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Two-gluon components of then and ' mesons to leading-twist accuracy
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We critically reexamine the formalism for treating the leading-twist contributions from the two-gluon Fock
components occurring in hard processes that invojvand »" mesons and establish a consistent set of
conventions for the definition of the gluon distribution amplitude, the anomalous dimensions, as well as the
projector of a two-gluon state onto apor 7' state. We calculate the, »’-photon transition form factor to
order as and show the cancellation of the collinear and UV singularities explicitly. An estimate of the lowest
Gegenbauer coefficients of the gluon and quark distribution amplitudes is obtained from a fit g the
n'-photon transition form factor data. In order to elucidate the role of the two-gluon Fock component further,
we analyze electroproduction af, ' mesons and thg*g* »(7') vertex.
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[. INTRODUCTION 7'y transition form factors. Applying the methods proposed
in Ref.[12], we calculate them to leading-twist accuracy and
The description of hard exclusive processes involvinginclude next-to-leading ordgiNLO) perturbative QCD cor-
light mesons is based on the factorization of the short- angections. Our investigation enables us to introduce and to test
long-distance dynamicfl,2]. The former is represented by the conventions for the ingredients of a leading-twist calcu-
process-dependent, perturbatively calculable parton-levehtion for any hard process that involvesor 7’ mesons.
subprocess amplitudes, in which the mesons are replaced e most crucial test of the consistency of our set of con-
their valence Fock components, while the latter is describedentions is the cancellation of the collinear singularities
by process-independent meson distribution amplitudes. Thi§resent in the parton-subprocess amplitude with the ultravio-

work |_sr;ocused c.’rll hard reﬁctl?lns lnvolvmgland 7° M€~ |et (UV) singularities appearing in the unrenormalized distri-
Z(Lnsg; gsei part|g €s as Otl er al\:/orkneutra mesons r:joss ion amplitudes. Our analysis permits a critical appraisal
(3)e singlet and octet valence Fock components and, a 5t the relevant literaturg4—11].

ditionally, two-gluon ones; to all three of them correspond In analogy with the analysis of the'y transition form

distribution amplitudes. This feature leads, on the one hanc}actor [13], we use our leading-twist NLO results for the

to the well-knownflavor mixingwhich, for they-»’ system, I, . .
has been extensively studiéfbr a recent review, see Ref. transition form factors to extract information on theand

[3]) and, on the other hand, as a further complication to’ distribution amplitudes from fits to the experimental data
mixing of the singlet and gluon distribution amplitudesder ~ [14,13. In order to make contact with experiment we have to
evolution On the strength of more and better experimentaPdOpt an appropriatg-,’ mixing scheme. We assume par-
data, the interest in hard reactions involvingand »' me- ticle independence of the distribution amplitudes reducing so
sons and, consequently, in the role of the two-gluon Fockheir number to three. Consequently, flavor mixing is solely
component, has been renewed. Examples of such reactiog§coded in the decay constants for which we use the values
are the meson-photon transition form factors, photo-determined in Ref[16].

production and electroproduction of mesons or charmonium Our set of conventions, as abstracted from the calculation
and B-meson decays. of the transition form factor, is then appropriate for general

Mixing of the singlet and gluon distribution amplitudes use in leading-twist calculations of hard exclusive reactions
has been investigated in a number of pafddrs11]. Apart  involving 7 and »" mesons. We briefly discuss a few of
from differences in the notation and occasional misprintsthem, namely, electroproduction of tieand »" mesons and
different prefactors appear in the evolution kernels and in théhe vertexg*g* (#'), in order to learn more about the
expressions for the anomalous dimensions. Often the full séfportance of the gluon distribution amplitudes. In contrast
of conventions for kernels, anomalous dimensions, the gluokP the transition form factors, the two-gluon Fock compo-
distribution amplitude and the gluon-meson projector is nofients contribute in these reactions to the same order of the
provided and/or it is not easy to extract. This makes thestrong coupling constanty, as the quark-antiquark ones.
comparison of the various theoretical results and their appliThe two-gluon components also contribute to the decays
cations difficult. We therefore reexamine the treatment of thexcs— 77,7' '. The analysis of these decays is however
gluon distribution amplitude and its mixing with the singlet intricate since the next higher Fock state of thg, ccg
one. This analysis is performed in the context of #hgand  contributes to the same inverse power of the relevant hard

scale, the charm quark mass, as tlestate and has to be
taken into account in a consistent analy4ig]. We therefore
*Electronic address: kroll@physik.uni-wuppertal.de refrain from analyzing these decays here.
On leave of absence from the Rudjer Rosic Institute, Zagreb, The plan of the paper is the following. The calculation of
Croatia. Electronic address: passek@physik.uni-wuppertal.de  the meson-photon transition form factors is presented in Sec.
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. In Sec. lll we discussy-n’ flavor mixing while Sec. IV is 7
devoted to a comparison with experiment and the extraction
of the size of the lowest Gegenbauer coefficients of the quark : )
P

and gluon distribution amplitudes. In Sec. V we investigate

the role of the gluon distribution amplitude in other hard

reactions. The summary is presented in Sec. VI. The paper

ends with three Appendices in which we compile the defini- U

tions of quark and gluon distribution amplitudesppendix FIG. 1. Lowest order Feynman diagram for t&y— P tran-
A), calculational details for the transition form factdfp-  sjtion. A second diagram is obtained by interchanging the photon
pendix B and some properties of the evolution kern@g- vertices.

pendix Q.
nient to pull out of the gluon distribution amplitude the same
Il. THE Py TRANSITION FORM FACTOR factor as for the flavor-singlet quark one.
_ As usual we parametrize thg* (q,,u) v(d,,v)—P(p)
A. The flavor-singlet case vertex as
As the valence Fock components of the pseudoscalar me-
sonsP= 7, 7', we choose SU(3)singlet and octet combi- I'“=ie?Fp,(Q?) e*"*F €,(02) 01402, (2.9

nations of quark-antiquark stafes 5 ) ) 5
whereQ“= —q7=0 is the momentum transfer, afg(Q*)

lgay) =|(uu+ dd+ s_sjl\/§), denotes théP y transition form factor. It can be represented
as a sum of the flavor-octet and the flavor-singlet contribu-
|Gs) = (UT+ dd— 259/ 6, (. Uons
Frp(Q)=F3,(Q)+F5,(Q?), (2.6

and the two-gluon statégg) which also possess flavor-
singlet quantum numbers and contributes to leading Wistyare the Jatter one includes the quark and the gluon part.
The corres_pondlng dls_tr_ll:_)utlon am_phtudes are denoted b-"fhe leading-twist singlet contribution to order, is un-
$p18g; their formal definitions are given in Appendix A. We nq\yn while the octet contribution is well-known to this

emphasize that here, in this section, we do not make use Of@rder, one only has to adapt the result for the transitions

flavor mixing scheme since the theoretical treatment of thff18] suitably. We therefore perform a detailed analysis of the

transition form factors is independent of it. As usual the de'singlet contribution along the lines of the flavor-octet analy-

cay constants, defined by the vacuum-meson matrix elemengf,S presented in Ref12]
of flavor-singlet or octet weak axial vector currents ( For large momentum transf@?, the flavor-singlet con-

=18) tribution to the transition form factor can be represented as a
i i convolution(see Fig. 1 for a lowest order Feynman diagram
(0]3L,5(0)|P(P))=ifb P, (22 J Y o
1
or rather the factor§p/(2\2N,), are pulled out of the dis- F5,(Q)= P THu,Q?) @ ¢p(u), 2.7
tribution amplitudes i, being the number of colorsHence, 2V2N,
the quark distribution amplitudes are normalized to unity at .
any scaleu? where the symbobk represents the usual convolutié{z)
®B(z)=fédzA(z)B(z). We employ a two-component vec-
1 tor notation
JO dugpi(u,u?)=1, (2.3 .
”r(u)=(¢Pq(U)) T(u Q2)=(Tqa(u’Q2)>
as follows from Eqs(2.2) and(A9). From Eq.(A10) one has F Ppg(u))’ ’ Tgg(u,.Q%))’ 09
2.8
1
f du ¢pg(u,,u2)=0. (2.9 and switch to the more generic notatigp = ¢p;. The un-
0

renormalized quark and gluon distribution amplitudzﬁgq

ur H H _
There is no natural way to normalize the gluon distributionand Ppg are def|ned_|n EqaAd) and(éS). The*parton level
subprocesses amplitudes fof y—qq, and y* y—gg are

amplitude. Since the flavor-singlet quark and gluon distribu- ~ . '
tion amplitudes mix under evolution while the flavor-octet %epacgg?izbeygqgu?nfs'ri%gI,E(r{ezsg)ectlvely, the Lorentz structure
one evolves independently with the hard scale, it is conve- S T ur .

The distribution amplitudeghp, and ¢p require renor-
malization which introduces mixing of the composite opera-

L = +
This should not be mixed up with the usual singlet and octet!OrS \I’(_Z). y" 7’59 ‘%’(Z). and G*l"(—zr) Q G, (2). The
basis frequently used for the description sf;’ mixing. Our an-  unrenormalized distribution amplitudgy' is related to the
satz is completely general. renormalized onepp by
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€

B (U)=Z(U,%, 1) ® bp(X, u8), (2.9 Nyg| as(p?) | n2

Tgg(u)= —2 P “—Z THW+0(ad) |.
where the UV-divergent renormalization matrix takes the Q Q
form (2.15
7 7 T_he normalization factordN;g and Nyq in Eq. (2.15 are
ZE( a qg). (2.10  9ivenby
Zgq Zgg

Ngg=2V2NCq, Ngg=vn; CeNgg, (2.19
Here,,uﬁ represents the scale at which the singularities and,

hence, soft and hard physics, are factorized. Owing to thwhere the flavor facto€, takes into account the quark con-
fact that quarks and gluons are taken to be massless and &t of theqq, combination. It readgsee Eq(A1)]
shell, TqgandTgyq, calculated beyond leading order, contain

collinear singularities. The validity of factorization into hard e2+es+e?
and soft physics, as expressed in EY7), requires the can- CFT- (2.17

cellation of these singularities with the UV ones from the

renormalization of the distribution amplitudes. Hence, theérhae number of flavors in thed, is denoted byn; and Cq

hard scattering amplitude defined by =(N2-1)/(2N,) is the usual color factoe, is the charge
T 2 20—t 5 2 of quarka in units of the positron charge

Th(XQ%up) =TI (u,Q)®Z(ux,u), (211 Inserting Eqs(2.13 and (2.15 into Eq.(2.11) and using

- . ) . Eqg. (B1), we obtain
must be finite. Below we explicitly show this cancellation to

€

2

NLO. Provided the cancellation of the singularities holds, the N g u2) “
transition form factor can be expressed in terms of finite hard Ty =99 @ TSR~ ) IR
. T . H.qq 2| qq 4 Flda| ~2
scattering and distribution amplitudes Q ™ Q
fo Llrogy, [#2] +0(a?)
Fh(QY)= ——=Tu(x,Q% )" ® dp(x,u?). —Tqa®Vaa| @s) [,
Py(Q 2\/2_NC H( Q ME (ZSP( ME € ME
(2.12 , e
Ngg aS(MR) (1) MR
- - Thoe= Tog| =%
B. The NLO hard-scattering amplitude ’ Q2| 4m Q?
We now proceed to the NLO calculation. The renormal- N 1 2\ €
ization matrixZ, can be shown to have the following form: + N_qq ;Tc(q%)®vqg '“_S +0(a?) |
2 99 ME
as(pup) 1
z=1+54—;;v<1>+ 0(a?), (2.13 (2.18

o . o _ Results forT, T&, T andV;; and some details of
Id(;me”ts'ont?]' regu'ltar;zzgt|onts'=4—%ﬁ) ('f‘ empIcIJyeId. Herte their calculation are given in Appendix B. Using the results
enotes the uni matrix [with diagonal elements ¢, TO andV,,, it is easy to verify that

8(x—u)], and the coefficienv®=V®(x,u) is a matrixX aar
vV TE(W)®Vgq(u,X) = CrAD) i5(X), (2.19
V(l)E aa a9 . (214) . (1) . . .
Vgq Vgg with Agg) 4 being given in Eq.(B5). On the other hand,

AL g is the residue of the &/pole inT(Y, see Eq(B4).

The amplitude§ ;5 and T4, have well-defined expansions in Hence, the collinear singularity presentTift) is canceled by
as, and after coupling-constant renormalization, which in-the UV singularity inZy, and we arrive at a finite hard-

troduces the renormalization scal, they read scattering amplitude for the* y— qq subprocess
€ 2 2
Ngg @ (,u,z) ,u,2 T qg(X, Q% 1F)
Tae(W)= | TeR(W+ =5~ Ce| 5z T 2
Q ™ Q Nqg| (o) as(1R) | ) 2,2
= ? TH,qa(X)+ TCFTH,qE(X’Q JME)
+O(a§) ,

+0(a?) |, (2.20

2Since we are only interested in tag term, we suppress the label
1 in the matrix elements of ™. where
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TOL () =TQ(x), ol 2
X = Tag (%) V= Mvﬂu O(a?). (2.27)
2 4
T g% Q% ud)=— AL, q{x)ln +A(1)(X)- The results for the LO kern&l®) are given in Eqs(B10)
Q’ 2.21) and (B18)—(B20). The anomalous dimensions that control

the evolution of the distribution amplitudes can be read off

The quantitiesT{2, A{) ;5 and A% are given in Egs. from the relationgC2):
(B4), (BY). 5 n+1 4
Next, from Eqs.(B4) and (B18), we obtain aq_ __ -
W=Cel 3 i mr A T
T2 (u)®Vqg(u,X Nag AL (x 2.2
( ) qg( ) Nqa colgg( ) ( 2 ’ng:\/nf_c n(n+3) n=2
n F3(n+1)(n+2) ’

with A}, defined in Eq(B8). Inserting this result into Eq.

(2.18 and taking into account E4B7), we observe the can- /90— JnCe 12
cellation of the collinear singularity present Ty with the n ™F (h+1)(n+2)
UV singularity of Z,4, and we get the finite hard-scattering

amplitude for they* y—gg subprocess 8 1

gg_ - - =
i) n = BotNe i n2) 42 7| n=2.
MR 2.2
Th,gg(%,Q? )= o8 Q2 5477 T (0, Q2 ud)+0(a?) |, (2.29
(2.23 To leading order inxg the evolution equatiori2.25 can
be solved by diagonalizing the kernélor rather the matrix
WhereT(Hl)gg reads of the anomalous dimensions. The eigenfunctions can be ex-
' panded upon the Gegenbauer ponnom(a,l,"¥2 with coeffi-
cientsBS;) which evolve with the eigenvalueg|™ of the
I(—|1)gg(x Q% uf)= _AE:](-))I,gg(X)InQ_"—A(l)(X) matrix of the anomalous dimensions

(2.24
The functionsA() ,, and AL are supplied in Eq(BS).

e =—[7nq+ Y30V (= 9897+ 47393

col,gg 99 (2.29
C. Evolution of the flavor-singlet quark The two components of the distribution amplitugg pos-
and gluon distribution amplitudes sess the expansion
We now turn to the discussion of the distribution ampli- 5
tude ¢p and its evolution. The matriZ is related to the Ppq(X,pug) =6x(1—X)
evolution of the distribution amplitude, and® in Eq.
(2.13 represents the kernel which governs the leading-order x|1+ > B (ud)CFH2x—1)|,
(LO) evolution of the flavor-singlet distribution amplitude. n=24,...
By differentiating Eq.(2.9) with respect to,uﬁ one obtains 5 ) )
the evolution equatiofé,7] bpg(X, pmg) =X(1—X)
J X BJS Co2(2x—1
b oD VOO ) doluud) 2 BRHOCIA(xD),
E
(2.295 (2.30
where the evolution kernaf reads where only the terms for evemoccur as a consequence of
Eq. (A8). The expansion coefficients in E@.30 are related
9 to those of the eigenfunctions by
V=-Z"'e | nt—Z|. (2.26
ME 2\ 7" 18o
as( o)

BRn(u8)=Bby (1)

We note in passing that the evolution equation would have a s(,ué)

more complicated form if the factdis;/(2y2N.) was not

pulled out of the gluon distribution amplitude. Inserting Eq. o (M%) 75180
(2.13 into Eq. (2.26), and using Eq(B2), one easily sees +pBE)( 0)( : > ) ,
that as(up)
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2\ 8o TABLE I. List of common conventions for the anomalous di-
BY ( 2): (+)B(+)( 2) as(mo) mensions and thg@g projector. Quoted are the prefactors of the
PRUME) =P "Benito as(1?) nondiagonal anomalous dimensiof2s28 and of thegg projector

(A14) for various choices ofr in Egs.(2.39), (2.36. We also list

o (MZ) yﬁf)/ﬁo references where these conventions for the anomalous dimensions
— s\M0
+ B(Pn) () - (2.3)  areused.
as(ug)
o Y8 Y% P references
The coefficient885;) (u3) respectiveB%S(2), whereu? is — —
the initial scale of the evolution, represent the nonperturba- ni Cr Ni Cr ! (4]
tive input to a calculation of the transition form factors and _ /N c n Ce [6.7]
are, at present, not calculable with a sufficient degree of ac- V C¢ F f N ’
curacy. The parametefs. ™) read s -
=F N Ce L [9.11]
ik 1 9 " o
(+) = (=)=
pn =6— 5 Pn ' TFr O aq- (232
Y5 — 3 6 57—y

We finally mention that, as can be easily seen from Eq.

We note that the anomalous dimensions satisfy the rela(—2 34 and the evolutional equatiof2.25, along with the

tion change of the anomalous dimensid@s36) the kernelsVg
a9 ) _gg andV,, become modified.
n _Yn T ) (2.33 The results for the anomalous dimensions can also be un-
Y — 480 Yo derstood in the operator language, i.e., by considering the

impact of a change of the definition of the gluonic composite
Comparison of Eqgs(2.28 and (2.29 reveals thatyff’) operator on the anomalous dimensidgfts comments on the
~ 39 for all n and 5" — 99 for n— . use of the operator product expansion, see, for instance Refs.
It is important to realize that any change of the definition[6,7]). One finds that only the anomalous dimensioy$
of the gluon distribution amplitudeA5) is accompanied by a and y3% become modified, while the diagonal ones and the

corresponding change in the hard scattering amplitude. Supyoduct 439499, and consequently the eigenvalug§™

pose we changépg by a factoro remain unchanged. Redefinition of the gluonic composite op-
- erator implies a corresponding change of the gluon distribu-
bpg=0 dpg- (2349 tion amplitude.

. . . . . We are now in the position to compare the results pre-
Since any physical quantlty, as for lnstance_ the tranSItIor%ented in this work with other calculations to be found in the
form_ factor, mu_st b.e independent of the choice of the CONfiterature. The entire set of conventions is not always easy to
vention, the p_rOJect|0t(1A14) _Of gg state onto a pseudoscalar extract from the literature since often only certain aspects of
meson state is to be modified by a factos-1l.e., the flavor-singlet system are discussed. For instance, in Ref.
1 [9] only the evolution kernels are investigated, or in R6f.
p%gz_pgw (2.35 only the anomalous dimensions. Using results from such
o work in a calculation of a hard process necessitates the use of
orresponding conventions for the other quantities. Care is
Iso required if elsewhere determined numerical results for
the Gegenbauer coefficier$,) or B, are employed since,
F\ccording to Egs(2.37) and(2.38), they are convention de-
pendent. For future reference, we systematize in Table | the
important ingredients for the three conventions encountered
in the literature. Our expressions for the kernels and the
1 anomalous dimensions correspond to the ones obtained in
YR9T=—90A9 " 907 5 194 (2.39  Ref.[4] (uptoatypoinVyg). In Refs[10,11] the anomalous
g dimensions controlling the evolution of the forward and non-
forward parton distribution were studied to NLO. Since the
nondiagonal anomalous dimension for the odd parity case
(o, 22— p(-)(,2 (o, 2y_n(+),,2 coincides with our onegl9], we observe that the convention
Bbn " (1) =Bpn (#0). Ben' ™ (10)=Bpn ('u%)z’ 37 0=\Ce/ny is used in Refs[10,11. The only result we do
' not understand is the one presented in IRef. There is an

and the hard-scattering amplitude becomes altered accor
ingly. As an inspection of Eqs(2.30—(2.32 reveals, the
change of the definition of the gluon distribution amplitude
(2.39 has to be converted into a change of the off-diagona
anomalous dimensions and the Gegenbauer coeffidiiifs
in order to leave the quark distribution amplitude as it is

and

implying extra factor of 1/2 iV which changes the product of pref-
actors. Moreover, there are factors 1/3 and 3 apparently miss-
B (u2)=0BS (u2), BL7(u2)=BY, (ud). ing in 44 and y4q. We note that occasionally the factor

(2.39  [x(1—x)] ! appearing in our projectofA14) is absorbed
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into the gluon distribution amplitudes,7]. This arrangement fl

C,

is accompanied by corresponding changes of the evolutioR} (Q?)= e Tiha(X) @ dpg(X, 17)
kernels, see EqB21).

Although, from the point of view of derivation, the con- oy 42)

. i A

ventions which lead _to_ Eq$2.28 and(A14) seem to be the 54 Ce [T(l){x Q2 MF)®¢Pq(X MF)
most natural ones, it is perhaps more expedient to use the
same conventions for the anomalous dimensions as for po-
larized deep inelastic lepton-proton scatter{i§], which +THL(X Q% 1) ® dpg(X, )] | - (2.42

correspond to

A subtlety has to be mentioned. The singlet decay constant,
Ny fL, depends on the scale but the anomalous dimension con-
“Nc- (2.39 trolling it is of order a2 [23]. In our NLO calculation this
effect is tiny and is to be neglected as the NLO evolution of
the distribution amplitude.
The corresponding set of conventions will be used in the rest For completeness and for later use we also quote the re-
of the paper. The nondiagonal anomalous dimensions thesult for the flavor-octet contribution to thBy transition
read form factor at the same level of theoretical accuracy. In our
notation it reads

ag n(n+3) = 8 A2 fp Cs T(0)
" Cr3mInmr T Foy(Q%) =~ | THadX)® drolx, KE)
aS(lu‘R) (1) 2
. 12 P Cr Thge(x.Q ME) @ bpg(X, ) |,
Ya anm n=2, (2.40) (2 439
. . where the renormalized hard scattering amplitude is given in
and the gluonic projector Eq. (2.20 and the charge factd®g is obtained with the help
of Eq. (A1)
i [Ck  Sap € 2,22 52
9 /= 24 e,+eg—2e
P iv.ab 2 Vn m u(l—u)’ (2.41 CB:UTGS' (2.49

The octet distribution amplitude)pg, being fully analogous

Along with these definitions, Eq$2.30—(2.32 have to be to the pion case, has the expansion

used.

To the order we are working, the NLO evolution of the
quark distribution amplitudes should in principle be included ¢pg(x, u2) = 6x(1—X)
(the convolution of the NLO term fotppy with Ty 44 cOn-
tributes to orderas) To NLO accuracy the Gegenbauer (2.49
polynomialsC¥? are no longer eigenfunctions of the evolu-
tion kernel, so that their coefficienBs,, do not evolve inde-
pendently[11,21. In analogy with the pion casg?2], the
impact of the NLO evolution on the transition form factors is B8 (u2)—B
expected to be small compared with the NLO corrections to pn( ) = Bpa(10)
the subprocess amplitudes. Therefore we refrain from con-
sidering NLO evolution.

1+ > Bﬁnwbcﬁ’%zx—l)},
=2,4

where the Gegenbauer coefficients evolve accordirid Jto

PART:IS

ag(ud)
ag( MIZZ)

(2.46

Summing the flavor-singlet and octet contributions according
to Eqg. (2.6), we arrive at the full transition form factors for
the physical mesons.

As has been pointed in Reff3,13,24, in the limit Q?

To end this section we quote our final result for the flavor-— o where the quark distribution amplitudes evolve into the
singlet contribution to thePy transition form factor to asymptotic form
leading-twist accuracy and NLO iag. The result, obtained

D. The NLO result for the transition form factor

by inserting Egs.(2.20 and (2.23 (multiplied by o1 Pag(X) =6X(1—X) (2.47
=/Cg/n; according to the new normalization of the gluonic
projecto) into Eq.(2.12), is and the gluon one to zero, the transition form factor becomes
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Numerical values for the mixing parameters have been de-

Q%= \2f8 5 g ; . <
Fpy—— —— -3 (2.489 termined on the basis of the quark-flavor mixing scheme
Q m [16].
f2" combines the decay constants with the charge facors fg=1.26f,, 6@g=—21.2°,
1 fi=117_., 6,=-9.2°. (3.9
fef=—[f8+2\2fL]. (2.49 ! Tt
P \/§[ P P]

The value of the pion decay constantfis=0.131 GeV. As
observed in Ref[16] (see also Ref.3]) »-%’ flavor mixing
can be parametrized in the simplest way in the quark-flavor
basis. The mixing behavior of the decay constants in that

basis follows the pattern of state mixing, i.e., there is only

7' are scaled by their respective asymptotic results, the dat&1e mixin : g
I g angle. The basis states of the quark-flavor mixing
for these processd44,15 fall on top of each other within scheme are defined by

experimental errors. This can be regarded as a hint at rather
similar forms of the quark distribution amplitudes in the
three cases and a not excessively large gluon one.

The result(2.48 holds also for the case of the pion WitE;ff
replaced byf .. In Ref.[3] an interesting observation has
been reported: if the transition form factors for the », and

| 7q)=cose|n)+sine|n'),

| 7s)=—sine|7)+cose|7'), (3.5
. 7-7" MIXING

and the strange and non-strange decay constants are assumed

Using the result$2.42) and(2.43 for the transition form Mix a5

factors, one may analyze the experimental data obtained b
CLEO[14] and L3[15] with the aim of extracting informa-
tion on the six distribution amplitude$pi(x,,u(2)), i=1,89

or rather on their lowest Gegenbauer coeffici@ﬁ(uﬁ).

In principle, this is an extremely interesting program since it

would allow for an investigation of;-»’ flavor mixing at the ) ) ) )
level of the distribution amplitudes. In practice, however, thisAS demonstrated in Reff16] this ansatz is well in agreement

program is to ambitious since the present quality of the dat¥/ith €xperiment. The occurrence of only one mixing angle in
is insufficient to fix a minimum number of six coefficients this scheme is a consequence of the smallness of OZI rule

which occur if the Gegenbauer series is truncated a®. violations which amount to only a few percent and can safely
Thus, we are forced to change the strategy and to employ B¢ neglected in most casesU(3)e symmetry, on the other
flavor mixing scheme right from the beginning in order to hand, is broken at the level of 3®0% as can be seen, for
reduce the number of free parameters. instance, from the values of the decay constdgtand f,,
Since in hard processes only small spatial quark-antiquarRnd cannot be ignored. _
separations are of relevance, it is sufficiently suggestive to Using Ed.(2.1) and particle independence, we obtain for
embed the particle dependence and the mixing behavior ¢he valence Fock components of the basis stees
the valence Fock components solely into the decay constants,

fl=fqcosp, f5=—fssing,

f9,=fqsing, f;,=fscose. (3.6

which play the role of wave functions at the origin. Hence, fq 2 2
f0||owing Refs.[16,24], we take |77q>: Zm[d’q(X,MF”qm'i_ ¢op[(XaMF)|S§>
Cc
pi= i, 3. +12/3 py(x,uf) |99)]
for i=8,1g. This assumption is further supported by the f
observation[24,25 that, as for the case of the pion 7= ———=[ bopd X, 2)|qA) + b<(X, )| SS
[13,22,28, the quark distribution amplitudes for the and s 242N, oppl X, 42)] )+ 65 )l s9)
7' mesons seem to be close to the asymptotic farmg(x) )
for which the particle independend®.1) holds trivially. + dg(x,18)|99)/ V3], 3.7
Note that we switch now back to the original notation for the B _
singlet distribution amplitude introduced in Sec. Il A: whereqq is short for the combinationuu+dd)/2 and
$p1=dpq, Bh=Bp,. (3.2

1 1
bq= §(¢8+ 2¢4), ¢s:§(2¢8+ 1),

The decay constants can be parametrizedl&é23

. V2
fS=fgcosdg, f,=—"fisiné;, bopp= 3 (1~ b)- (3.9
8 . 1
£, =fesinbg, f,,=f,cos,. B3 n deriving Eq.(3.7) we made use of the relations
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0.3

1A 1
cos(<p—08)—ﬁg, cos{qs—ﬁl)—ﬁf—l,

, 26, 21,
sin(@—6g)= 37, sin(¢—01)= 3T,

(3.9 0.2

which can readily be obtained from results on decay con-
stants and mixing angles reported in Rdf6].

In Eq. (3.5 the ss(qq) Fock component appears in the
74¢(7s). These respective opposite Fock components lead tc —-—- asym. DA (NLO)
violations of the Okubo-Zweig-lizukdOZI) rule if they B3 Betid
were not suppressed. In order to achieve the mixing behavio z‘ 2
(3.9, (3.6) and, hence, strict validity of the OZI ruleh,p, ———B;=-3 B,=-012
must be zero which implies 0 8 5 1‘0 15 20

ba(X, u8) = 1(X, u) = o(X, u8) = (X, u?).  (3.10 Q?

However, except the distribution amplitudes assume the FIG. 2. The scaled®y transition form factor VSQ_Z-_DOtted
asymptotic form, this can only hold approximately for a lim- (Iong-short dashedines represent the LONLO) predictions for
ited range of the factorization scale since the evolution of théhe asymptotic d_|str|§)ut|é)n amplitudes. Soldashedilines are re-
distribution amplitudes will generate differences betwggn ~ Sults obtained witfB3(ug) =21 (= 3), By(uo) < —0.04 (-0.12),
and ¢g and, hence, the respective opposite Fock compo2nd Ba(u0)=—0.04 (up=Q% ug=Q%72, p#o=1GeV). The
nents. In order to guarantee at least the approximate validitg;‘""qe‘?| areas indicate the range of the NLO prediction8 jaand
of the OZI rule and the quark-flavor mixing scheme as is>2 inside the allowed regiorisee text Data taken from Refs.
. : is oft4:19 (thombs represent th@2F .., data, squares th@?2F

required by phenomenology, we demand in our analysis onés) 'y ' ny
the transition form factor data that '

d)opp(X,,LL;Z:)
das(X)

02 I?n.n'] V(Qz) [GeV]

JR— asym. DA (LO
0.1 ’ ™

mixing angles are given in E¢3.4). As the starting scale of
<1, (3.1)  the evolution we takg;=1 Ge\2.

A comparison of the leading-twist NLO results evaluated
from the asymptotic quark distribution amplitud@s47) (the
gluon distribution amplitude is zero in this casdth experi-
ment[14,15 is made in Fig. 2. It reveals that the distribution

IV. DETERMINATION OF THE amplitudes cannot assume their asymptotic forms for scales
DISTRIBUTION AMPLITUDES of the order of a few Ge¥ the prediction for the case of’
Before we turn to the analysis of tty transition form lies about 10% above the data. This parallels observations

factor data[14,15 and the determination of the and 7’ made for the case of they transitions{13,22. :

distribution amplitudes a few comments on the choice of the . .Next let us inspect the Gegenbauer expansion of the tran-
factorization and renormalization scales are in order. A con=°"t'o.n fqrm factor. Foog—mdepe_ndeqt factorlzatlon and renor-
venient choice of the factorization scalés ,u,2:=Q2, it malization scales the Integrations mvolvgd in Egs42 and .
avoids the |W§/Q2 terms in Eqs(2.20 and (2.23. Another (2.43 can be performed analytically leading to the expansion

popular choice i§u§=Q2/2 which reflects the mean virtual- 1o 6 f%,C1 1 1
ity of the exchanged quark. This choice facilitates compariFp,(Q%)= "G 1+B5(ug) +By(ur)
son with the pion distribution amplitude as determined in

for any value ofx.

Ref.[13] in exactly the same way we are going to fix the 5 ay(ud) 50 5 Q2
and ' distribution amplitudes. For the renormalization scale ~3 1- B%(,uﬁ)<7—2— gln—2
we choosequ= Q?/2 for which choice arguments have been ME

given on the basis of a next-next-to-leading order calculation

of the pion form factof12]. _ Bi(,u,zz
The transition form factor is evaluated using the two-loop

expression for ag with four flavors and A %z 305

MeV [28]. The numerical values for the decay constants and

4500 75,2

10487 91 QZ)

QZ
1296 108 )

+BY(uf) n—
ME

3A detailed discussion of the the role of the factorization scale and 9 2
the resummation of corresponding logs is presented in Refs. +Ba(ug)
[12,27.

581 7 IQ2
__n_
10125 675 ;2

+} (4.2)
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20 | 1 P
1
/'/—
B2 10} . &
—_ /
~F 0 7
0t g ° . rd
e Das(X)
o N 0,(x, 1fy), B,=—0.08
-10 ‘ ‘
-0.15 -0.10 -0.05 L 0%, 1), B3= 9
. |
-2 L
82 0 0.5 1
FIG. 3. 1o x?-contour plot for the coefficient®3(u3) and X

Bg(,ué) obtained from a three-parameter fit to the CLEO and L3 ] o ]

data on they, 7'~y transition form factors. Values of the Gegen- FIG.24. Flavor-smgllet and.gluon distribution amplltuges at the
bauer coefficients refer tp2=1 Ge\?; the factorization scale is SC@lexo=1 GeV* obtained using the face valué andBj from
u2=Q2. Eqg. (4.2). The asymptotic distribution amplitude is included for

comparison.

Particle independence of the distribution amplitudes is use ; : 8 2
in this expansion. A similar expansion holds for the octet?jrorn Fig. 3. The resuts (4.2 satisfy V2|B3(u¢)

contribution with the obvious replacementg—f%, B}
—Bg, andB?— 0. The expansion of the octet contribution is
analogous to that one of they transition form factor
[12,13.

In the expansiol4.1) one notes a strong linear correlation
betweenB,, and B),, only the mild logarithmicQ? depen-

dence due to evolution and the running f restricts their amplitudes are end-point suppressed as compared to the

vglugs o a finite region in parameter space. The gluon Conésymptotic one. This property holds for all valuesgfand
tributions to the form factors are strongly suppressed, they,q inside the allowed regiofd.2)

appear only to NLO and the numerical factors multiplying —2 1 8 . .
their Gegenbauer coefficients are small. The coefficiBgts The values ofB; and B; agree with each otherzwnhm
errors as well as with the Gegenbauer coefficBhfug) of

andBj are also correlated. . Co : .
With regard to these correlations and in view of the errorsthe pion distribution amplitude for which a value &0.06

of the experimental datgl4,15 as well as the rather re- ;0'03 ha‘T’. been found in I?I_dglfi] I:lonlhan analyilsd_aio.ggt.
stricted range of momentum transfer in which they are avail- € Same fiNes as our one. 1nus, the three quark distrioution
able, we are forced to truncate the Gegenbauer serias ata.lmp“tUdeS. are very similar. T.h's result explains the observa-
=2. Truncating an=4 does not lead to reliable results in tion made in Ref[3] and mentioned by us at the end of Sec.

contrast to the simpler case of the pion where this is possiblg D that the dat"?‘ on three transition form factors fall on top
[13]. A fit to the CLEO and L3 data foQ? larger than of each other within errors if the form factors are scaled by

. their respective asymptotic resu(@&48. The 7.y transition
2 GeV* provides form factor, on the other hand, behaves differef@9]. The
8 2y_ _ 1. Mass provides a second large scale which cannot be ig-
Ba(np)= 0042004, nored in the analysig30].
We emphasize that our results on theand »' distribu-
tion amplitudes are to be considered as estimates performed
with the purpose of getting an idea about the magnitude of
BY(u5)=9+12, (4.2 the gluon distribution amplitude. As has been discussed in
detail for the case of thery transition form factor in Ref.
where the values of the Gegenbauer coefficients are obtaingd3], allowance of higher Gegenbauer coefficients in the
for the factorization scaleu?=Q? We repeat thatu§  analysis will change the result &f , essentially the sum of
=1 GeV and the gluonic Gegenbauer coefficient is quotecthe B™ is fixed by the data on the transition form factor. This
for the normalizations= yn;/Cg. For comparison we also ambiguity also holds for the case of theand . Taking a
determine the Gegenbauer coefficients fof=Q?%2; the  lower renormalization scale than we do which may go along
values found agree with those quoted in E4.2) almost  with a prescription for the saturation ef, and thus including
perfectly. The quality of the fit is shown in Fig. 2. The coef- effects beyond a leading-twist analysis, will also change the
ficients B% and BJ are strongly correlated as can be seenresults for the Gegenbauer coefficients. Another source of

—B2(u2)|/13<0.02 for all u2> 2. This meets the require-
ment (3.11), and, therefore no substantial violations of the
OZI rule follow from our distribution amplitudes. It more-
over implies the approximative validity of the quark-flavor
mixing scheme advocated for in Rdfl6]. In Fig. 4 we
present the singlet and gluon distribution amplitudes at the
scale,ué obtained using the face values from E4.2). Both

B3(u3)=—0.08+0.04,
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0007
(660666060

FIG. 6. Sample leading order Feynman diagrams that contribute
to the subprocess amplitudg g— qq;q.

p pP=p+A - -
whereH? andE? are the axial vector and pseudoscalar gen-

FIG. 5. The handbag-type diagram for meson electroproductioreralized parton distributions for the emission and reabsorp-
of protons. The large blob represents a generalized parton distribion of quarks of flavora. The C., are flavor factors for the
transfer ist=A* Eq. (A1). The quark subprocess amplitudgsq— qg; q are
theoretical uncertainties in our analysis is the neglect ofalculated from the LO Feynman diagrams for which ex-
power and/or higher-twist corrections. Thus, for instance, irRmples are shown in Fig. [86]
Refs. [24,25 the LO modified perturbative approa¢Bi]
has been applied where quark transverse degrees of freedom pi ) 5 , Cr . QV-08
and Sudakov suppressions are taken into account. In this ~ Hox 0:(51.Q%) =% 4mas(ur)y~Te ——5
case the asymptotic distribution amplitudes lead to good ¢ Q°+s
agreement with the data on the transition form factors. 2
XJld d)i(T!luF)

V. COMMENTS ON OTHER HARD REACTIONS 0 T(l_ T)QZ— t

In this section we make use of the results obtained in the o 1t
preceding sections and calculate other hard processes involv- X|1——+ _] . (5.2
ing » and »’ mesons in order to examine the role of the § 1-7q

Fock component further. _
They are expressed in terms of the subprocess Mandelstam

A. Electroproduction of #%,n’ mesons variabless, 0, t=t whered+t+0=—Q?, and hold for any
value of Q? andt. For the deeply virtual kinematical region
of large Q% and —t<Q?, it is more appropriate to use the
scaling variables andx. The skewness is defined by the
ratio of light-cone plus components of the incomifmy and
outgoing (') proton momenta

As a first application of the gluon distribution amplitude
extracted from thepy and »’ vy transition form factors we
calculate deeply virtual electroproduction gfand ' me-
sons off protons. It has been shoys2,33 that for large
virtualities of the exchanged photad®® and small momen-
tum transfer from the initial to the final protdrelectropro- It
duction of pseudoscalar mesons is dominated by longitudi- = w (5.3
nally polarized virtual photons and the process amplitude (p+pH)*
factorizes into a parton-level subprocegsq— Pq and soft
proton matrix elements which represent generalized partofor large Q? the skewness is related toBjorken by &
distributions[34], see Fig. 5. The meson is generated by a=Xgj/2. The average momentum fraction the emitted and
leading-twist mechanism, i.e., by the transitgg— P me-  reabsorbed partons carry, is defined as
diated through the exchange of a hard gluon. For the produc-
tion of 7 and ' mesons, however, one has to consider the _ (k+k)"
gluon Fock component as well which, in contrast to the case B (p+p)* '
of the transition form factors, contributes to the same order

of as as theqq; components. The gluonic contribution has pere k and k' are the momenta of the emitted and reab-

not been considered in previous calculations of the electrogorhed partons, respectively. Fert<Q? the Mandelstam

production cross sectior}85,36. _ ~ variables are related to the skewness and the average mo-
The helicity amplitude for the proces§ p—Ppis again  mentum fraction

decomposed into flavor octet and singlet componeygs

(5.9

P : :
— é=§—§(r—§), 0=—§—§(7+§)- (5.5
1 dx
Pi _ i J1_¢2 B
MOt,Ot—Ea: eeCyVvl—¢ fﬁl \/Yng Hox o= Rewriting the subprocess amplitude in termstadndx and

inserting the result into the factorization formu®.1), one
arrives at the well-known result for the leading-twist contri-

, (5.2) bution to deeply virtual electroproduction of pseudoscalar
mesong 35]

2

E3(X&,1)

1-¢&
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s & s & § § :
@é éé éé ()é(’ @é\' gég
g 1 2 2
08 . — Bi=21 B,=-0.04 1= 10 GeV
-—— B{=-3 B,=-0.12

0A,01

FIG. 7. Representative LO Feynman diagrams that contribute to 0.4 J
the subprocess amplitudg’ g—ggaq. E |
g 02 -
as(MR) Cr !
MEL 0 (QR1=0) = =~ S5 LA, T = o TSI
2) %2 0.4 0.6 “‘:)‘8
wU“F : :
« [[ar S e _vs

FIG. 8. Ratio of gluon and flavor-singlet quark amplitudes for
wide-angle electroproduction af or " mesons (Lﬁzlo GeV?).
The shaded area indicates the range of predictions evaluated from
2(,u0) andBJ (,uo) inside the allowed region according to Fig. 3.

fl 1 1
X X| — — + — -
-1 | Xté—ie Xx—¢+ie

x| (X&) —

~ one can show that for wide-angle photoproduction and elec-
_ng (X&0)]. troproduction of pseudoscalar mesons the factorization for-
5.6 mulas(5.1) and (5.8 hold as well provided-t and —u are
' large as compared to the square of the proton massQ&nd
Next we calculate the subprocess amplitude for the glu<<—t [36]. To show that one has to work in a symmetric
onic component of the mesos| g—ggg. There are six frame in which the skewness is zero. One can also show that,
graphs that contribute to the subprocess. Three representatiethis situation,s and are approximate equal to the Man-
ones are depicted in Fig. 7, the other three ones are obtaingiglstam variables for the full processandu, respectively.
from these by interchanging the gluons. We find for thatThus, in the wide-angle region and fQ2<—t S but non-

subprocess amplitude the result zero, Egs(5.1) and (5.8 simplify to
ft C Q —t 2 H P i pa
HES 0. (8,4,Q)= T dmag(pi) = — —— —— ML o-(S1.QP<—0 = MGl 0. 21 €:CaRA(D),
Jng Ne Q2+3 -8
1 pg(T.uf) MBS o (s,Q2<—t)=eH b .. > e,RA(Y),
XJ dr—. (5.7 a
0 (1-7) (5.9

In deriving this expression we made use of the antisymmetryvhere the form factorfRy represent ¥ moments of the
of the gluon distribution amplitudeA8). The gluonic contri-  generalized parton distributio$® at zero skewness. These

bution to they} p— Pp helicity amplitudes reads form factors also contribute to wide-angle Compton scatter-
ing [37]. The amplitudes for transversally polarized photons
can be obtained analogously. In contrast to the case of deeply
/ 2 P
M0+ 0+ E eeVl=¢ J \/—2—§2 Ho o= virtual electroproductiot38], factorization for these ampli-

tudes holds in the wide-angle region, too.

5 &2 In order to estimate the size of the gluon contribution to
X | H&(X, &) — 2Ea(Y,g,t) . (5.8  wide-angle electroproduction of, ' mesons, we plot in
—¢ Fig. 8 the ratio

The full yf p—Pp amplitudes are the sum of the flavor MP 2 bo( 7 112)

octet and singlet contributioné5.6) and the gluonic one 0l 0 _ f Alls

(5.8). In the deeply virtual region, however, the gluon con- MEE oe I )

tribution is suppressed lyQ? as one readily observes from 2. 1.1

Eq. (5.7). It is, therefore, to be considered as a power cor- % fld7¢l(T:MF) (5.10
rection to the leading quark contributigh.6) and is to be 0 T '

neglected in a leading-twist analysis of deeply virtual elec-

troproduction of and »" mesons. evaluated from the distribution amplitudé4.2) for which
One may also consider wide-angle photoproduction andhe ratio of the integrals is- —5 BJ(«2)/18. The ratio may

electroproduction ofp and " mesons. Using the methods be large in particular in the backward hemisphere. Thus, at

proposed in Ref[37] for wide-angle Compton scattering, least for electroproduction of’ mesons theyg Fock com-
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ponent should be taken into account for sufficiently Iarge’F%W >

momentum transfer. For the production of temeson it —— @‘@a\ S
plays a minor role since; production is dominated by the TS
flavor-octet contribution f(%,/ f§7=0.16). Note, however, that @6@\@3\
the normalization of the meson electroproduction in both the M—»— Qgé e —
regions, the deeply virtual and the wide-angle one, is not§ S
well understood in the kinematical region accessible to a)
present day experiments.
x "oy
B. The g*g* P vertex wf%pﬂwﬁﬁﬁﬁb %\ QQM-OJENMJ

A reliable determination of thg* g* ' vertex is of im- 3 %, 3
portance for the calculation of a number of decay processe: = %3
such aB— 'K, B—7'X,, or of the hadronic production 666663‘55'6-65‘6‘0-5‘0‘6\ 6@66 GCCEE0G060>
processpp— n’'X. Theg*g* ' vertex has been calculated 56666 ®

by two groups recently39,40. We reanalyze this vertex to b)
leading-twist order using our set of conventions. This will
allow us to examine the previous calculations, and provide F|G. 9. Relevant lowest order Feynman diagrams for the
predictions forPg* transition form factor using the Gegen- g*g* — qq (a) andg* g* —gg subprocessb).
bauer coefficient$4.2) in the distribution amplitudes.

We define the gluonic vertex in analogy to the electro-

. 1
magnetic one, see EQ.5), as Aqa(w):f dx¢1(x,,u'é)
0 1

_ — w?(1—2x)?’
T4y =iFpg(Q?0)0ape" " *PU1,02p,  (5.11)
L pgxopp) 12X
whereq; andq, denote the momenta of the gluons now and Agg(w)= f dx — 5 >
a andb label the color of the gluon. It is evident that the 0 XX 1-0%(1-2x)
transition to a colorless meson requires the same color of (5.149

both the gluons. We consider spacelike gluon virtualities for , o _ ,
simplicity; the generalization to the case of timelike gluons isTN€ré is no contribution from the|gs component to this

straightforward. We introduce an average virtuality and an/€"eX. _ _
asymmetry parameter by Inserting the Gegenbauer expansiofs30 into Eg.
(5.19 the integrals can be performed analytically term by

2 2 term analogously to Ed4.1) resulting in the expansions
) 1 2 2 ql_q2
Q'=—5(a@+a), w=——03. (5.12 Lo
g1 +0z Agg @) = Co(w) +Co(@)Bo(up) +- - -,
The values ofw range from—1 to 1, but due to Bose sym- A (0)=0-(0)BI )+ - - 5.1
metry the transition form factor is symmetric in this variable: ao( @) = 02() B2 iF) ’ (613
Fpge(Q?%0) =Fpg (Q? — w). where

The calculation of the transition form factor to leading
twist accuracy and lowest order ig parallels that of the 3
meson-photon transition form factor which we presented in  cy(w)= —2[1— —(1-®?)n
some detail in Sec. Il. In contrast to the electromagnetic case, 20 20
however, already to the lowest order df the two partonic
subprocesses* g* —qq andg* g* —gg contribute. The rel- 3 3 1+w
evant Feynman diagrams are shown in Fig. 9. There are a Co(@)= —4[15— 13w~ 5(5—6w2+ w4)|nl_w
few more diagrams which involve the triple and quadruple 4o
gluon vertices. The contributions from these diagrams are

1+w
1_

separately zero when contracted with eitherdoeor thegg -5 , 3 ,, 1to
projectors(A11), (2.41). The following result for thePg* J2(w)= Y 3-20°= 5 (1= 0%)InT—|.
transition form factor can readily be obtained: (5.16
— f:‘: \/n—f Nc The behavior of functionsy(w), ¢,(w), andg,(w) is illus-
FPQ*(QZ'“’)ZMT“Swé)?N_C Aqa(“’)Jrz_mAgg(“’) trated in Fig. 10. Examining the functiooy(w) and Eq.
(5.195, one notice that the form factors become increasingly
+0(a?), (5.13 less sensitive to the coefficierig(2) with decreasingw|.
This behavior is characteristic of all functiorg(w) (n
where >0) [13]. On the other hand, the functiong(w) andg,(w)
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FIG. 10. Functiong,, c,, andg,, defined in Eq(5.16), vs w.
0.8
do not depend so d_rastlcally an and they are nonzero at = B-21 B'—-004
®w=0. One can easily show that ail,(w), for n>0 and 8 06 - 2 ’f 1
even, possess this property. = I -—— B}=-3 B,=-0.12
Let us discuss two interesting limiting cases. koK1, - | i
; 2 2 Y| 0.4
i.e., forgi=q3, the form factors behave as - ——— 4
e g2 T ]
— Aoy n?) 1 T
2\ SRV 21| 4~ pgo 2 o
Fpgx(Q% w)= \/562 fpl 1 1282(MF) le] 5
1, 12 ., 5 , wo=p’=Q°=25 GeV’
+z0®| 1+ = Ba(up) — 55B3(ue) fie -
5 7 D2HEIT pgn A HE 0 0.2 0.4 0.6 0.8 1
+0O(w*a?). (5.17 ®

Thus, the limiting value forw— 0 is sensitive to the form of FIG. 11. Predictions for they'g* transition form factor as a
the gluon distribution amplitude while it does not depend orfunction of  for two values ofQ?. The sShaded areas indicate the
the Gegenbauer coefficients of the quark one. This is to b&nge of predictions evaluated froB}(,.5) andB(s) inside the
contrasted with thePy* transition form factor which, ac- allowed region according to Fig. 3.
cording to Ref[13], is independent of both the quark and the .
gluonig Gegen[bagjer coeﬁfi)cients in the Iimjt—>g much smaller then the’g* one. The ratio of the two form
For w—+1, i.e., in the limit where one of the gluons factors F,q:(Q% w)/F 4+ (Q%w) is given by —tand;.
goes on shell, th@g transition form factor becomes This result offers a way to measure the angjeas has been
pointed out in Ref[16].

4\/§WQS(M§) Let us compare our results for thg g* transition form
BT — factors with those presented in R€f39,40. First we remark
Q that there is perfect agreement for the contribution from the
meson’sqqg; component. As for the contribution from the
gluonic component we differ by a factor 142 from Refs.
[39,40.* Furthermore, in Ref[40], there is an additional
factor of @ multiplying the gluonic term rendering it anti-
symmetric inw in conflict with Bose symmetry. We suspect
that a gluonic projector@e“mﬁqlaqzﬁle is used in Ref.
[40] which turns into~wef"” in a frame where the meson
moves along the 3-direction. This is in conflict with Egs.
(A12), (A13) except atw=1.

Fpg(Q%w=1)=

5
X fp| 1+ B3(1f) — 35B3(uf)
+0(a?), (5.18

where Q?=—q?(—q3) as in the electromagnetic case. In
Fig. 11 we display our predictions for the scalgtig* tran-
sition form factor evaluated from the distribution amplitudes
determined in Sec. IV, choosing?=u2=Q?. Given the
large difference in the magnitude Bf(«3) andBY(u3), see
Eq.(4.2), we observe a stron_g §en§itivity of tﬁ)@ trgnsition “We corrected a typo in Reff39] where only the case @f=1 has
form factors on the g!uon distribution amplitude in Cor]tr‘f"Stbeen dealt with—the relative sign between the contributions from
to the electromagnetic case. Due to the badly determineghe 1o Feynman diagrams shown in FighPshould be minus.
coefficientB3 the uncertainties in the predictions fBr,,g«+  Moreover, in this work Ohrndorf's resulfs] for the anomalous

are large. Because of the smallness of the mixing afigle  dimensions are used which are flawed while they have the same
see Eqs(3.3) and (3.4), the »g* transition form factor is normalization as in E¢(2.40.
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The origin of the missing factor 1/¢®) is not easy to the transition form factor data. Other hard exclusive reac-
discover since in Ref§39,4Q the form of the gluonic pro- tions which may be of relevance to our considerations are,
jector is not specified. Given the anomalous dimensiongor instance, the decay.;—##n,7n'n' [17,4] or B
quoted in Refs[39,40], which are the same as in E@.40,  _, 5()K*) [42]. Last but not least we would like to mention
this incriminated factor cannot be assigned to a particulaghat the two-gluon components of other flavor-neutral me-
normalization of the gluonic projector, E@2.41) must be  sons or even those of gluebalé3] can be studied in full
applied. On the other hand, using=1/(2\n; Cg) as the analogy to thep-n' case.
normalization of the gluonic projector, the results for the
transition form factors given in Ref§39,40 would be cor- ACKNOWLEDGMENTS
rect (ignoring the problem with the factap in Ref. [40]), ) ) ) )
provided the corresponding anomalous dimensions are ap- We wish to acknowledge discussions with M. Beneke, M.
plied, see Eq(2.36), and they differ from the ones quoted in Diehl, T. Feldmann, D. Miler, and A. Parkhomenko. Th|s
these papers. Hence, the quoted anomalous dimensions af@rk was supported by Deutsche Forschungs Gemeinschatft
the result for the gluon part of the hard-scattering amplitudéind partially supported by the Ministry of Science and Tech-
seem not to be in agreement. In REf3] the leading term of nology of the Republic of Croatia under Contract No.
the expansior(5.17) has been derived from the results pre- 0098002.
sented in Ref[40] and it therefore disagrees with our result.

APPENDIX A: DEFINITIONS OF MESON STATES
V1. SUMMARY AND DISTRIBUTION AMPLITUDES

In this work we have investigated the two-gluon Fock The flavor _content of_ th_e neutra}l pseudoscalar meson
components of the; and 7' mesons to leading-twist accu- states we are interested in, is taken into account by
racy. Since the integral over the gluon distribution amplitude
is zero, see Eq.2.4), there is no natural normalization of it wo'i(uﬁ— dd) — ¢ :i)\
in contrast to the case of tlgy distribution amplitudes. Any 2 3 J2 3
choice of this normalization goes along with corresponding
normalizations of the anomalous dimensions and the projec- o 1
tor of a two-gluon state onto a pseudoscalar meson. We have qgg: —=(uu+dd—2ss) — Cg=—=A\g, (A1)
set up a consistent set of conventions for the three quantities V6 V2
which is imperative for leading-twist calculations of hard
exclusive reactions involvingg and/or»’ mesons. We have N A —
also compared this set with other conventions to be found in aq.: ﬁ(uu+dd+s§) - Clz\/_n—lf-
the literature. f

As an application of the two-gluon components we havgynere ), are the usuaSU(3) Gell-Mann matrices and is
calculated the flavor-singlet part of they and 7'y transi- ¢ 3% 3 unit matrix. For the flavor-singlet state, we use the
tion form factors to NLO inas and explicitly shown the  general notatiofi4] in which the flavor content is expressed
cancellation of the collinear singularities present in the hardy, (erms ofn, which denotes the number of flavors contained
scattering amplitude with the UV one occurring in the un-;, qg: (n;=3 in our casg This simplifies the comparison
renormalized d|str|but|9n _amphtudes. Assuming particle 'N"with the results for kernels to be found in the literature.
dependence of the distribution amplitudes, we have em- As usual[2,44—-44 we define the distribution amplitudes

ployled. the} trﬁsults 'Tolglthgl t:‘zsl't'on gorcrintfactprsdl?h ANy a frame where the meson moves along the 3-direction.
analysis ot the avarable afd4,19 and determine ne Neglecting the meson’s mass its momentum reads
Gegenbauer coefficients to order 2 for the three remain-

ing distribution amplitpdes, the flavor octet, si_nglet anq p=[p*,00,], (A2)
gluon one. The numerical results for the distribution ampli-

tudes quoted forr = \n;/C are in agreement with the quark where we use light-cone coordinates=[v*,v~,v, ] with

flavor mixing scheme proposed in R¢L6]. v =(v°*+v3)//2 for any four vectow.> We also introduce
The value for the lowest order gluonic Gegenbauer coefy |ightlike vector

ficient is subject to a rather large error since the contributions

from the two-gluon Fock components to the transition form n=[0,10, ], (A3)
factors are suppressed la; as compared to thgq contri-

butions. This suppression does not necessarily occur in othevhich defines the plus component of a veatdr=n-v. The
hard exclusive reactions; examples of such reactions, dissonstituents of the meson, quarks or gluons, carry the frac-
cussed by us briefly, are deeply virtual and wide-angle elections u and 1-u of the light-cone plus components of the
troproduction ofy or " mesons as well as trg g* (') meson’s momentum.

vertex. The latter two reactions, as it has turned out, are

actually quite sensitive to the two-gluon components and fu=————

ture data for them should allow to pin down the gluon dis- SDifferent conventions for the light-cone components are dis-
tribution amplitude more precisely than it is possible fromcussed in Ref[47].
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The distribution amplitudes are defined by Fourier trans-

forms of hadronic matrix elements

fi
%(ubﬁ bpi(u)

— f 92 pu-a-unpez

2
— nys
X(0|¥(-2)C N QW (2)|P(p)), (A4)
and
i
Dpg(u)= 202N, $pgy(U)
2 dz= . n,n
= = ailu=(1-ulpz AV
(n-p)f 2w © NZ—1
X(0|G**(~2)0G " (2)|P(p)),  (A5)

wherez=[0,2",0, ].
Here, ¥ denotes a quark field operatdg”” the gluon
field strength tensor, an@*” its dual

o L
Grr=3 e G, . (A6)

The quark and gluon operators in E¢&4), (A5) are under-
stood as color summed. The path-ordered factor

1
Qzexp{ igf dsA(zs)~z],
-1

whereA is the gluon field, rendergp; and ¢p4 gauge in-
variant. The distribution amplitudes in Eq#4), (A5) rep-
resent either the unrenormalized oresp 4(u)] if defined

(A7)

in terms of unrenormalized quark or gluonic composite op
erators or the renormalized one. In the latter case the distr

bution amplitudes are scale dependgmi,g(u,ﬂz)]. The

distribution amplitudes defined above satisfy the symmetr

relations
bp1dU,u®)=dprd1—u,u?),
Ppg(U,u?)=— dpg(1—u,u?). (A8)

The definitions of the distribution amplitudés4) and (A5)
can be inverted to

(0¥ (- 2)CihysQ¥ (2)|P)
. 1 .
=in-p f'pJO du e '@ P zgo(u)  (A9)

and

PHWBICAL REVIEW D 67, 054017 (2003
n,n,(0|G**(—2)QG,"(2)|P)

1 1 .
=§(n~p)2JC_pf.%f0du e (@ Dpzg (u).

(A10)

The projection of a collineaqq state onto a pseudoscalar
meson state is achieved by replacing the quark and antiquark
spinors [normalized asu®(p,\)u(p,\')=+2n-péd,,.] by

(2]

(A11)

iq =C ﬂ ’)’le)
afB,rs,kl |,rs\/N—C \/E aﬁ,

wherea (r, k) and B (s, |) represent Diradflavor, colop
labels of the quark and antiquark, respectively. When calcu-
lating amplitudes, the projectqAll) leads to traces. The
projector holds for both incoming and outgoing states and
corresponds to the definition of the the quark distribution
amplitudes(A4). It is to be used in calculations of hard-
scattering amplitudes which are to be convoluted with
1/ (242N,) ¢p; subsequently.

The form of the projection of gg state on a pseudoscalar
state with momentunp can be deduced by noting that the
helicity zero combination of transversal gluon polarization
vectorse* can be written a§48]

e*(up,\) e’ ((1—-u)p,—N)—€e“(up,—N)e"((1—-u)p,\)
=isgn(\)el”, (A12)

where e1?=—g%'=1 while all other components of the
transverse polarization tensor are zero. It can be expressed by

Ps

na
ght?=ghrab o 0 (A13)
Instead ofn any other four vector can be used in E413)
that has a nonzero minus and a vanishing transverse compo-
nent. The projector of an state of two incoming collinear

gluons of colora andb and Lorentz indiceg and v, asso-
ciated with the momentum fractionsand (1—u), respec-

>}ively, onto a pseudoscalar meson state reads

,Pg 5ab Eluv

[
wrab=2 NZ—1u(l-u)’

The complex conjugated expression is to be taken for an
outcominggg state. The projector is to be used along with
the distribution amplitudeip/(22N,) ¢py. The additional
factor [u(1—u)] ! appearing as part of the projector, is a
consequence of the fact that in perturbative calculations of
reactions involving two-gluon Fock components, the poten-
tial A of the gluon field occurs, while the gluon distribution
amplitude is defined in terms of the gluon field strength op-
erator, see EqAS). The conversion from a matrix element
of field strength tensoréA10) to one of potentials is given
by [32,49

(A14)
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1
(0|A*(=2)A(2)|P)= 7 o7#\Cr 1 %%—— %T 2
% prg) §
Sk B
Xfldu e—i(2u—1)p-z¢L(u). \/\/\N\/\s@ WAAAN AAAAN 3
0 u(l-u

FIG. 12. Sample NLO Feynman diagrams contributing to the
(A15) v* y—qq amplitude.
The gluonic projectorfAl4) is obtained(up to the factor
[_u(l—u)]‘1 gxplained aboveby the coupling of two col- ag(pu?)=
linear gluons into a colorless pseudoscalar state. In the con-
text of mixing under evolution another normalization of it .
appears to be more appropriate, see @ail). This normal- and for theg function
ization is accompanied by corresponding changes in the
gluon distribution amplitudebp, and the anomalous dimen- o N 2 O 2
sions, as is discussed in detail in Sec. II. Blas(n?),€)=p 9 7 as(p)

For Levi-Civita tensor we use the convention

2\ €

% a(pd[1+0(a] (B

2 2
ag(pn®)
80123: -1, (A16) == 6“5(1“‘2) - 5477 ,80. (BZ)
which leads to The usual renormalization group coefficient is given by
. 11 2
Tl ysy*y "y yP1=4ieh"F (A17) Bo=7Ne—3Ns. (B3)
with ys=i7y%y1y%y%).
( Y=Yy YY) 1. Amplitudes

The amplitudeyy— qq denoted byT ;¢ (examples of con-
tributing Feynman diagrams are depicted in Fig) fids the
structure already quoted in E.15 where

In this appendix, we provide some details of the calcula-
tion of the evolution kernels and the hard scattering ampli- TO(U)= L }
tude for the flavor-singlet contribution to tHey transition qa 1-u u’
form factor. These quantities can, in principle, be taken from
the literature(see, e.g., Ref$4,7] and[50]°) but the conven- o -1 1) (1)
tions and notations differ. However, since it is imperative to Tga(u)= TAcol,qﬁ(uHAqﬁ(“)' (B4)
use a consistent set of conventions for the hard scattering
amplitude and the distribution amplitudes, we recalculaterhe functionsA read
them. In doing so we follow closely Ref12]. Dimensional
regularization inD =4—2e dimensions is used to regularize

APPENDIX B: THE Py TRANSITION FORM FACTOR—
DETAILS OF THE CALCULATION

UV and collinear singularities which appear when calculat- AL ga(W) = T3 2n1-wl+(u=1-u),

ing the one-loop diagrams. According [tb2], the ys prob-

lem, i.e, the ambiguity which enters the calculation due to 1 1—u

the presence of ongs matrix and the use of dimensional A= 1ol =9~ Tln(l—u)+ln2(1—u)
regularization method, is resolved by matching the results for

the hard-scattering part with the results for the perturbatively +(u—1—u). (B5)

calculable part of the distribution amplitude, since the physi-

cal form factor is free of ambiguity. We employ thdS  In obtaining the above results the projectérll) is em-

coupling constant renormalization along the same lines as ifloyed. The results for the flavor-octet and singlet cases dif-

Ref.[12]. We note in passing, that as long as the singularitieder only in the flavor factorgsee Eqs(2.17) and (2.44)].

are not fully removed from the amplitudes, the following  Next, we calculate the amplitudg, for the subprocess

relations are to be used for the change of the scale of the* y—gg. The appropriate gluonic projector is the complex

coupling constant: conjugate of Eq(A14). For the case of the transition form
factor we can work in a Breit frame where the momentum of
the real photong,, is proportional to the vectar from Eq.

8n Ref. [50] the NLO corrections to the deeply virtual Compton (A3), and can therefore be employed in E413). There are

amplitudey* p— y* p have been calculated. In the limiting case of Six one-loop diagrams that contribute to this subprocess am-

zero skewness the Compton amplitude is related to our process tplitude. Three representative diagrantsl( G2, G3) are

crossing. shown in Fig. 13. The other three reduce to the first three
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FIG. 13. Distinct one-loop Feynman diagrams contributing to D1 D2
the y* y—gg amplitude. Other contributing diagrams are obtained
from these by reversing the direction of the fermion flow in the  FIG. 14. LO Feynman diagrams that contribute&gg. The

loops. crossed circle denotes the vertex(6fW (—z)Cifys /2N W (2).

ones by reversing the direction of the fermion flow in the  The calculation of the matrix elemet, proceeds along

loop. Moreover, it is easy to see that the same lines as indicated for the flavor-octet case in Ref.
[12] and the contributing diagrams are displayed there. The

Tgo=—Tgi(u—1—u). (B6) respective kerneV, reads
Thus, one has only to calculate the contributions from the 1 u—1-u
diagramsG1 andG3. Vaq(U,v) = 2CF o @@—w+ L )
The complete unrenormalized NLO contribution is the +
sum of individual contributions in which, expectedly, the UV (B10)

singularities cancel. The hard-scattering amplltl]'q,g has

the structure quoted in E¢2.15 whereT(l) is given by where the usual plus distribution is defined as

1
{F(u,v)} EF(U,U)-&(U—U)J dz Kzyv). (B11)
T ()= —A(Ca’gg(u)+¢4(glg)(u). (B7) i 0
This result also holds for the flavor-octet case.
We proceed to the evaluation &@f, or ratherVyq. Ac-
cording to the definition of theq; distribution amplitude,

The functionsA read

1) 1 the matrix element that is of interest here, is given ky (
Aol gg(W) =2 Eln(l—u)—(u—&—u) , =[0z7,0,])
AW 2 ¢ g<u)=fdzi_ei<2ul>v-z
(U) m (3— a)ln(l—u) ™

— )
X(0|W(—2)C; 7o

V2N,

Q¥ (z)|gg). (B12)

1-u
+Wln (1-u)—(u—1-u)|. (B8)

The relevant Feynman diagrams for the calculatior{z&gg

are depicted in Fig. 14. Theq vertex, ®, is of the form
For the calculation of the renormalization matiéx re- [12,45

spectiveV(®) in Eq. (2.13 we utilize the method proposed in

Refs.[12,45 of saturating the mesonic state by its valence

Fock component$2.1) which leads to

<0Ia1;v|P>)
(9g;v|P)

2. Kernels

1,
St

wherek represents the momentum of the quark entering the
circle. The verteXB13) occurs also in the calculation of the

The elements of the matr& are defined as in EqéA4) and Pqq Whgre thg LO COﬂtribgtion is obtained by contracting the

(A5) with the replacement ofP) by |ga;) and|gg). They vertex just with thegq projector(All) and, hence, one ob-

are thus perturbatively calculable and determine the matrif@ins dqq(u,v)=8(u—v) as it should bdsee Eq(2.13].

Z. Due to the presence of only ong matrix, we are con-
fronted with theys problem, as in the calculation fg.
When using the naiveys scheme, in which theys matrix

"Making use of the crossing relations, it can be shown that thd€tains its anticommuting properties D dimensions, we
functions(B5) and (B8) are in agreement with the coefficient func- obtain three different results depending on the positiofy0f
tions for the Compton amplitude quoted in RES0]. inside the trace

> S(un-p—n-k), (B13

(B9)

DY (u)=—id(u,v)®
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p ul(O(-u 2u—-1
$qg,01(U0) Vgg(U,v)=2N¢{ — ( ( )) + O(v—-u)
o [ (4m)2 dP| 1 A
- anC':4_S —| u? f D 124:.2 u—1l-u
™ I (2m)° (I°+i7n)
+ + Bod(u—v). (B20)
v—1-v
u (1-u)
X|=0@-u)— ;O(U—v)+ ) o i
v (1-v) 1-el2 Since, except of the normalization, there is general agree-
) ment in the literature on these kernels, see, e.g. Réfg],
(1-u we quote them without giving any detail of their calculation.
Xd v2(1-v) O-u+ v(l—v)2®(u_v) ’ Finally, we comment on an alternative definition of the gluon

distribution amplitude which one occasionally encounters in
(B14)  the literature. In that definition the factu(1—u)] ! is
included in ¢pq instead in thegg projector(Al4). The re-
where sults for Tyq (B7), (B8) will, hence, be multiplied byu(1
—u), while the kernels take the form

se{—(2v—-1),—-1,1}. (B15)
Vyq v(l—v)
: _ Vag—Vag(1=0v), Vgq— u(l-u)’ Vgg_’Vggu(l_u)-
The loop integral can be worked out analyticilgnd we (B21)

refer to Ref[12] for the result.

One can easily see that The result for the transition form factor, as for any other

physical quantity, is, obviously, invariant under the redefini-

'&qg,Dz(u,v): —qug,m(u,l—v) (B16)  tion of the gluon distribution amplitude.
and finally APPENDIX C: SOME PROPERTIES
OF THE EVOLUTION KERNEL
Dag(U,0) = bggp1(U,v) — dggpi(U,l-v). (BL7) It is easy to verify that the evolution kerne(B10) and

Egs.(B18)—(B20) satisfy the symmetry relations

The kernelV is a residue of the UV singularity embodied
in the loop integral appearing in E4B14) and, hence, is
related to the term multiplying the integral in EB14).

v(1=v)Vgq(U,v)=U(1l—=Uu)Vgqy(v,u),

Since the term proportional té is finite [~ e(1/€)], it does vA(1-0)*Vgg(u,v) =U*(1—u)*Vgg(v,u),

not contribute toV,,. Moreover, since?ﬁqg being antisym-

metric under the replacement ofby 1—v, is to be convo- V(1= 0)?Vqg(U,v) =U(1=U)Vgq(v,u).

luted with the matrix elementgg|P) [see Eq(B9)], which (CY

has the same symmetry properties as the full gluon distribu- ) )
tion amplitude [see Eq.(A8)], one can replace?;&qg by The kernelsV;;, convoluted with the weighted Gegenbauer

. b - _
%g(U.v)ZZ?&qg,m(U,v) in order to obtain a more compact polynomialsC,' of orderm=23/2,5/2, result in

representation of the kernel qu(u,v)®v(1—v)Cn3’2(Zv ~1)

u u—1l-u — .49 . 3/2 _
Vgg(U,v)=—2n;C¢ 17®(v_u)_<v—>l—v>]' Yn U(l-u)C(2v - 1),
(B18) Vqo(U,0)@03(1—0)2C2 (20 —1)
The set of LO evolution kernels is completed by =y3%u(1-u)C¥2v 1),
u2 u—1-u Vgq(U,0)®v(1-0v)CYA2v - 1)
Vgo(U,0)=2yniCe} —O(v—u)— ,
v v—1-v
(B19) =y99u(1—-u)2C?,(2v-1),

_ _ o _ Vgo(U,0)®v2(1—0)2C3% (20 —1)
8The treatment of the integral in EB14) was explained in detail

in Ref.[12]. The crucial point is to retain a distinction between UV 99,2 > 52
and collinear singularities. =Yn U(1-u)°Cr%, (20 —-1). (C2
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The factors on the right hand side of BE&2) multiplying

PHYSICAL REVIEW D 67, 054017 (2003

represent the normalization constants of the corresponding

the Gegenbauer polynomials are the anomalous dimension&egenbauer polynomials

The results quoted for them in ER.28 can be read off
from Eq. (C2) (for a detailed discussion see R§T)). Fi-

nally, we mention that the off-diagonal anomalous dimen-

sions in Eq.(2.28 satisfy the relation

,ygg anizl
NTRENEL) (€3
Yn' Np
where

(n+1)(n+2)

3/2__

" 4(2n+3) (C4
n(n+3)

Nﬁ’fl=—36 N2, (C5)

1
f duu(1-u)C242u-1)C¥2u—1)=N3¥?5,,,
0

1
fo du P(1-u)?Cyq2u—1)C42u—1)=N%5,,.
(C6)

Throughout the paper we investigate only the LO behavior of
the evolution kernels and corresponding anomalous dimen-
sions. Beyond leading order, the relations corresponding to
Egs.(C2) and(C3) get modified due to mixing of conformal
operators starting at NL@see, for example, Ref51]).
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