,
m,=176 GeV, u=5 GeV] are given by the sd6-7]

(K(@)[sy,b|B(p+a))=2q,f . (m?,)
+puLfa(m2)+f(m?)] (5

and then' residue[8] (the chiral limitmy=0 is implied

_ _ 1 f
(7'lay,vsq|0)=—i —f”r=(0.5—0.8)‘/—§

f P,
v3 7 P V3
=0.04 GeV, (6)
and neglecting for the momemn,, ,my in comparison to
mg, the magnetic penguin®,;, Oy, and O(1/m,,1/N)
terms in the factorized matrix elements of penguin operators,
we obtain the following estimate for the amplitude of interest
(hereN stands for the number of colgrs

(Ky'|H |B)z—GF2i(pq)f (mz)—f”' VoV | o+ 2
n W v + UM, 3 ubVuys| “1 N
. 3
—VipVis| 3€3+C4—3Cs+ 58Caof |» (7)

where, in particular, we have omitted left-right penguin con-
tributions, which are suppressed bymi/ In our opinion,
this procedure is much better than an alternative one, where
only a subset of M, corrections is retained. Furthermore, it
is well known that the factorization does not work in non-
leptonic B decays. Effects due to a nonfactorizability are
usually taken into account in a phenomenological manner by
the substitutiorc; + ¢, /N—a, with a;=0.25 obtained by a
global fit of the data on nonleptoni® decayq9]. Using this
number in Eq(7), we end up with
B(B—Kp')=1x10"" (8
which is by two orders of magnitude smaller than the experi-
mental resul{1]. It is easy to see that this small value is a
consequence of a small residue of thesupplemented with
the Cabbibo suppression of the-u transition. An account

We  disagree  with [10] where much larger
B(B—K#')=3x10"° was proposed. In our opinion, this large
width came as a result of an incorrect assignment of absorptive
parts to matrix elements of penguin operators, which, by definition
of the OPE, are not there. In particular, it folloveee p. 218)from
the formulas given if10] that this decay width becomes infinite in
the chiral SU3) limit. In fact, at the level of penguin contributions
the decayB—K#n' andB—K¢ are just identical and, assuming
that factorization works reasonably well, it is simply impossible to
obtain anything substantially different from our estimedg
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of penguin contributions, as can be seen from &g. does

not help much. Indeed, neglecting for simplicity the tree M = — V¢, V*ay(7’ (p)[cy, ysc|0)(K(q)[sy,b|B(p+q))
level b—u transition, we can obtain an estimate for the ratio 2

of the decay width of the process of interest to the width of (11)

the decayB—K¢: (herea;=0.25, see Sec.)ll For theB—K transition form

factor (5) we use the dipole formula

f.(0)
1—p?/m;

L(B—Kn') _[(7'[s7.7s8/0)(K[sy,b[B)* 1 (z)z
F(B—Kg¢)  [(¢[sy,sl0)(K[sy,blB)* 3| f,

=2.5x10 2, 9

fi(p?)= (12

with f,(0)=0.32,m, =5 GeV[12,13. Calculating now the
where we have used the definitidr¢|s_yﬂs|0>=s#f¢m¢ decay width, we obtain numerically the branching ratio in
with  f,=240 MeV known experimentally from the terms of the residué(;,) defined in Eq.(10),
p—ete” decay(e , stands for the polarization vector of the
¢ meson. As B(B—K¢)=1x10° [6], we obtain a very
small magnitudeB(B—K#%')=2.5x10"" in reasonable
agreement with Eq(8). It is now obvious that corrections
due to a nonfactorizability of penguin operators, magnetiavhich together with the datd) implies the “experimental”
penguins contribution%,as well asO(1/m,,1/N) terms value[we use the central value of the branching ratip
which have been omitted in Ed7), cannot substantially ©
change the estimai@®). We therefore conclude that the im- f,r =140 MeMexp). (14)
age of then' meson as the SQ3) singlet quark state, made __ .
exclusively of theu,d,s quarks, is not adequate to the prob- This ”“F“ber may seem to be too Ia_rge for the proposed
lem at hand. To avoid possible misunderstanding, we Shoulmechanlsm to worklas Itis (_)nly a few times smallgr than the
note that the axial anomaly is in fact taken into account inanalogously normalized residg8|cy,, ysc|7c(p))=if , p,,
the above mechanism. However, its role there is merely tavith f,, =400 MeV known from thezn.—2y decay. How-

(c) 2
B(B—K7')=3.92x 10—3( i é’ev) , (13)

fix the residue of the quark currref@) into the »’. ever, as will be argued in the rest of this paper, the theory is
able to produce such a large residd@ . In effect, the gluon
lll. THE GLUON MECHANISM IN  B—K 2’ mechanism completely overplays the standard one by two

_ _ orders of magnitude in the decay width, and reconciles a
Here we suggest an alternative mechanism for theheoretical prediction for th8—K 7' decay with the data.
B—K#' decay which is based on the well known fact that  we now proceed to a theoretical calculation of the

the »’ is a very special meson strongly coupled to the glu-residue of the charmed axial-vector curréh). Making use
ons. Therefore, the process of interest can be mediated by th# the anomaly equation, we obtain, from Eg0),

b—c decay followed by a conversion of treequarks into
gluons. This means that the matrix element o 1 _ ag ~
f”, = mT, 0|2mcci ysc+ EGWGW
(Ofcy,yscl 7' (p))=if'"p,, (10 7

Since thec quark is heavier then thg’, it cannot contribute
is nonzero due to the— gluons transitions. Of course, since the matrix elemenf15) on a valence level. It does, however,
one deals here with virtual quarks, this matrix element is contribute when propagating in a loop. Thequark in the
suppressed by the mf factor. On the other hand, the  loop is subject to external gluon fields populating the A
quark is not very heavy and, taken together with the Cabbibdechnical tool which allows us to evaluate the corresponding
enhancement of the— ¢ transition in comparison to—u,  contribution to the matrix elemet(lb) is the operator prod-
the suggested scenario of tBe>K 7' can be expected to UCt €xpansion in inverse powers of tieequark masgthe
successfully compete with the standard one described in Sebgavy guark expansion
[I. Actually, this gluon mechanism will be argued to domi-

77’>- (15

nate the decay. To get a feeling of how large the residOe 2m.Ci ysc=— EGW"W_ S 93fachiu65aGZM
must be in order to explain the datd), we reverse the ar- 4m 167m;
guments and estimate this quantity “experimentally” under i (16)

assumption that the proposed gluon mechanism exhausts the

B—K=' decay. A corresponding number is easy to calcu-a detailed derivation of Eq(16) is given in the Appendix,

late. In the factorization approximation the amplitude takesynile here we restrict ourselves to a few comments. The first

the form term in the right-hand side of Eq16) is the usual anomaly
term with the opposite sign. This sign can be easily under-
stood if one remembers that the anomaly term corresponds to

2t has been argued that the magnetic penguin opef@igren- @ subtraction of the Pauli-Villars regulator from the naive

hances the branching ratio for the-s¢ decay by 20-30%11].  divergence nqiysq of the axial-vector currentjy, ysq.

We expect a similafor, anyway, not larg@reffect of this operator On the other hand, the Pauli-Villars contribution is a special

for the B—K 7' decay. case of the heavy quark expansid®) with the strict limit
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Mg=%. The cancellation of leading termsGG which do  at zero momentunp—0 down to zero as required by the
not depend om, is in agreement with the intuitive idea that chiral anomaly, if quark loops are suppressed by a power of
heavy quarks cannot contribute matrix elements over lightN, and thus apparently do not show up to leading order in
hadron§in the limit mg—c. The second term in E¢16)is ~ 1/N. To lowest order in N the two-point function(18) is

the gluon operator of the lowesgafter the anomaly terin  given by sums over one-hadron intermediate states:
dimension d=6. We omit one mored=6 operator

(D,G,,)(D,G,,) which can be related to a four-quark op- 22

erator using the equation of motion. One can show that a T(p)= "__ . subtraction
contribution of this operator is suppressed both parametri- (P) gI%alls Mzn—p2

cally (in N and a) and numerically. The ellipsis in E416)

stands for higher dimensional operators which we do not 1 cﬁ

address here. To this accuracy we therefore obtain N E 2 (19

2 20
N niesons m,—p

whereM,, ,a,, andm,,,N~Yc,, stand for the masses and resi-
© 1 1 3eabomn b ~c |, dues of thenth glueball and meson states, respectively. Here
£ = m—zmz—aﬂmg 826G, Gr.Goul ). (17 a,,c,=O(N°), and moreover, to lowest order inNy/ the
n e glueball residuesa,, do not depend on whether massless
quarks are present in the Lagrangian or not. Therefore the
. first term in Eq.(19) to leading order in M corresponds to
We not_e that the_ glu20n ogerator in 5@.7) correspond to a the two-point function in pure Yang-Mills theorfgluody-
normalization poiniu“=m. , namicg. The crucial observation made by Witt¢8] and
We have thus reduced the problem to a calculation of th§/eneziand4] was that while a cancellation of the two terms
matrix element of the purely gluonic operat(k7). Apart Eq. (19) is not possible at generig?+ 0, it can happen at
from a trivial rescaling of the normalization point, this ma- 20, if there is a single meson with?~ 1/N, which would

trix element is essentially defined by low-energy physics onpan cancel the whole sum over glueballs together with sub-
a scale~1 GeV. One could therefore think that we did not yaction terms in Eq(19). Witten and Veneziano further

make any progress at all as matrix elements of gluon 0perggengified this meson with the' since the latter is the light-
tors are usually not easy to calculate. The situation with the,st flavor singlet preudoscalar state in nature.

7' is, however, exceptional, and the matrix elem&W is ~  The reason we have repeated at length the argument due
amenable to a theoretical study. We will now show that ity \yjtten and Veneziano is that, as is easy to see, it carries
can be evaluated makmg use of the laNgéne of reasoning  ractically without a word of alteration over any nondiagonal
along with the propertyn’ ,~1/N in close analogy with the  correlation  function of the topological — density
way Witten addressed a very similar matrix element(y j4.) GW'{;W and arbitrary gluon operator with tH@~ "
(0|GG|#'). The fact thamf),~1/N was established by Wit- quantum numbers. Choosing for such the three gluon opera-
ten[3] a long time ago in connection to the celebrated)U tor defining the matrix elemertl7), we obtain the relation
problem. Witten’s objective was to understand within the

largeN approach how massless quarks are able to bring the 1

correlation function of the topological density <0|93fab°GiVG5aGfm| 77,>m_2< 7 ;_;G;WG;W 0>

) _ — 3fabc~a ~b ~c
T(p)=i f dxépX<o‘T|f—;GMGW<x> 'J dx<°‘T[9f GarCraGlau(X)

S

o _~
Xf—;GM@W(O)] ’0> 18) XEG#”G“”(O)]

where the subscript YM means that the correlation function
in Eq. (20) refers to pure Yang-Mills theory. Its calculation
will be addressed in the next section. Here we would like to
3A well-known example is the problem of a light particle mass: in mention that, as follows from E20), the residue of interest
the conformal anomaly equation <o|g3gég| 7')= O(N~Y2),

1

N (20)

’ ’ ’ AAl A B(gz) ! ’
mi,=<7] 16,7 >=<7] ; m,qq| 7 >+2_g<,] |G/2w‘77 ) IV. QCD LOW-ENERGY THEOREMS

(where 9,,,, is the trace of the momentum-energy tensor and the The two-point function(20) is a new unknown quantity
sum is taken over all quark flavorthe heavy quark can only con- which has to be evaluated in order to estimate the matrix
tribute when propagating in a loop, and its contribution cancels &/€ment(10). Analogously to the diagonal correlation func-
corresponding contribution of the heavy quark to fhéunction in  tion of the topological density18), it vanishes in the pertur-

the second term. Thus, the quark does not contribute the’ bation theory to all orders i, since the topological den-
mass in the limitm,— oo, sity is a total derivative whose matrix elements are all zero at
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the perturbative level. Therefore the correlation func(i®o) instanton contributions are identical in both channels by defi-

can only be nonzero due to nonperturbative contributionsnition). Therefore, a further extrapolation of the self-duality

The goal of this section is to estimate Eg0). selection rule(21) to even lowerQ?=0 is expected to be
The idea of how to study correlation functions of gluonic correct at least 100% accurate. In fact, a phenomenologically

currents withO*(7) quantum numbefrsuch as our Eq20)]  successful mass formula for thg' derived in Ref.[8] by

was suggested long ad8], and we would like to shortly using the selection rul€1) implies that an actual accuracy

repeat it here. It has been known for a long time that inof this approximations is of the order of 50%. This mass

channels with scalar or pseudoscalar quantum numbers leafbrmula was obtainétby relating the residue of the’ to the

ing contributions to correlation functions of composite op-value of the two-point function of topological density in YM

erators are related not to standard vacuum condensates, libeory atQ?=0, while the latter was evaluated using the

rather to the so-called direct instantdi@. The motivation  selection rule(21) and a low-energy theorefisee Eq.(22)

to introduce this object into the theory was a very strongbelow]. As a resultm?, was found proportional to the gluon

indication that the standard QCD sum ru[d<}] with stan- condensatég?G?) in M theory.

dard power corrections due to local vacuum condensates are Following the same logic, we therefore assume that the

not able to describe the'd™) channels. In other words, OPE  self-duality selection rulg21) can also be applied to the

does not reproduce there a scale of phenomena which is e¥prrelation function of interest20). If this is the case, the

actly known from elsewhere. A source of this effect wasyalue of the latter is fixed by the low-energy theorfh
found in existence of direct instantons.

The meaning of this object is best explained if one con- , as _, 2d
siders first a two-point function dpseudgscalar gluon cur- 'f dx{ O|T O(X)EG (0)¢]0 :F<O>YM-

rents at large Euclidean momentu@?. In this case a lead- ™ 22)

ing nonperturbative contribution is obtained when the

momentumQ is transfered as a whole to a second vertex byHere O(x) is arbitrary color singlet local operator of canoni-
a vacuum field(this is allowed by quantum numbers of the cal dimensiord made of gluons and= 11/3N stands for the
curren which therefore must be of small sige-1/Q. Such  first coefficient of theg function in pure Yang-Mills theory.

a situation corresponds to a small coupling regime, in whichAs a derivation of the fundamental relati¢f?) is rather
the quasiclassical approximation becomes accurate. Thgimple, for the sake of completeness we would like to remind
vacuum field is therefore classical; it is the famous Belavinthe reader of it here. One starts with a redefinition of the
Polyakov-Schwarz-TyupkiiBPST) instanton[17]. Thus, a  gluon field

recipe for the calculation of the direct instanton contribution o

at largeQ? is simple: the gluon field in the current must be G,.=90G ., (23
substituted by the instanton. The integral over the instanton

size is then dominated by smal~1/Q. However, going Wwheregy is the bare coupling constant of QCD defined at the
down to a resonance regid@’~a few Ge\f, this simple cutoff scaleM,. Then the path integral representation imme-
picture breaks dowf8]—instantons start to interact strongly diately yields the relation

with each other and large size vacuum fields, and the one g

instanton(or, the dilute instanton gaspproximation stops . > B

making sense. A consistent calculation of instanton contribu- ! j dx{0T{O(x)G*(0)}|0) =~ d(1/4goz) (0). (29

tion in this case becomes a complicated problem which re-

quires going beyond the dilute instanton gas approximatioi©n the other hand, the renormalizability and the dimensional
and taking into account instanton interactions, e.g., in a forntransmutation phenomenon in a massless thésitiger QCD
suggested by the instanton liquid vacuum model of Shuryakvith massless quarks or gluodynamiesisure that

and Diakonov-Petroysee[15,16, and references thergin

We shall not proceed with this approach which is basically a M 8m?
specific model of the QCD vacuum. Rather, we will follow o€XH — P%'
an alternative method which was proposed by Novikov, Shif-

man, Vainshtein, and Zakhar¢MSVZz) [8]. It makes use of with the choiceb=11/3N—2/3n; (wheren; is a number of
a strong assumption that though a vacuum field transferring flavors or b=11/3N, respectively. Finally, performing the
small momentumQ resembles the original undeformed differentiation yields the low-energy theorgi2?). More ac-
BPST instanton only a little, it nevertheless retains(teti-) curate derivatior{iwhich gives the same final resulhclud-

d

(O)=constx (25

self-duality property of the latter, ing a regularization of ultraviolet divergences in E22) can
_ be found in[8]. Note that by definition perturbative contri-
G.,=*G,, (21)  butions are always subtracted in vacuum condensates such as

in absence of massless quarks, i.e., in Yang-M{¥)

thgory(where instantqn trangitions are not suppressed by fer"‘Somewhat differently from Witten’s arguments, this was done
mion zero modes This conjecture has been supported bY,iihout an explicit reference to the largepicture, but rather using
explicit calculations of next-to-leadingafter direct instan- e fact that they’ is light on a characteristic mass scale in the 0
tons nonperturbative corrections for two-point functions of channel, and therefore its inclusion is a lo@A=~0 effect in the
the scalaG? and pseudoscal& G currents at modera@?. momentum space which must nullify the two-point functi@s) in

Up to an overall sign, they turn out the sarttke direct full QCD.
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(O). Using now the low-energy theoref®?2) for the particu- A natural question to ask now is does all this mean that
lar choiceO=g3G?, we obtain the largeN picture is strongly violated in thgP=0"(")
channels? A related question is whether the experimental fact
3 1 (93G3ym thatmf],/mi>1 despite thamf],~1/N, mi=O(N°) implies

(©)_

7 472 mZ (0| (addm) G,,G 0l n')

(26) such a violation. The answer to both questions is no. More-
over, neither the direct instantons, nor the low-energy theo-

This is th . it of thi . Coming back t rems are at variance with the lardie picture. The point is
IS 1S the main resuft of this section. Loming Dack 10 OUly, 4t - 55 yas explained in Rgf8], N is the dimensionless

original definition(10), we see that we have related the res"parameter, and true mass relations look rather similar to

due of the charmed axial-vector current infd with an ap- 2 _M2/N. where M2 is some mass scale. It is usuall
parently completely unrelated quantity which is the value of "y’ ' ' y

the cubic gluon condensate in pure Yang-Mills thetiye tacitly_assgmed within the largd rea_so_ning that this mass
matrix element of the topological density is know8] scale is universal for all hadrons. This is not the case, as was

~ . 2 . _
(0|(as/47)G G| 7')=0.04 GeV). This object will be ad- demonstrated by NSVEB]: the mass scal®l“ is not univer

dressed below, while here we would like to end up this sec—Sal but determined by the quantum numbers of the channel

. ; : . . . ._considered. More concretely, this mass is set by a scale at
tion with a discussion of one important conceptual point. It is

well known that usually nondiagonal transitions betweenWhICh the asymptotic freedom is violated in the particular

guarks and gluons or between quarks of different flavors arghannel. The latter depgnd; drastically on whetﬁ)er direct in-
suppressed—this is the famous Zweig rule. A most p°puIathgtg?Sn;re|fa}[|rl10eweac:/\éhtlﬁ2r§ f’;\hneir?{aesrgét?o;hce);dextecrrr]\?;:ur-

theoretical explanation of this phenomenon exploits the Iarg?erlt with vécuumyfields i vér strona. and the asvmptotic
N argumentation: in this limit all nondiagonal in flavors two- y 9, ymp

point functions are suppressed by powers of délatively to fregd_om breaks d°V.V“ at very small_d|stances, 1€, a charac-
) g . teristic mass scale in this channel is not the typical hadron
diagonal ones. Thus, &—c any mixing dies off. On the

~ 2 i i
other hand, the Zweig rule is strongly violated in the scalar"@ss~ M., but rather m.uch higher. It is thgrefore clear that
and pseudoscalar®) channels. A well known example of the second of the questions posed above is not properly for-

this violation is provided by the pseudoscalar meson noneImUIated: the mass of the" should be compared not with

2 . . . — . .
while in the vector channel the and o mesons are almost M » bUt$ a charaptenstlg mass ‘|‘n the .channeyzyl Wh.'Ch IS
pure mass eigenstates of the broken flavor (33U ~15 GeV [8]. This fact is the “experimental” evidence

p~(Uu—dd), o~ss and thep-o mixing is small, nothing that the 1N argumentation is quite accurate fgf, and 1N

similar is observed in the pseudoscalar nonet. Thereytize term_sz omltt'ed in Eq(20), are smallln comparison to bOth
_ — = . explicitly written termsAt the same time, the above consid-
predominantly the octey~ (uu+dd—2ss), which means

) . eration explains why the effects which we discuss are not
that the mixing 1S 10(_)%' _The theoretical explanafiBhas to negligibly small numerically: despite the fact that the matrix
why the Zweig rule is violated for quark or gluon currents ~

3 NN 12 ; ; _
with the 0"(7) quantum numbers is that in these channelSiement(0lg GGG|Z’1,>2. N™"% a large dimensional pa
meter in front ofN is able to make it large in reality.

there are direct instantons which are able to convert quarIJsa
into gluons and vice versgq«—gg at the classical level
without any suppression. Literally speaking, all factors en- V- HOW LARGE IS (g°G®) IN PURE GLUODYNAMICS

suring a smallness drop out: powers of the coupling constant

disappear since the instanton field is stro6g,,~ 1/g, and We are now returning to the main subject of our consid-
geometrical loop factors such as 1/¢#% do not arise be- eration. Our task has reduced, according to &), to a
cause there are no loops. One of the striking examples afetermination of the cubic gluon condensgtgG?)yy in
such is a conversion of gluons into photdi®g: while na- pure YM theory. Note that this quantity does not have to

ively the amplitude (and in fact does notcoincide with the cubic condensate
(g3G?®) in the real world. While for the latter there exists a
bas as\?a semiphenomenological estimgts]
ol-sreter-ol[Sf5). @
(9%G®)=(0.06-0.1) Ge\f (29)

in fact it is only O(a/7) according to a strict low-energy
theorem[8] which reads

B(as)
<o’ da. G?

obtained within the QCD sum rules approach, it is of no
direct use in Eq(26). Unfortunately, we are not aware of any
N method (except, peghagps, the lattice approgethich could
y(ky) y(k2)> :_an<Qg>|:LlV)|:L2V>_ reliably calcul_ate(g G®)vm to an accuracy of, say, 20%.
™ Because of this uncertainty, we are unable to get a theoretical
(28)  prediction forB(B—K7') with a precision comparable to
the experimental one. What instead will be argued in this
(Here (QZ) is the mean quark electric charge andsection is that different estimates of the valggG®)yy, en-
Fﬂlzkﬂ)s?v')—k(v')sﬁj), i=1,2 stands for the fields strength able one to claim that the large numb@) is within the
of a plane wave.We would like to note that this process is realms of our current understanding obnperturbative
rather similar to our case. The gluons proceed to photonQCD. We believe that this statement is interesting by itself in
through a loop of the quark, but the perturbatively expected view of a failure of the standard approach to this problem
suppression factords/ )2 does not occur. (see Sec. )l It will be shown below that
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<g3G3>YM><g3G3>QCD (this result follows directly from the should be stressed that we do not insist on existence of a real
theory and has a status of theoperand moreover numeri- nharrow glueball resonance with such mass. Actually, intro-
cally ducing such dfictitious? glueball amounts to an effective
(43 = (0.4- 1.4) Ge\P (30 description of the physics of 0 channel. Analogous meth-
9 ™ ' ' ' ods have been used in a similar in spirit problem of a strange
The first tool we are going to use is again the low-energycontent of the nucleofil9] which also deals with th©™"
theorem(22). Let us recall how a very similar question on a channel. Note that the glueball mass drops out in the final
value of the condensatg?G?)yy was addressed in the clas- result(37). Introducing the residues
sical paper[8]. First of all, we note that this condensate N
corresponds to an imaginary world in which all quarks are <O s a> =1, (0[qgla)=X,, (0|g3G¥a)=1r4
very heavy. This world could be obtained from the real one 4
when the masses of light, d, ands quarks are smoothly (39
drawn up to some large valug,. By the decoupling theo-
rem, this mass must not be very large—once it reaches t

pye put Eqgs.(34) in the form

confinement scalg=200 MeV, the heavy quarks decouple 22 24
and do not influence any more the gluon condensate. One the _15 = _<_S(32> )
other hand, the confinement scaleis not too far from the m; b\7
s-quark massn,=150 MeV. Therefore, one can expect that
a value of (g?G? in a world with m,=my MAy E(_q)
=ms=m,=150 MeV would give a reasonable estimate for m2 b '
the YM condensatég?G2)yy, . In the linear approximation
in m,,my we need to know the derivative Aghy 12 . o
-~ =5 (9°G%). (36)

d [as_, . s _,
—(—G*)=—i| dx{ 0|T{—=G*(0)qq(x);{|0). (31
dmg \ 7 ) T Using these equations and assuming the same scalar glueball
The latter two-point function is fixed by the low-energy theo- yominance in Eq(33), we obtain

rem (22) to be proportional to the quark condensate known

from elsewhere. Since the quark condensate is negative, it d a3 A3\ 36 <®><g3G3>

follows that (@/dmg)(g?G2)>0. In this way NSVZ have m(g G)=——7 =7 ((addm) G (37
obtained an estimate S

o

as_, as_, As (qq)<0, the sign of the derivative is fixed:

—C =(2-3)| —G : 32 (d/dmg)(gG3)>0. Moreover, while an expected accuracy
YM QCD of the estimate(37) is of the order of 100%, the sign is

entirely model independent and in fact is fixed by the posi-
tié/ity of spectral densities in Eq$34). By the same token as
Z%r (d/d mq)(ngZ), this sign agrees with expectations based
on the instanton picture of the vacuum. Numerically, using
the values (qqg)=-—0.017 GeV, ((as/7)G%)=0.012
GeV, in the linear approximation img Eq. (37) yields, for
my= 150 MeV,

As has been argued in[8], the sign of effect
(92G?)y\>(9%G?)qcp is in perfect agreement with the in-
stanton picture. Indeed, raising the quark masses diminish
the chiral suppression of instantons and therefore increas
(G?).

Proceeding analogously, we write

d _
G (9767 =i f dx(0|T{g*G*(0)qq(x)}|0). (33)

Mo (03G3)ym=4.4g°G%) gep=(0.26-0.49GeVP, (389)
The difference from the case of quadratic gluon condensate
(31) is that the two-point function does not coincide with the Where we have used the estimé26). Note that the effect of
low-energy theorem as it was in E¢1). Therefore, its 9oing from QCD to gluodynamics is larger for the cubic
value is not known exactly. Nevertheless, the low-energyondensaté3d) than for the quadratic on@2). This fact is a
theorem(22) can still be used teestimatethe correlation  direct consequence of the low-energy theor@4), and can
function (33). To this end, consider the relatié®2) in QCD also be easily understood on dimensional grounds since
with b=11/3N— 2/3n; for three different operators (9°G®)~(g?G?)*, increasing(g°G?) by a factor ~2.5

SThe number for the quark condensate corresponds to the normal-

- X5 52(y) 552 _2 (%
|J dx<0‘T[ 471_G (X)477G (O)”O> b< 77_G ,
ization point 1 GeV. Here we would like to point out that the

iJ dX<0’T[®(X)&GZ(O)]‘O>=§<®>, normalization point in our Eq(26) is u?=~mZ, while the low-
4 b energy theorems refer, strictly speaking, to much lower
12 n=500 MeV. In view of a large numerical uncertainty of our re-
; 33y FS 2 _ /433 sults we neglect this perturbative evolution. Still, one has to bear in
If dx<0T(g G (X)477-G (O)}O> ) (g°G%. mind that the large anomalous dimension of tG& operator
y=—18[20] is working in the same direction: taking it into ac-
We now assume that these low-energy theorems are satueunt is only able to enhance our final res(@0) or the estimate
rated by some effective glueball statewvith m_~1 GeV. It (38 by a factor of 2.
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[see Eq(32)] yields an increase dig®G®) by (2.58?=4 in  cubic condensate, though a corresponding Monte Carlo data

comparison to its value in QCD. EquatidB8) constitutes does exist, it is rather difficult to extract from it a value of

our first estimate for a value of the cubic gluon condensate ithe nonperturbative part ¢f3G3) [23]. An estimate of this

pure YM theory which is based on the low-energy theoremgjuantity can still be obtained in an indirect way as the lattice

(34) and the semiphenomenological information on its valuesimulations of instantons sugg®shat the average size of

in real world (29). instantons in gluodynamics on the lattice is approximately
Another possible source of information on the valuel/400 MeV which is a bit larger than the value predicted by

(gG3)yy is the instanton liquid vacuum modelsee the instanton liquid model. In this case Eg9) together with

[15,16)). Two basic parameters of this model are averagehe above value of the quadratic condensate yields the esti-

instanton sizep; and interinstanton separatiéh The latter mate[for the SU3) color groug

parameter is chosen such that to reproduce the phenomeno-

logical value of the gluon condensaig’G?) using the fact

that each instanton contributes a fixed amount (g°G%)ym=1.5 GeV, (41)

Jdxg?G2=327? to this quantity. This yields the number , o

R=1/200 MeV ! for the phenomenological valuin QCD) which is numerlcally close to Eq40). Comparing finally a]l

((as/7)G2)=0.012 GeV. This number provides the upper three estimate$38), (4_0), and (41), we suggest that while

limit for the instanton density in QCD as it implies that the Ed- (38) presumably gives a lower bound for the number of

entire gluon condensate is due to instantons. On the othdpterest, Eqs(40) and(41) seem to set up an upper limit with

hand, the ratigp, /R does not depend on the value of con- & pos_,5|blg short d|§tance gnhancgment. A reasonable com-

densate and is fixed dynamically to pg/R=1/3. A value Promise yields our final estimate given above by &8).

of the cubic condensate calculated in this model was found W€ aré now in a position }8 estimate the principal input in

to be essentially larger than the semiphenomenological nunfd. (11) which is the residué’” of the charmed axial-vector

ber (29): current into then’, and which was the main object of our

(6% 12 cons_ideration in_this paper. Usin.g Eq26) and (30), we
(75~ 5_[)2:0_9 GeV, (g°G3H=0.4 Ge\f (39) obtain the following answer for this parameter:

) 9 (50— 180 MeV. (42)

(the formula for{g3G?3) in terms of the instanton radiys 7

was first established if14]). We would like to make the Note that literally the “experimental” numbef14) corre-

following comment in reference to the rest®9). For our  sponds to the value of the condens&gG3)yy=1 Ge\P

purposes it is more suitable to discuss the instanton vacuuhich is about the midpoint of our predicti¢0). Given the

picture not in QCD, but in pure YM theory. We note that the accuracy of our result42), we thus conclude that the gluon

instanton vacuum is more simple in gluodynamics than inmechanism seems to be sufficient to describe the data

QCD because of absence of the chiral suppression of instaninfortunately, we are currently unable to improve our esti-

tons. In this case the interinstanton separation must be chenate(42), where the main source of uncertainty is due to a

sen to fit the gluon condensatg”G?) in YM theory, which  poor knowledge of the cubic condensate in YM the(g¢).

is according to Eq(32) larger than the corresponding num- Some ways to do this will be discussed in the next section.

ber in QCD. On the other hand, for gluodynamics the ratio

pc/R=1/3 remains_ the same. Using E@9) and the esti- VI. CONCLUSIONS
mate(32), we obtain
In this paper we proposed a theory of the-K ' decay.
33\
(9°G%)ym=1.7 GeV, (40 We showed that at the quark level this process proceeds via

C : . : the b—ccs weak decay followed by a conversion of the
which is a few times larger than our first estim#s8). We c-quark pair directly into the;’ which is possible due to a

feel that this result provides the upper estimate for the quan= . SRR
tity of interest, and the true answer f6g3G®) lies some- presence of a nonvalence Zweig rule violating “intrinsic
where in betw;een the two numbe8) and (40) charm” component of the;” wave function. We have found

Finally, we would like to discuss information on vacuum that a mechanism of breaking down the Zweig rule in our

condensates, which is available from lattice simulations. Th&3S€ 1S of a purely nonperturbative origin. We have further

guadratic gluon condensate in YM theory on the lattice wa valuat(,-:-d a most |mp(_)rtar_1t |ngred|en.t of the factorized
reported to be —K#' amplitude, which is the matrix element of the

charmed currenf0[cy, ysc|%'), using a combination of the
<as 2> r0_15 GeV SU(2)[21] operaltor product e;:pansion techniqu?, Iaggapproach, a;1nd A
— = . QCD low-energy theorems. Our results demonstrate that the
0.10 GeV SU(3)[22] proposed mechanism is likely to exhaust an extremely large
We do not feel qualified enough to discuss a precision o]branching ratio measured by the CLEO Collaboration, with a
certain reservation for a poor accuracy of our final answer

these calculations. In particular, it is not very cléat least . ;
to ug whether the large scale separation is accurately pe|L42)' W(_a do not pretend to_have made a@merlcally reliable
calculation of the matrix element(O[cy,ysc|n'(p))

formed to make possible a comparison with the SVZ defini-
tion. Still, it seems undoubtful that these results point in the

same direction as E¢32): the quadratic gluon condensate in

YM theory is essentially larger than in QCD. As for the ©E. V. Shuryak(private communication See alsd16].

o
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=if(7]°)pM which in our opinion determines tte—K »’ decay like to thank A. DiGiacomo and E. V. Shuryak for corre-
width. We have rather presented a semiquantitativet ~ SPondence.

parametrically well establish¢ghicture which demonstrates

a close relation between this matrix element and properties APPENDIX

of the vacuum of QCD(or, more accurately, YM theo)y . o . .
Though the obtained result looks unexpectedly large, it has a The purpose of this appendix is to derive Eg6) in the

good explanation within QCD, and is related to strong fluc-&Xt A cor;viinlsntsmachmery forl sucht.a classmof p_}_rrc])blem
tuations in vacuum 0(*) channels. The main source of un- W3S invented by Schwinger a long time ag7]. The

certainty in our approach is well localized and related to aSchwmger technique allows us in many instanes., when

value of the cubic condensatg®G?3)y,, which is currently om; Is interested in a shortl ?lsltaanc.eh expar)stonf?perfclte ¢
not known with enough precision. Yet, the exact Iow—energyWlt a propagator In external field wit ou_t a spec ication o
theorems indicate that this matrix element is quite large. Th%he field. The re'sult.has a form of €xpansion in powers of the
instanton vacuum model and lattice calculations also seem 6eld and its derivatives. The releva_nt object in our problem
favor a large value of this condensate. In this reference, morg thec—lqua.rk propagator at short_ distanced/m,, and the
refined calculations of this quantity are highly welcome. |n&Xpansion in the external gluon field amounts to a represen-

particular, it would be very interesting if this condensate'i’ltlon / of thﬁ. phro_pagatortmfa(l)gaémv\cl)f sefrlesﬂl]n _pc;werst %f
could be reliably extracted from lattice simulations. An al--*@cp/Me WhICH IS & Sort 0 - e refer the intereste

ternative way which can be suggested to improve the detelr—eader to the pedagogical technical revig] for more de-

mination of the condensatg>®G?®)yy is akin to the idea of tail and relevant references.

the QCD sum rule approadi4]. If we had other physical . The Schwinge_r operat_or approach is b_ased on a realiza-
processes which essentially depend on the same cubic cofion of commutaupn relations of the coordlnatg and mo-
mentumP, (P,=iD,, whereD,, is the covariant deriva-

densate, it could be then fixed “phenomenologically” once .

and forever with an expected consistency between theoreticHVe) operators
predictions for different physical amplitudes. We plan to re-

turn to these issues elsewhere.

Mmoo

We would like to emphasize that the conclusion on a large [Pu X]=10,,
Zweig rule violatingc-quark component of the' certainly .
[P..P,]=igG},T? (A1)

goes beyond the particular example of the-K#' decay
and may well be important n other physical processes. Wehere T2 are the generators of the color group. One intro-
repeat that there are two basic reasons for a large magnitugfces in the coordinate space a formal complete set of states

of the residue‘(nc,): (1) the c-quark mass is not too far from |x) as the eigenstates of the coordinate operxpr
the hadron scale 1 GeV an@) the Zweig rule is badly

broken down in the 0(7) channels. While there is nothing X, [X)=X,,|x),
particularly specialexcept for its numerical effecabout the
first factor, the second one is specific to the unique nature (y|xy=8(x—y),

and quantum numbers of the'. Therefore, we do not ex-

pect that any other than the’' light particle could yield a

similar contribution to theB decay. In a more general con- f dx|x)(x|=1, (A2)
tent, there is an increasing evidence for importance of non-

valence Zweig rule violating components in hadrons. Wewhile in this basis the momentum operat®y, acts as the
remind the reader that the problem of the strange quarks inovariant derivative

the nucleon(the so-calledmNo term) is resolved[19] (see

also[24]) within physics which is very similar to that dis- . a
cussed in this paper. Furthermore, there are many other ex- (y|PM|x>=(|E+gAﬂ(x)Ta
amples where “intrinsic” nonvalence configuratiotisclud-

ing, in particular, the “intrinsic charm” hadron components In these notations we have to evaluate the expression
seem importantsee, e.g.[25] and[26]). All these examples

unambiguously demonstrate that nonvalence components of o

the hadron can be sizeable. In QCD terms such a situation ciysc= (x| Tr{ys(P—m)~1}|x), (A4)
means that a corresponding matrix element has a nonpertur-

bative origin without the naively expected/ suppres- Wherem is thec-quark mass and Tr denotes the trace over
sion. We have shown in this paper that this experimentallypoth color and Lorentz indices. Using a resolution of unity
testable physics is amenable to theoretical control. In this

S(X—y). (A3)

— -1
respect, the;’ from B— 7’ decays is an excellent laboratory 1=(P+m) ~(P+m)
for the study of fundamental properties of strongly interact- .
ing QCD. and the formuld o ,,,=i/2(y,v,— 7,7, ]
1
ACKNOWLEDGMENTS pP2=p24+ EquGina'

We are grateful to P. Kim for interesting discussions dur-
ing his visit to UBC, which initiated this study. We would we expand Eq(A4) in powers OfO’GEO'MVGZVTaZ



7256 IGOR HALPERIN AND ARIEL ZHITNITSKY 56

2
Tr

Cciysc= m< X

=D, +Dpt-,

1 1 1 1
75Z W(UG) W(UG)_g (Pz_mz)z(UG) Pz_mz(O'G) Pz_mz(UG)+"']

d

(A5)

g3

where the ellipsis stands for higher power terms in the exter-

nal field expansion. It is convenient to start the calculation  (0G) 5z

with the second term in EqA5). It explicitly contains the

2(P?=m?)(0G)

m?  P?-m P?2—m?

gluon fieldG,,, to the third power, and therefore to our ac-
curacy one can neglect the noncommutativity of the opera-

torsP, andG,,. Thus

3
1
D2=—§mTr w’)@(o‘G)s . (AG)

To the same accuracy the momentum operdgrin the
denominator of Eq(A6) is substituted by the numberp,,,
and thex integration is performed using the formula

<X|(P2—m2)7(n71)|x>:f &b (p?—m?2)~("=b
A=0 (277_)4
(_1)nm6—2n
" 167% (n—2)(n—3)"
which yields
i~ 3
Do=- mTf{%(UG)s}- (A7)

A calculation of the trace over the Lorentz indices gives

TH{y5(6G)%} = —2°trG,,,G,,G

ap

~pr—me(7¢)

1
+ [Pz,(O'G)] m, (Ag)

PZ_ mZ

we write

4

2
g 1 )
Di=—m{ x| Tr 7’5—(P2_m2)3(¢TG)

d

1 , 1
+ 75@['3 (0G)] W(GG)

The first term in EqQ(A10) is readily calculated to yield

2
9 G,..G

=- 55—
Y 32xatm e

(A11)

while the second one needs more care. Let us perform first
the trace over the Lorentz indices:

where tg stands for the trace over the color indices. The

latter is

- i - i~
_ b b _
115G raGap =75 263,51, G5, = 5 GGG,

oz,u._z

and finally we obtain

<9°GGG. (A8)

D2=~ T6x3x72m

A calculation of the first term in EA5) is more tedious as

iy 2 1 2
H2=—2|g x| Tr (Pz_—mz)S[P ’G,U-V]

P2_m2

1 -
X =g GM] x> : (A12)

Calculating the commutator

[PZ!G/.LV]: P)\[P)\ ’GMV]+[P)\ 'G,LLV]P)\

—9; 2
now we have to take into account the noncommutativity of =2iP\(D)G,,)+D*G,,

operators in order to evaluate this expression to G@G
accuracy. Using the identity

we obtain



56 B—K#' DECAY AS A UNIQUE PROBE OF THE»' MESON 7257
2 1 1 ~ I 1 ) 1 ~
H2=4g m{ X|Tr (—PQTz)gp)\(D}\GMV) m G,uV X —2|g m{ X|Tr W(D G,uv) m G,uV X
—4q2 T 1 P.(D.G., )G + 492 T ! P2,P,(D,G G
—gmxrmx(xﬂv)wx gmxrw[,x(xﬂp)]szfmzﬂyx
—2ig?m( x| Tr| —y 2 (D%G, )3 T A13
g mi xj1r (PZ_m2)4( My) nv X . ( )
|
One can easily see that the first term in this expression gives (p%G,,)G,,=D(-D,G,,—D,G,.,)G,,
rise to higher dimensional operators and thus does not con- prTR e R a
tribute to our accuracy. However, the second term does con- =2iG,,G,,G,, (A15)
tain a needed power of the gluon field since )
and eventually obtain
[P%,P\(D)\G,,)]=2iP,PzDsD,G,, + "
=i{P\,PgtDgD\G,,+--, H2=——2—532X3X7T m gsGaG. (Ale6)

which results in

Finally, collecting together Eq$A8), (A1l), and(Al16) and

. 2 =
H2:2|92m<x Tr{w{P)\ ’PB}D,BDAG,U«VGMV

B <_P2—_m2?<D2%>5W] X> : (A14)

In the first term to our accuracy one can substifte-p,, .
We further use the Bianki identity to evaluate

multiplying the whole answer by, we arrive at

MG ysc= — GG L G3G
MmaYsC= = 27507 T62me 9 °CC

(A17)

which completes the proof of E¢16).
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