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Next-to-leading order corrections in
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Abstract

We analyze in detail the size of next-to-leading order corrections to hard exclusive meson
production within the collinear factorization approach. Corrections to the cross section
are found to be huge at small g and substantial in typical fixed-target kinematics. With
the models we take for nucleon helicity-flip distributions, the transverse target polarization
asymmetry in vector meson production is strongly affected by radiative corrections, except
at large xp. Its overall size is very small for p production but can be large in the w channel.
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1 Introduction

Generalized parton distributions (GPDs) have developed into a versatile tool to quantify important
aspects of hadron structure in QCD. In particular they contain unique information on the transverse
spatial distribution of partons [I] and on spin-orbit effects and orbital angular momentum inside
the nucleon [2| 3]. Deeply virtual Compton scattering is widely recognized as the process providing
the theoretically cleanest access to GPDs, with a wealth of observables calculable in the large Q?
limit [4] and with the calculation of the hard-scattering subprocess now pushed to next-to-next-to-
leading order (NNLO) accuracy in a; [5]. A quantitative theoretical description of exclusive meson
production remains a challenge. It would offer the possibility to obtain important complementary
information, difficult to obtain from Compton scattering alone. Perhaps most importantly, vector
meson production is directly sensitive to gluon distributions, which in the Compton process are «y
suppressed relative to quark distributions and only accessible through scaling violation (just as in
the well-known case of inclusive deep inelastic scattering). Given in addition the large number of
channels that can be studied and the wealth of high-quality data in a wide range of kinematics from
collider to fixed-target energies [0, [7], it should be worthwhile to try and push the theory description
of exclusive meson production as far as possible.

In this work we study the exclusive production of light mesons at large photon virtuality
within the framework of collinear factorization [§]. In Bjorken kinematics, the process amplitude can
be approximated by the convolution of hard-scattering kernels with generalized parton distributions
and the quark-antiquark distribution amplitude of the produced meson. The hard-scattering kernels
have been calculated to O(a?), i.e. to next-to-leading order (NLO) accuracy [9} 10, [I1]. The aim of
the present paper is to investigate in some detail the size of the NLO corrections compared with the
leading-order (LO) results, on which phenomenological studies have so far relied.

The collinear factorization approach provides an approximation of the leading helicity amplitudes
for meson production in the Bjorken limit, up to relative corrections of order 1/Q?. These power
corrections cannot be calculated systematically (and in fact the derivation [§] of the factorization
theorem suggests that these corrections do not all factorize into hard-scattering kernels and nonper-
turbative quantities pertaining to either the nucleon or the produced meson). One particular source
of power corrections can however readily be identified, namely the effect of the transverse momentum
of partons entering the hard-scattering subprocess, which in the collinear approximation is neglected
in the calculation of the hard-scattering kernel. A number of approaches include these kr effects,
in particular the studies in [12, 13] based on the modified hard-scattering formalism of Sterman et
al. [14], and calculations like [I5] which are based on the color dipole formulation. In the work by
Martin, Ryskin and Teubner [I6], parton-hadron duality is used to model the meson formation and
thus the transverse momentum of the hadronizing quarks is included in the calculation, whereas the
transverse momentum of gluons in the proton is treated within high-energy kr factorization. The
studies just quoted agree in that transverse momentum effects result in substantial power corrections
to the collinear approximation for Q% up to several GeV2. Unfortunately, the calculation of full
NLO corrections in a; remains not only a practical but also a conceptual challenge in all of these
approaches, so that the perturbative stability of their results cannot be investigated at present. (The
approach of Sterman et al. takes partial account of radiative corrections, resumming a certain class
of them into Sudakov form factors.)

A consistent simultaneous treatment of radiative and power corrections being out of reach at
this time, a possible strategy is to study the NLO corrections in the collinear approximation and in
particular to identify kinematical regions where these corrections are moderate or small. There one
can then use with greater confidence formulations incorporating power corrections. In this spirit the
present investigation should be understood. We will study both the cross section for meson production



from an unpolarized target and the transverse target polarization asymmetry. This asymmetry is one
of the few observables sensitive to the nucleon helicity-flip distributions (in particular for gluons) and
hence to the spin-orbit and orbital angular momentum effects mentioned above. We will in particular
see whether corrections tend to cancel in this polarization asymmetry, as is often assumed.

In the bulk of this paper we concentrate on the production of vector mesons. In Sect. 2] we set up
our notation and recall important properties of the hard-scattering kernels at NLO, as well as giving
a one-variable representation of these kernels after Gegenbauer expansion of the meson distribution
amplitude. In Sect. 3l we specify the model of the generalized parton distributions H and F we use for
our numerical studies. The size of radiative corrections involving convolutions with distributions H
is then studied in Sects. M and [l for small and large x5, respectively, and the convolutions involving
distributions E are quantified in Sect.[6l In Sect. [l we then look at the NLO corrections at the level of
the observable cross section and polarization asymmetry. A brief study of exclusive pion production
in Sect. [§ complements our work, and in Sect. [l we summarize our main findings. A number of more
lengthy formulae is collected in appendices.

2 Hard-scattering kernels

In the main part of this paper we are concerned with exclusive production of a vector meson

v (q) +p(p) = V(d) +p() (1)

in the limit of large Q% = —¢? at fixed Bjorken variable zp = Q?/(2p - q) and fixed t = (p — p')%. To
leading order in 1/@Q), the amplitude for longitudinal polarization of photon and meson can be written
as

1
M= 22251\?—0{ Qva/ dz ¢y (2 )/_ldm {Tg(zaﬂﬂ,f)Fg(ﬂﬂ,f,t)

+nif[T(zxg) To(z,—2,8)| F¥(3,6,1) + Ty(2,2,) FS (,€, 1)

+e? [1uz,0,6) = Tz, —0,0)] [P .6,0) ~ O 6,)

el |Ta(2,2,6) = Tulz, —2,6)| [F*D(,¢,8) + FIO (@,¢,1) - 2P°F (xft)]} (2)

with Z =1 — 2z, N, = 3, and the electromagnetic fine structure constant «. Throughout this paper
we work with ny = 3 active quark flavors. The proton matrix elements F' are parameterized by
generalized parton distributions,

1
(p+p)-n
for quarks and gluons, where we use the conventions of [I7]. Here n is a light-like auxiliary vector,

¢ = x/(2 — zp) is the skewness variable, and m, denotes the nucleon mass. We have further
introduced the combination

ic%Bn,(p' —
FO9(a,6,1) = [Hq’g(x,g,ﬂa(p')m(p)+Eq’g(x,£,t)a(p') (P p)ﬁu(w] 3)

2my

Fq(+)(,’1:,£,t) = Fq(x,f,t) - Fq(—,’l,‘,g,t) (4)

with positive charge conjugation parity. In (2) we have arranged the terms containing quark distri-
butions into the flavor singlet

FS = pul) 4 pd) 4 ps(+) (5)



Figure 1: Example graphs for the hard-scattering kernels 7;, T, and T, at order o?.

and the flavor triplet and octet combinations, Fu(+) — Fd(+) and Fu(t) 4 pd+) —2Fs(+) The factors

szﬁa szﬁa Qq&:_% (6)
and
3 8
623)2628)26&8):%, 6&3):%, e((p)zo, e((p):—% (7)
correspond to a respective flavor content
()~ ldd)), L (few) + |dd)),  |s3) ®)

of the p, w and ¢. The meson distribution amplitudes ¢y (z) are normalized as fol dz ¢y (z) = 1, and
the decay constants have the values f, = 209 MeV, f, = 187TMeV, fy = 221 MeV [I§]. We finally
have hard-scattering kernels in (2]), where T, goes with gluon and T,, T, go with quark distributions
in the proton. In the graphs for 7T, quark lines connect the proton and meson side, whereas in the
graphs for T}, the proton and meson side are only connected by gluon lines. T}, thus starts at order o
and only goes with the quark singlet distribution F°. Example graphs for the three kernels at NLO
are shown in Fig. [l We will refer to T,, Tj, T} as the gluon, the quark non-singlet, and the pure
quark singlet kernel, respectively.

For better legibility we have not displayed the dependence on the renormalization and factorization
scales in (2)). The renormalization scale up appears as argument of s and through explicit logarithms
in the hard-scattering kernels T'. The kernels further contain logarithms of the respective factorization
scales up4 and pugpp for the meson distribution amplitude and the generalized parton distributions.
The NLO kernels in [I0} 11] are given for a common factorization scale up = upa = pepp. We can
restore the individual logarithms of up4 and pugpp from the requirement that within the calculated
precision the process amplitude (2)) must be independent of these scales. As an example consider the
term

d

1
4 / dz by (23 10 a) Ta(Z 2, €5 s () fos G2 D i A Q)
dlnps . Jo

! d
= / dz [72 ¢>V(Z;MDA)] To(z,2,& as(kr), LR, LGPD, DA, Q)
0 dlnpgy

1
T /0 dz by (2 ipa) [L

2 Ta(i,x,f; as(,UfR),,U«R,MGPD,,U«DA, Q) ) (9)
dlnpgy

where the scale dependence of ¢y (z;upa) is given by the ERBL evolution equation [19]. At lead-
ing order this gives a term d/d(Inp%, ,) ¢v(2;upa) of order as, whose convolution with the O(«;)



part of T, must cancel against the contribution from explicit logarithms of up4 in the O(a?) part
of T,. An analogous argument holds for the dependence on ugpp, with the complication that
the gluon and quark singlet distributions mix under evolution. More precisely, the convolution of
d/d(Inppp) FS (7, €, t; pepp) with the O(a;) part of T, cancels at O(a?) against the contributions
from logarithms of ugpp in T, and in Tj,. Likewise, the convolution of d/d(InpZpp) F9(z,&,t; uapn)
with the Born term of T}, cancels at O(«?) against the contributions from logarithms of uepp in T}
and in the pure singlet kernel T;. We have explicitly checked that the scale dependence of the hard-
scattering kernels given in [I1] cancels in the process amplitude (2]) as just described, using the LO
evolution equations for GPDs given in App.
Separating the up4 and pgpp dependence, we can write the kernels as

B ¢ 1 Qg {—x
Tg(z,x, )——O{s (g—x—ze)(g—i—x—ze)5[14_@1—9(2’?)],

Ty(z,z,8) = C a—giIb<z,§_—x),

8T 2z 2£
_ i 1 Qs _&—7
To(Z,2,8) = CFasg_ —ie%[ +EIa(z, % )] (10)
with
g,y y 7 Q?
Ty(z,y) = [20,4 <— + t) (ylny +§lng) — Cr (j Iny + —lngj)] In ——
y oy Yy Yy HapD
'u2 QZ
+ Ay ln 2R +CF(3+2zln2+221nz)ln2—+ICg(z,y),
Kapp Fpa
In Iny 2
Te) =2 - ) (L + 20 ki) (1)
Yy Yy KGapPp
and
5 2 2 2
Zo(v,u) = By <— — In(vu) — In Q—2> +Cr (3+2Inu)ln 2Q + Cr (3+21nv) ln%—
3 KR Fapp Fpa
+ ’Ca(vv u)? (12)
where § = 1 — y and we use the standard notation
N2 -1 11 2
= =N,, =—N,—-ny. 1
Cr ON, Ca Bo 3 3" (13)

The functions Ky, Kp, and K, are independent of ()? and the renormalization and factorization scales.
They contain factors Cg or C'4 but not 3y. Their expressions can be found in [11], taking into account
that the kernels 7, and T} here are denoted by T and T{,) there, and that

- Cras

O
= |:1 + — Ia(?), U)] ) Y ‘[11} =Y ‘here : (14)
here

T
(v,u) ] 4ou 47

Note that the pure singlet kernel T} does not contain logarithms of up4 and g at O(a?), since there
is no Born level contribution against which they could cancel in the scale dependence of the process
amplitude. There is however a logarithm of g pp, since the corresponding derivative of the Born level



convolution of T, with F9 contains a term going with the quark singlet distribution FS, as already
mentioned after ().

The kernels in (I0) have singularities for real-valued arguments. One readily finds that z/{ =
(5 —4)/Q?, where 5 and @ are the Mandelstam variables for the parton-level subprocess v*q — (qq)q
or v*g — (qd)g. The prescriptions § + ie for the §-channel and 4 + ie for the d-channel singularities
thus instruct us to take z 4 ie for x > 0 and z — ie for £ < 0. Correspondingly, the second argument
(& —x)/(28) of Iy, T, and 7, must be taken with —ie for z > 0 and +ie for z < 0. In Ty (2, —z,£) the
second argument of Z, is (£ + z)/(2£), which has to be taken with —ie for z < 0 and +ie for z > 0.
We remark that, as it is written, the ie prescription in [I1] for the gluon and the pure singlet kernel
is correct for > 0 but incorrect for z < 0. Likewise, the prescription given in [10} 1I] for the quark
non-singlet kernel is correct for > 0 if the corresponding argument is (£ — z)/(2¢) and for z < 0 if
the argument is (£ + z)/(2¢), but incorrect in the other cases

2.1 Gegenbauer expansion

Let us expand the meson distribution amplitude on Gegenbauer polynomials,
dv(z;p) =62(1 — 2) Zan ) C32(22 — 1), (15)

where ap = 1 according to the normalization condition fo dz ¢y (z) = 1. To leading order, the
Gegenbauer coefficients evolve as

a n/Bo
o) = anlpn) (220) (16

with anomalous dimensions

Y% =0, v =2 Cp, v =% Cr, (17)

where a;(u) is the running coupling at one-loop accuracy. One has vy, ~ 4CF In(n+ 1) within at most
6% for all n. For V = p,w, ¢ only coefficients a,, with even n are nonzero due to charge conjugation
invariance, and in all subsequent expressions of this paper we consider n to be even. Calculations of
the distribution amplitudes in models or on the lattice typically give values for the first or the first
two nonvanishing moments, see e.g. [20] 21l 22], so that a truncated version of the expansion (I5) is
very often used in phenomenological studies. Convolution with individual terms in (&) also allows
us to reduce the hard-scattering kernels for meson production to functions of a single longitudinal
variable. More precisely, we can rewrite the process amplitude (2]) as

omV/Ara
M= ng\;m Qv fv Z a [fg + FS@ 4 7SO 4 P FO) 4 o) FE) (18)
n=0
with convolutions in z
1 1
ﬁz/dﬂh@owwam ﬁ@z/dﬂuwaﬂwam
—1 -1

750 = [ o [onte) - 0] 1 P60,

79 = [ e [Tun(0.9) - Tun(-2,0)] [F*O0.6.0 = PO ,6,0)],

'We thank Dima Ivanov for discussions on this point. The numerical results in [IT] were obtained with the correct
prescription.



FO = [ [Tan,) - Ton(2,8)] [P 060) 4 PO, 60 20D we 0], (19)

-1

which depend on ¢ and t, and logarithmically on Q% and on the factorization and renormalization
scales. At order a? the dependence on pp and on pp4 cancels in each separate convolution, while the
dependence on pgpp cancels in F(3) and F®) and in the sum FJ + F7(® 4 F2®) a5 discussed after
@). In analogy to (I9) we define convolutions # and &£ for the individual distributions H and F in
@). The kernels Ty ,,, Ty n, Tpn are obtained from T, Ty, T, by multiplying with 62(1—z) C3/2(22-1)
and integrating over z. For n = 0 we find

B 2¢ Qg {—w
Ton(w8) = =80 e e o i) [1 T fon (Yﬂ ’

o _
Tyn(z, &) = 3CF % — o <§2—£$> ,

_ 3 As {—x
Ton(z,8) = —=3CF m [1 + I tan (—>] (20)

with

1 2 2
tgoly) = [QCA(yZ-i-y) Cr y] nyl @ —|—ﬁ0 In—HR

Y N%;PD 2 N%;PD
5 1 In?
+CF[——+<t+1—4y>lny—y4
2 ] 2 9

. . . 7T2
—2(y —y)Lixy — 4yy(3L13y —Iny Lipy — Flnyﬂ

6 1 .
+Ca [— (;—8@/) Iny + (;—2y> 1n2y+2(ﬂ—y)L12@?] +1{y — 7},

Iny Q? ~ In?y . _
tals) =205 = 1) =2 2 —3) 4 =) =L b aLiay — 5},
Yy 'uGPD Y
1 2 2 1
ta,0(y) = Bo [—g—lny an—] +CF[(3—|—21ny) In Q _T <——3> lny—i—any]
6 W wepp 6 Y

1
+ (2CFr — Cy) {‘g —4(2—3y)Ing +2(1 — 6y) Iny + 4(1 — 3y) (Livy — Lis 7)

2

+2(1 — 6yy) [3(Ligy +Lizy) —lny Livy —Iny Liry — % (Iny +lny)] } . (21)

The corresponding kernels for n = 2 and n = 4 are given in App. Bl The ie prescription to be used
in (20) is the same as specified at the end of the previous subsection. This implies that in t,,(y),
thn(y)s tan(y) and tq,(7) one has to take In(y — i), Liz(y + i€) and Liz(g + i€) for y < 0. For the
gluon and pure singlet kernel, which dominate in process amplitudes at small £, we have in particular

Q2

“GPD

1 1
- Imtgo(y) = — [2CA (y2 + QQ) - CFy] 5 In

1 —yln(— . 2
_CF[1_4y+w+2(g—y)lngj+2yg <1n2§+2L12y+%>]
3 1 _ _
+2CA[§ — 4y — (5 —2y> In(—y) + (7 —y) lny],

8



1 2
—Imtyo(y) =2 vy 3—In(—y) —In "— Q +4Iny (22)
s

Y HEpD

in the region y < 0. In the limit y — 0 all three expressions in (2I]) contain singular terms proportional
to Iny and In?y. For the convolution (I8) we should however consider (yg) 'ty (y), ¥~ 'tan(y) and
§ " tan(y) according to ([20). With the appropriate ie prescription, these kernels contain terms which
for y — 0 go like (y — ie) ' In™(y — i€), where m = 0, 1, 2.

3 Model for the unpolarized GPDs

It is difficult to study the impact of NLO corrections at the level of the hard-scattering kernels given
in the previous subsection, especially since they are not smooth functions but distributions with
singularities at y = 0. We will therefore use model GPDs to investigate the radiative corrections at
the level of the convolution integrals (I9)). The aim of this work is not a systematic improvement of
existing models, nor a detailed exploration of model uncertainties on observables in exclusive meson
production. We do however require that the models we use are consistent with known theoretical
requirements and basic phenomenological constraints.

For H? and HY we adopt the widely used ansatz of [26], 27] based on double distributions, where
a ¢ dependence is generated according to

18]
HY) (2, ,1) = /dﬁ/1 dat 3 — B — £0) K (8, 0) HIH) (8,0,1),

1+|8
HO (5,6, 1) / a8 /11 ™ e (o — = £0) KO (8, ) 9 (5,0, (23)
+18
with ) o1
h®) (B,a) = 22br+(12I{)2?;,272 1) [(1(1__|B|g|)2_b+oi | : (24)
The distributions at zero skewness are taken as
H' ) (2,0,1) = gy(w) exp[tfo, ()] + 20(w) exp [t f4(2)] ,
HI(z,0,t) = zg(z) exp [tfg(x)] (25)

for x > 0, with the values for z < 0 following from the symmetry properties of the distributions. Here
av(x) = q(z) — G(x), G(x) and g(z) are the usual unpolarized densities for valence quarks, antiquarks
and gluons, for which we take the CTEQ6M parameterization [29]. This parameterization has an
identical strange and antistrange sea, so that s,(xz) = 0. The ansatz (23] is taken at a starting scale
po and then evolved with the LO evolution equations given in App. For the studies in Sects. (]
and Bl we take pg = 1.3 GeV, which is the starting scale of evolution for the CTEQ6M densities. In
Sects. [0l and [ we will instead take pg = 2 GeV, since this will allow us to use the results for the ¢
dependence of valence distributions obtained in [28].

For the ¢ dependence in the ansatz (23) we follow the modeling strategy of [27] and take an
exponential behavior in ¢ with an z dependent slope. For valence quarks we take the slope functions

Fanw) = (1 = )" I+ + By, (1= 2)° + Ag,a(1 - )’ (26)

with parameters o/, = 0.9 GeV 2 and



Ay, = 1.26GeV 2, B,, =0.59GeV 2,
Ay, = 3.82GeV ™2, By, = 0.32GeV ™2, (27)

from [28]. We recall the sum rule

1 1
Fi(t) = / e (a0, = /0 4z gu (@) exp|tfy, (z)] (28)

from which one obtains the electromagnetic Dirac form factors of proton and neutron by appropriate
quark flavor combinations. Together with the CTEQ6M distributions at pg = 2 GeV, the ansatz in
([26)) and (27) gives a good description of the data for these form factors. For gluons we take a slightly
simpler form than (26]) and set

1
fo(m) = afy(1 — x)° ln;—i—Bg(l—x)Q. (29)

For the parameters we take
aj = 0.164GeV 2, B, =1.2GeV ? (30)

so as to match recent H1 data on J/¥ photoproduction, whose ¢ dependence is well fitted by [30]

do Wy
o ocexp[(bo—i-éloz; lnm) t] (31)

with central values by = 4.63 GeV~2 and a; = 0.164GeV~2 for Wy = 90GeV. To connect (3I))
with ([29) we have used the approximate relation do/dt oc |HI(&,&,t)|?, which is obtained when only
keeping the imaginary part of the tree-level amplitude, where 26 = (M /W,p)? in terms of the
vp c.m. energy. With the ansatz (23] one approximately has HY(&,&,t) o exp [tfg(2§)] for the ¢
dependence of the GPD [13].

Whereas information on valence quark GPDs can be obtained from the sum rules (28)) and infor-
mation on gluon GPDs from J/¥ production, almost nothing is so far known about the ¢ dependence
of GPDs for antiquarks. As a simple ansatz we shall take their slope functions equal to those in the
valence sector,

fﬂ:qua fJ:fdua f§:fdv7 (32)

bearing in mind that it remains an outstanding task to develop more realistic models.

3.1 Nucleon helicity-flip distributions

The nucleon helicity-flip distributions £9 and EY are less-well known than their counterparts H? and
HY, because their values at £ = 0 and ¢ = 0 cannot be measured in inclusive processes and are thus
subject to considerable uncertainty.

The model described in this subsection refers to a scale of yugp = 2GeV. We make a double
distribution based ansatz

18]
B (1, €, ) = /dﬁ/1 dov 6(z — B — €a) W) (B, 0) B (8,0,1)

1+|8]

E9(x,&,t) / dﬁ/1+|5da §z—pB— fa) (B, a) E9(B,0,t) (33)

10



as in (23], and for x > 0 set

EY)(2,0,1) = eq, (z) exp [t gq, ()] + 2e4(x) exp[tgq(w)] |
E9(3,0,t) = zey(w) exp[tgy(z)], (34)

with the corresponding values for z < 0 determined by the symmetry properties of the distributions.
For the forward limit of the valence distribution we take

eq, () = kg N(ow, By,) z~* (1 — z)f (35)
whose normalization factor r@ L p)
-«
NewB) = 5oy 1 5) (38)

ensures the sum rules
1 1
Kq = / dz E1(2,0,0) = / dzeg, (), (37)
-1 0

where Kk, = 1.67 and kg ~ —2.03 are the contributions of v and d quarks to the anomalous magnetic
moment of the proton. For the functions controlling the ¢ dependence we take the same form as

in (26,
1
9o () = (1 — )3 In —+ Dy, (1 —z)* + Cpz(1 — z)2. (38)

With the parameters a, = 0.55, o/, = 0.9 GeV 2 and

By = 3.99, Cy, = 1.22GeV 2, Dy, =0.38GeV 2,
By =5.59, Cy, = 2.59GeV ™2, Dy, = —0.75GeV 2, (39)
from [28] one obtains a good fit to the electromagnetic Pauli form factors of proton and neutron via

the generalization of the sum rule (37)) to finite ¢.
For the forward limit of the distributions of antiquarks and gluons we make the same simple ansatz

as in (33,
eq(z) = kgz (1 —x)’, eg(x) = kgx (1 - ), (40)
and for the ¢ dependence in the gluon sector we set
1
g¢(z) :a;(l —m)21n; + Dy(1 —1z)?, (41)

in analogy to the form (23] we used for HY9. We presently have not no phenomenological information
on these distributions, but two theoretical constraints. There is a condition that ensures positive
semidefinite densities of partons in the transverse plane [31], which with our ansatz for the GPDs
reads [28]

3
] [fg(ﬁU) - 99(37)] (42)

11



if we neglect for simplicity the polarized antiquark and gluon distributions compared with the unpo-
larized ones. On the other hand we have the sum rule

1 1
0:/0 deg(g;,o,O)+§/_1deq(g¢,o,0)
= /1 dz zed () + Z/l dz z[eq, (z) + 2e4(z)] (43)
0 p 0 Qv q

following from the conservation of the energy-momentum tensor. For the parameters in (41]) we take
af = 0.164GeV 2, Dy = 1.08GeV ™2, (44)

with a; as in ([B0) and D, slightly smaller than its counterpart B, for HY, so that the positivity
condition ([@2]) can be fulfilled. Assuming a similar small-z behavior of the distributions for proton
helicity-flip and non-flip, we take in (40) the values ay = 1.25 and oy = 1.10, which we obtain when
fitting the CTEQ6M distributions to a power law in the x range from 10~ to 1073.

Since it turns out that the transverse target polarization asymmetry in p production is very
sensitive to the details of the helicity-flip distributions, we will explore two model scenarios in our
numerical studies:

1. ascenario where the sea quark distributions ez behave similarly to the valence distributions e, .
For the ¢ dependence we then take g4(z) = gy, (z) and g4(z) = g4, (x). The parameters k; in
(@0) are taken such that second moments at ¢t = 0 fulfill

fol dz zeg(z) _ fol dx zq(z)
fol dz zeq, () fol dx zq, ()

for ¢ = u, d, where the ratio on the r.h.s. is taken from the CTEQ6M parameterization at u =
2GeV. Its value is 0.095 for u and 0.30 for d quarks. This fixes the values of k; N~ (ag — 1, 3;)
with N given in ([B6). For the strange distribution we set e; = e5 = 0, and kg N~ (ay — 1, 3,)
is then fixed by the sum rule ([43).

The powers f3; and 3, controlling the large-z behavior are finally taken to have the smallest
values for which the positivity condition (2] holds in the range = < 0.9 (for higher x even the

unpolarized densities are so uncertain that we do not insist on the positivity conditions to be
fulfilled).

(45)

2. a scenario where e; behaves similarly to the gluon distribution e, . The ¢ dependence is now
modeled by taking gg(z) = g4(z) for ¢ = u,d, s. For the second moments we impose

fol dz zeg(z) _ fol dx zq(z)
fol dz zeg(x) fol dz zg(z)

for the three light quark flavors, where with the CTEQ6M distributions the r.h.s. is equal to
0.064, 0.083, 0.036 for u, d, s, respectively. We now have a nonzero e; = ez. The values of
ks N~'(agz—1,B8;) and ky N~ (ay — 1, B,) are taken to fulfill both (@) and (43]), and the powers
Bg, By are set to the minimal values for which positivity holds in the range z < 0.9.

(46)

The parameters resulting from this modeling procedure are collected in Table[I, and the distributions
at £ =0 and ¢ = 0 for model 1 are shown in Fig. 2
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Table 1: Parameters in the ansatz (40) for different parton species a in the two models described in
the text. The values for valence quarks apply to both models, with normalization parameters given
by kg, = kg N (o, fy,) according to [B0]). The last line gives the second Mellin moment at p = 2 GeV
in the forward limit.

model 1 model 2
Uy dy 1 d g U d 3 g
Qg 0.55 0.55 1.25 1.25 1.10 1.25 1.25 1.25 1.10
Ba 3.99 5.59 9.6 9.2 6.7 7.6 6.5 5.5 2.5
kq .71 —2.36 0.06 —0.18 0.26 —0.0016 —0.0018 —0.0007 —0.017

foldxacea(x) 0.138 —0.130 0.013 -0.039 0.044 —0.0004 —0.0005 -0.0002 —0.0059

Figure 2: The forward limits e, (z) of the nucleon helicity-flip distributions at u = 2 GeV for different
parton species a in model 1.

We find that in model 2, both sea quark and gluon distributions are nearly zero (so that we do
not attach importance to the unrealistically small value of 8, obtained with our above procedure).
Their smallness can be traced back to the small value of the flavor singlet integral

1
/0 do z[eq, (z) + cq, (z)] = 0.008 (47)

in the valence sector of our ansatz. In model 2, the distributions e; and e, have the same sign as a
consequence of (@) and due to the sum rule (43]) can only be tiny. Somewhat larger distributions for
sea quarks and gluons are obtained in model 1, where they have opposite sign because of (43]).

We note that the parameters ([39) we have taken for the valence part of E? are by no means
precisely determined by a fit to the Pauli form factors: alternative fits in [28] gave a similarly good
description of the form factor data, with some variation of the resulting value of the integral in (47).
Nevertheless, any model where e,, and e, have similar shapes and no zeroes in x will yield rather
small values of this integral, given the strong cancellation between u and d quark contributions in the
moment fol dz ey, (z) + eq, (2)] = Ky + ka = —0.36. It would be interesting to explore how much the
integral (47) and as a consequence the sea quark and gluon distributions can vary in realistic models,
but such an investigation is beyond the scope of this work.
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We end this section by quoting the values for the total angular momentum carried by quarks and
antiquarks of a given flavor in our model, given by

1

Jy = 5/ dr z[H(z,0,0) + E(z,0,0)] (48)
-1

according to Ji’s sum rule [2]. With the parameters in Table [[l and the CTEQ6M distributions we

find

Ju =025, Jg = —0.01, (model 1)
Ju =024, Jg= 0.03 (model 2) (49)

at the scale p = 2GeV of our model. We note that this is in rather good agreement with the
results of recent lattice calculations, with .J, = 0.214(16) and J; = —0.001(16) reported in [32], and
Jy = 0.33(2) and Jg = —0.02(2) in [33]. Let us reiterate that with just two sets of model parameters
we cannot exhaust the range of possible scenarios but only provide two representatives that are
consistent with presently known constraints. As just discussed, the relative smallness of sea quark
and gluon distributions compared with the nucleon helicity conserving case should however be typical
of a rather wide class of models.

4 Vector meson production at small zp

We now study numerically the importance of NLO corrections in vector meson production. Here
and in the following sections we use the two-loop strong coupling for ny = 3 flavors with a QCD
scale parameter A(®) = 226 MeV. This value corresponds to A4 = 326 MeV, A®) = 372MeV and
to al®(Mz) = 0.118 when matching at m. = 1.3GeV and m; = 4.5GeV, which are the values
used in the CTEQ6M parton analysis [29]. We also take ny = 3 fixed in the evolution and the
hard-scattering kernels. Taking ny = 4 with massless charm or ny = 5 with massless charm and
bottom would not be a good approximation for the rather moderate values of Q? we will discuss
for fixed-target kinematics. On the other hand, taking n; = 3 and neglecting charm altogether is
admittedly not a good approximation for the larger Q? relevant in collider kinematics. However, with
ag?’) = 0.164 compared to ag5) = 0.178 at p = 10 GeV we expect that this inaccuracy will not affect
the conclusions at high Q? we shall draw from our studies.

We have performed the evolution of the GPDs at LO using the momentum-space evolution code
of [34]. As explained in Sect. 2] taking LO evolution together with the NLO hard-scattering kernels
is sufficient to obtain scale independence of the process amplitude up to uncalculated corrections of
order . With the input scale of evolution not taken too small, NLO evolution effects should be
rather moderate at the Q? values relevant in fixed-target kinematics, whereas our general conclusions
for high @Q? and small z g will again not depend on this level of detail. We note that the NLO kernels in
momentum space are available in the literature [35], but their considerable length makes it difficult to
implement them in a fast numerical evaluation. For including NLO effects in the evolution it should
be more efficient to use the Mellin space approach recently followed for deeply virtual Compton
scattering in [5].

Here and in the following section we consider the convolutions of hard-scattering kernels with
GPDs at t = 0. For nonzero £ = zp/(2 — zp) this should be understood in the sense of an analytic
continuation, since the physical region for meson production is —t > 4m§§2 /(1 — £?) in Bjorken
kinematics. To explore the importance of NLO corrections we do not see this as a shortcoming.

Let us start our discussion with the gluon and quark singlet sector. Here and in following we shall
always present the convolutions (I9) for Gegenbauer index n = 0 unless indicated otherwise. In Fig.[3l
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Figure 3: LLO and NLO terms of the convolutions in the gluon and quark singlet sector at () = 4 GeV.
The scales are set to ug = pgpp = upa = . The NLO terms are for Gegenbauer index n = 0 unless
specified explicitly. Here and in the following plots the label “NLO” denotes the O(a?2) part of the
convolutions, whereas the sum of O(as) and O(a?) terms is labeled by “LO+NLO”.
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and quark singlet sector.
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Figure 6: Cross section for v*p — pp with longitudinal photon polarization. Bands correspond to
the range Q/2 < p < 2Q and solid lines to u = Q. We also show the power-law behavior o oc W0-88
(with arbitrary normalization) obtained from a fit to data in the range 0.001 < zp <0.005 [36].

we show the LO and NLO pieces of the convolutions for the scale choice ugp = pgpp = ppa = Q. The
size of corrections at small g is dramatic: we have large NLO corrections with opposite sign compared
to the LO term for Y, and a similarly large NLO contribution from H5®) with sign opposite to the
LO result for %@ In the sum of gluon and quark singlet terms, the NLO corrections drastically
reduce the LO result or even lead to a change of sign between LO and the sum of LO and NLO
results. We also observe that for higher Gegenbauer index the NLO corrections tend to be even more
important. Note that the LO term of the convolutions is the same for all n as can be seen from
(@) and @0). The size of NLO corrections in H°(®) is comparatively moderate, at least for lower
Gegenbauer moments. The same is seen for the quark non-singlet convolutions in Fig. @ Of course,
the gluon and quark singlet terms will dominate meson production at small xp in those channels
where it is allowed by the meson quantum numbers.

In Fig. Bl we explore the influence of the scale choice by varying ur = pepp simultaneously. For
zp = 2 x 1073 we find an indication for the onset of perturbative stability at Q = 7 GeV but not yet
at Q = 4GeV. For zp = 2 x 1072 the situation is less severe, with moderate corrections in a wide
v range already at Q = 4GeV. In contrast, when going down to zg = 2 x 10~* we find very large
corrections even at () = 7GeV. We have checked that the conclusions in the respective kinematics
do not change when we vary ugpp while keeping ur = @ fixed.

Figure[6lshows how the perturbative instability we observed in the convolutions affects the longitu-
dinal cross section for p production. Here we have taken the asymptotic form of the meson distribution
amplitude, i.e. set a, = 0 for n > 2. In the NLO result for the cross section we have squared the co-
herent sum of LO and NLO terms in the process amplitudeE i.e. we have taken |My,0 + Mnpo/?. We
see that the NLO corrections severely decrease the LO result. As a consequence of the cancellations
between LO and NLO contributions, the scale dependence of the cross section does not decrease. We
also show in the figure the power-law behavior o oc W88 obtained from a fit to data in the range
0.001 Szp <0.005 [36]. As observed in [13], a double distribution model with the CTEQ6M distri-
butions as input lead to a rather good description of this experimentally observed energy dependence

*We thus keep terms of O(c?) in the cross section, although the accuracy of the NLO calculation is only up to O(a?).
This should not be seen as a problem, as it will not make a considerable difference in situations where perturbative
corrections are moderate, whereas in situations where NLO corrections are huge we would neither trust the cross section
with or without the partially included O(a2) terms.
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Figure 7: The factorization scale dependent and independent terms of Im1?,, and Im#,, as specified
in (B4), shown for n =0 and y < 0.

if the cross section is evaluated at LO. With the strong cancellations from the O(a?) corrections, one
obtains an NLO result whose energy behavior is much too weak.

Let us discuss how the huge size of corrections can be understood at an analytical level, following
the line of argument given in [11l B7]. Using (8I) and (82)) we can approximate the hard-scattering
kernels for large negative y as

1 ImZ,(z,y) =4Cx [ln(z%) +In ZQQ ] y+0(1), ReZy(z,y) = O(1),

™ HGpPD

1 ImZy(z,y) = 4[1 —1In(zz) — In 2622 ] + O(y_l) , ReZy(z,y) = O(y_l) , (50)
d HGrD

where here and in the following the order of corrections is given up to powers of Iny. The quark
non-singlet kernel is subleading compared with the pure singlet one,

Ia(j,y) N Ia(;,?j) N O(y_l) ’ (51)

where we have divided Z,(z,y) by y corresponding to the prefactor in the complete kernel (I0)). From
(B0) we readily obtain

1 Q?
—Imty,(y) = —4C4 ey —In— y+O0(1),
T Kapp
1 Q2 —1
—Imty,(y) =4|cn+1—1n 5 —|—O(y ) (52)
T HGpD
with constants
11 1 1
w=2, o= ST, 04:%z4.6, cn:—/ dz In(22) C¥2(2 — 1) (53)
0

that increase with the Gegenbauer index n. In Fig. [l we show for the case n = 0 that these approxi-
mations become very good for increasing |y|, where we have decomposed the exact kernels as
c G Q?
Imt,,(y) = Imtg,(y) +Imitg, (y) In —5—0 ,
KGapp
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67 35)

Imt, ,(y) = Imty, (y) +Imtg, (y) In (54)

Let us now rewrite the convolutions of kernels and GPDs in terms of the variable w = z /¢,

1/¢
Im [Hg +H§<”>] ~6a, [WH (,6,1) + —Im dw

() Mt Crtna (157 e e} ] o)

1 —w—te 1+w

For w > wp with some wy > 1 we can use the approximation (52]) of the hard-scattering kernels, and
further approximate 1 + w &~ w in the first term on the second line. This gives

Im[HuHS()} ~ HI(E,6,8) + 28 /wodw...
0

67ras
1/¢
_ Qs dw{CA [cn —In Q2 ] LACIIST) +Cp [cn +1-1In Q2 ]gHS(wg ¢, t)} (56)
T Jwo LeEpD w KEPD

where the integral over w on the first line is to be taken with the unapproximated integrand from
GH). It grows with ¢ like HY(wé,&,t) or EHS (wé,€,t) but lacks the enhancement due to the upper
limit 1/£ of the integral on the second line. Restricting our discussion to ¢ = 0 for simplicity, we can
for sufficiently large w neglect the effect of skewness in the GPDs and then have

H(w§,€,0) ~ wE g(we), H(w6,€,0) = S(we) = 3 [awe) +a(we)],  (57)

where S(z) is the usual quark singlet distribution. In a very rough approximation one may treat
zg(z) and 2S(z) as constant at small z. In (56) one then has loop integrals [ dw/w for both the
gluon and the quark term, which generate large logarithms In(wy&) for 1/£ > wy. These logarithms
are of BFKL type and correspond to graphs with ¢-channel gluon exchange in the hard-scattering
kernel, such as those for T}, and Tj in Fig. [

In a phenomenologically more realistic approximation one has zg(z) ~ az™ at small z and a
similar behavior with different values of a and A for 2S(x). This gives

1€ 1/¢
/w i w ~ ag*/w dww 1 a S () (58)

0 0

for 1/¢ > wy, when the bulk of the integral comes from the region where the small-z approximation
of the gluon density is valid. With A being rather small for the gluon distribution in a wide range of
the factorization scale, the term (58) has the same power behavior £ * as the Born term HY(¢,£,0)
in (B6) but is numerically enhanced by 1/A. A contribution analogous to (58]) is obtained from the
quark singlet term in (56]) and comes with a similar enhancement.

Concerning the choice of factorization scale, it is clear that the size of the corrections in (B0 is
decreased if ugpp is taken smaller than ). It is also clear that no scale choice can eliminate both
the gluon and quark singlet contribution in this expression. To make at least the gluon term for
n = 0 disappear one needs ,u%;PD = e2Q? ~ 0.14Q?. For a wide range of Q? this is outside the
perturbative region or at least so low that the quark singlet distribution has a rather small power A
and can thus give important corrections. We note that previous analyses of vector meson production
at small zp have argued for a factorization scale well below Q2, based on different estimates of the
typical virtualities in the leading-order graphs [I5] [38]. We also note that the ur dependent term
BoIn(pu%/pé pp) in the gluon kernel (II)) does not appear in the approximation (B0) which dominates
the convolutions at small zp. The choice of ur can thus not cure the huge NLO corrections we have
discussed.
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5 Vector meson production at moderate to large zp

Let us now investigate the NLO corrections in typical fixed-target kinematics, as it is accessible
at HERMES, JLab and COMPASS. We take again ¢ = 0 and for definiteness present estimates at
Q? = 4GeV?2. For larger 2, which will in particular be accessible with the JLab energy upgrade to
12 GeV, the corrections are in general smaller.

In Fig. 8 we compare the LO and NLO parts of the convolution integrals. In the gluon sector
we find no simple picture, with relative corrections that are typically moderate but become large
for ReH9 at smaller xp and for Im 79 at larger zp. For the quark singlet the situation is similar
to the one in the small-z region, i.e. we have rather large NLO corrections from H5(") with sign
opposite to the LO part of (@, whereas the NLO corrections in H5(® are smaller. Adding gluon
and quark singlet contributions, we find that for n = 0 the NLO corrections are of reasonable size for
the imaginary part. For the real part at lower xp, the corrections are however large and of opposite
sign compared to the Born term. We note that the convolutions H satisfy a dispersion relation in
1/zp for fixed Q2 and ¢ [39]. In this representation their real parts at a given zp are sensitive to the
imaginary part at smaller values of zp, where the NLO corrections rapidly increase as we have seen
in the previous section. Turning to the quark non-singlet convolutions, we see in Fig. [ that for n = 0
the NLO corrections are comparatively moderate for the imaginary part and larger for the real part.

Going from n = 0 to higher Gegenbauer indices n = 2 and n = 4, the NLO corrections become
larger, as we see in Figs. §land @ and already observed at small zg. Generically this is not unexpected,
since the z dependent kernels (I0) contain logarithms Inz and InZz which enhance the endpoint
regions of the z integration, and those endpoint regions are more prominent for higher Gegenbauer
polynomials in the expansion (IH]). Note that according to phenomenological estimates or lattice
calculations the coefficients a, of these polynomials are clearly smaller than ag, so that increasing
corrections to H,, for higher n do not affect the sum ) a,H, as much. We note that in the modified
hard-scattering approach of Sterman et al. [14], which goes beyond the collinear approximation used in
the present work, the endpoint regions in z are suppressed by radiative corrections that are resummed
into Sudakov form factors. As just discussed, we do not observe such a suppression in the fixed-order
results analyzed here, where various positive and negative corrections compete with each other—only
some of them related to the Sudakov factor. How the situation will be at higher orders is an important
question, which goes beyond the scope of the present work.

Let us now take a closer look at the pgr dependence of the corrections. As we explained in Sect. 2]
the pure quark singlet kernel T}, is independent of this scale at O(a?). According to (I)) the gluon
kernel T, depends on p% only through By ln(u%/upp), which originates from graphs with gluon
propagator corrections such as the one shown in Fig. [0l The pugpp dependence of this term is
connected with the contribution proportional to £y in the evolution kernel V99 for the gluon GPD,
given in (32). As already pointed out in Sect. @ the term Sy In(u%/u% pp) does not contribute to the
large-|y| behavior of Imt,,(y) and is hence not relevant for the huge NLO corrections at small zp.

For the kernel T, the situation is more involved. The general structure of its convolution with the
quark singlet distribution H® can be written as

2 2 2
15 = g, <H;f(g) + 1@ 1y Q—2> + 1 15 2Q + 15 m 622— (59)

' ' HR ' ' KGpPD ’ FDa
with an analogous decomposition for the convolutions ’HS’) and ’H,(@S). The terms proportional to Sy
originate from graphs with gluon propagator corrections such as in Fig. [[0] whereas the terms with
subscripts C, G, D do not contain fy. In Fig. [[1] we show the corresponding contributions for n = 0.
We see that terms multiplying In(Q?/puZ pp) are rather small, whereas those going with In(Q?/u?, ,)
are of course absent for n = 0. The term Hg g is clearly smaller than #( g and has opposite sign.
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Figure 11: Individual terms (B9) in the convolutions of the quark non-singlet kernel for n = 0.
The quark distributions are evaluated at ugpp = 2GeV and the running coupling in the kernels at
HR = 2GeV.

Ho,c has also the opposite sign compared to Hg g but is similar in magnitude. We note that |, g|
increases with n, as can be seen from (86) and (88)).

Let us briefly comment on the BLM scale setting prescription [23], which has been discussed in the
context of exclusive meson production in [I0] 24]. This prescription aims at including the corrections
from graphs like those of Fig.[I0in the argument of the running coupling, and for the case at hand takes
pir such that the contribution from H,, 5 cancels against the one from H,, g In(Q?/u%) in (EJ). As is
evident from Fig. {1l this requires ,u%% to be substantially lower than Q2. For most of experimentally
accessible kinematics, the resulting pp is in fact far below the region where perturbation theory
can be applied. In such a situation, the perturbative running of «a; is often modified such that the
coupling saturates for decreasing pur. We note that in the context of our NLO analysis, the logarithm
BoIn(Q?/u%) in the hard-scattering kernel is intimately related with the perturbative running of
as(pur), so that keeping one while modifying the other is not obviously consistent.

We also remark that if H, g and H, g In(Q*/u%) are made to cancel by the BLM scale choice,
one is left with a relatively large correction from H, . For scale choices where p% is closer to Q?, one
instead has a partial cancellation between H, ¢ and H, g. A more detailed analysis for the similar
case of the electromagnetic form factor is given in [25], which also discusses the issue of Sudakov-type
corrections we raised above.

Figure 2] shows the dependence of the convolutions on pg at fixed ugpp = Q. Within the up
range shown we generally find a moderate scale dependence, both at LO and at NLO. An exception
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Figure 15: Dependence on the factorization scale pupa of the convolutions in the gluon and quark
singlet sector multiplied by the scale dependence a2(ppa)/a2(po) of the corresponding Gegenbauer
coefficient. The reference scale for as is taken as pp = 2GeV, and the other scales are set to
papp = pr = Q = 2GeV.

is the region pur <2GeV, where the growth of the LO results simply reflects the growth of ag(ug).
Note that with the parameters specified at beginning of Sect. @ we have a{*)(2GeV) = 0.30 and
o) (1GeV) = 0.51. The NLO results further contain explicit logarithms In(Q?/u%), which in some
cases can cause corrections to grow out of control, especially for the real parts of convolutions. We
note that for Re H(® the NLO correction is is unusually large compared with the LO term. This is
because of a nearby zero in z g, as is seen in Fig. [@ and should not be a reason of particular concern.

The variation of the convolutions with ugpp at fixed pg = @Q is shown in Fig. [[31 We again
find a rather moderate scale dependence, except when pugpp becomes small. The dependence on a
single scale u = ugp = pepp is shown in Fig. [[4l Note that in many cases the individual variation
of ur decreases the amplitude in absolute size whereas the variation of ugpp increases it, with both
tendencies partially canceling when the scales are set equal. Again we find that the scale dependence
becomes quite drastic below 2 GeV.

We finally discuss the dependence on pupy for Gegenbauer indices n > 0. According to (I8)
the convolutions H,(#pa) appear multiplied by a,(upa) in the process amplitude, where the scale
dependence of both factors partially cancels. In Fig. we therefore plot convolutions multiplied
with as(upa)/az(po) = [as(upa)/as(uo)]2/P0 following the relation (IB). The corresponding plots
for n = 4 and for convolutions in the quark non-singlet sector look very similar. We find that the
dependence on pp4 is slightly decreased when going to NLO.

6 Proton helicity flip amplitudes

We now turn to the convolutions of the hard-scattering kernels with the GPDs describing proton
helicity flip. In this section we take ¢ = —0.4 GeV?2, which is the value for which will present estimates
for observables in the next section.

In Figs. 16l and 7 we compare the LO and NLO terms of the convolutions in the gluon and quark
singlet sector for the two models described in Sect. B.Il For model 1 the individual corrections for
gluon and quark convolutions look quite similar to those we saw for H in the previous section. The
sum of gluon and quark singlet contributions at LO is however very small in this model because
of cancellations, so that the NLO term dominates in a wide kinematical region. In model 2 the
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gluon contributions are nearly absent, so that the quark singlet contribution dominates in this sector.
We note that, contrary to the individual terms, the sum of gluon and quark singlet contributions
comes out to be rather similar in the two models and is small compared with the flavor non-singlet
contributions shown in Figs. [[8 and [9 According to our discussion at the end of Sect. B.I] this has
its origin in the sum rule ([43)) for the second moment of F at ¢ = 0, so that we expect a small net
contribution from gluons and the quark singlet in large class of models for F.

As shown in Figs. I8 and M9, the NLO corrections to the quark non-singlet convolutions are
relatively moderate but not small, similarly to the case of H. The size of the convolutions is quite
different in the two models, indicating the important role played at intermediate g by sea quarks in
model 1. Let us recall that with the double distribution ansatz (33 the GPDs at x ~ £ are sensitive
to forward parton distributions with momentum fractions well below &, as discussed in Sect. 4.3.3
of [17].

7 Cross sections and asymmetries

Having studied in detail the building blocks of the scattering amplitude for vector meson production,
we now combine them to observables. We recall that to leading order in 1/@Q there are just two of
these: the unpolarized y*p cross section and the asymmetry for a transversely polarized target, both
referring to longitudinal polarization of virtual photon and produced meson. The ep cross section in
the leading 1/@Q approximation can be written as

do(ep — epV) a 1l—zpl—ydog

i = O a 1+ Sy sin( — ¢s) Aur | (60)

where y is the usual inelasticity variable for deep inelastic scattering and St denotes the transverse
component of the target polarization. ¢ is the azimuthal angle between lepton plane and hadron plane,
and ¢g is the azimuthal angle between lepton plane and target spin vector, both defined according
to the Trento convention [40]. The v*p cross section dor/dt and the polarization asymmetry Agyr
depend on zg, Q? and t. To leading order in 1/Q they are given by

ClUL_7T2 a (2-zp)? , 2 2 2 2 2 2 X

TR T fv [(1 =) | Hy|? = (¢/(4my) + %) [Ey|” — 2¢ Re(‘gvﬂv)] (61)
and

Vit —t V1= &2 Im(ﬁ‘*,’HV)
Avr = 2 2 2 2 2 2 * ’ (62)
mp (1= €2)|Hy 2 — (t/(4m2) +€2) |Ey|? — 262 Re(E5 Hy)
where ¢y = —4m12, €2/(1 — €2). Here we have combined the convolutions (IJ) into
Fr=Qv> a, [fg +HS@W 4 FSO) 4 B 7O 4 B g O] (63)
n=0

with analogous combinations for Hy and £y. In the remainder of this section we take the asymptotic
form of the meson distribution amplitude, i.e. we set a,, = 0 for n > 2. As long as &y is not much
larger than Hy, the cross section (GI) is dominated by the term with |#y|? in a wide range of
kinematics, where the prefactors £2 and ¢/(4m2) of the other terms are small. The asymmetry (G2)
is then approximately given by

AUT =~ sin 5V s (64)

Vito—t Im(EGHy)  to—t ‘5‘/

mp |7'[v|2 B mp

Hv
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Figure 20: Real and imaginary parts of the convolutions (63]) for p production at @ = 2GeV and
t = —0.4GeV?, with model 1 taken for the proton helicity-flip distributions. The scales are set to
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Figure 21: As Fig. 20l but for w production.

where dy = arg(Hy /Ev) is the relative phase between Hy and Ey .

Figure 20 shows the real and imaginary parts of the convolutions appearing in (6Il) and (€2). #,
is dominated by the gluon and quark singlet part, and in line with our discussion in Sect. [§] we find
rather moderate corrections for the imaginary part but a very unstable real part in a wide range of z g.
As for £,, its real part is very small and subject to large relative corrections, whereas its imaginary
part is much larger and receives corrections of order 100% . As we see in Fig. [I8] the individual flavor
non-singlet combinations £ () and £®) are less affected by corrections, but they have opposite sign
and partially cancel in the sum relevant for p production. The rather small but unstable contribution
from the gluon and quark singlet terms is hence important in this channel and largely responsible for
the NLO corrections seen in Fig. As a further consequence of the cancellations just mentioned,
the size of £, is tiny compared with H,. The quark flavor combination relevant for p production is
2u + d, where in our model the flavor combinations add for H but largely cancel for E.

For w production we see in Fig. 21 that at smaller 2 the convolution H,, is about 1/3 of H,,
which follows from the dominance of the gluon contribution as seen in (@) and (7)), whereas at larger
zp differences between the two channels appear. £, is much bigger than £, since in the combination
2u — d the contributions of u and d quarks add for E, and the size of its radiative corrections reflects
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the one of £3) in Fig. I8 We note that the dominance of the imaginary over the real part in &, and
&, is less pronounced in model 2, as can be anticipated by comparing Figs. [[§ and 9l

The cross section doy,/dt for p production is dominated by (Im ’Hp)Z, except for contributions
from (Re#H,)? at small zp for NLO and at large zp for LO. Given the size of corrections to ImH,
in Fig. 20 we thus have quite substantial NLO effects in the cross section at Q2 = 4 GeV?, as shown
in Fig. For Q2 = 9GeV? and zp > 0.1 the relative corrections decrease. The plot has been
calculated with model 1 for E, but since its contribution to doy,/dt is negligible the corresponding
curves for model 2 look very similar. To obtain an estimate of scale uncertainties, we show bands
corresponding to 4 = pur = pgpp between 2GeV and 2@Q). Given our discussion in the previous
section, we do not consider it meaningful to go to scales below 2 GeV, so that the bands in the figure
are strongly asymmetric. For Q? = 4 GeV? they go only in one direction, and the band of the LO
result does not provide an estimate for the size of the NLO corrections, which turn out to go in the
other direction.

We have a very peculiar situation for the polarization asymmetry Ay in p production, which
as shown in Figs. 23] and is very small in both models 1 and 2 due to the cancellations in &,
discussed above. Ayr changes quite dramatically from LO to NLO in a wide range of kinematics,
clearly because of the NLO corrections in the numerator. A closer look at Fig. reveals that the
large perturbative corrections in Im(é'; ’Hp) are mainly due to the large corrections to both ReH,
and Re&,. These hardly affect the unpolarized cross section, which is strongly dominated by Im #,.
At higher Q? the instability of Ay is less pronounced, and in model 2 we even have quite small
corrections. We note that the bands from the scale variation at LO order are extremely narrow in
Figs. 23] and This is because the scale variation of a,(ug) cancels in the ratio Ayr at LO and
because in the kinematics we are looking at, the pgpp dependence of H, and &, is rather weak. In
this situation, the scale uncertainty of the LO result does obviously not provide a good estimate for
the size of higher-order corrections. Let us finally remark that at ¢t = —0.4 GeV? the asymmetry Ay
must go to zero as xp tends to 0.484 because of the prefactor \/ty — ¢ in (62)).

The cross section for w production is shown in Fig. and shows a similar pattern of NLO
corrections to the one in p production, reflecting the similar pattern of corrections we have seen for
Im?H, and Im#,,. As a result the ratio of cross sections doy,/dt in the two channels is quite stable
under radiative corrections, as seen in Fig. The target polarization asymmetry, shown in Fig.
for model 1, changes however drastically between LO and NLO at small to intermediate zg. This is
because Im &, then dominates over Re &, so that its product with the unstable convolution Re #H,,
controls the numerator of the asymmetry. The absolute size of Ayr can be large in this channel
since |€,| ~ |H,| in our model. According to Fig. 2I] the relative phase d,, is close to zero at LO for
zp <0.3, so that the factor sind, in (64]) makes Apyr small and prone to large radiative corrections.

Let us finally take a look at ¢ production. At LO this channel is strongly dominated by gluon
exchange, since in our models strange quark distributions are small for H and even more so for F.
At NLO we have further contributions from the pure singlet terms #3(®) and £5®), which are not
negligible. We see in Fig. 28 that the NLO corrections to the cross section are large at small zp and
slowly decrease with zp. Except for the region of small zp, this pattern is quite different from the
one in p production, so that the cross section ratio for the two channels receives important corrections
at larger zp as we see in Fig. The asymmetry Ayt is essentially zero at LO, because in our model
the relative phase d4 between H4 and & is very close to zero. This changes at NLO, where in model 1
we obtain a small to moderate Ay, as shown in Fig.
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Figure 26: Ratio of cross sections doy,/dt for w and p production in model 1. The meaning of the
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8 Pseudoscalar meson production

Having studied in detail the production of vector mesons, let us finally take a look at pseudoscalar
production. We will only consider v*p — 7n, which was already studied at NLO in [10]. Gluon
distributions do not contribute in this channel.

In the collinear approximation the amplitude for this process can be written as

M = 4725;1\7? ffr/ dz ¢r(z )/1 d$[ Tu(z,2,8) — eqTa(z, —$af)} [ﬁu(xafat) _ﬁd(xv&t)

_47r\/47r fnza }_n

EQN, (65)

with e, = 2/3, eq = —1/3 and f; = 131 MeV. ¢r(z) is the twist-two distribution amplitude of the
pion and has a Gegenbauer decomposition as in (I5]). The convolutions F,T are defined as

Fr— /1 d [euTa,n(x,ﬁ) _ edTa(—x,f)} [ﬁ“(x,g,t) _ ﬁd(x,g,t)} , (66)

-1

and the kernels Tq (2, z, &) and Tq (2, €) are the same as in Sect. 2l The matrix elements FY are the
counterparts of F'¢ for polarized quarks and given by
1

Fi(z,6,1) = btrp)n

ey at o) + B at) P )| (o

in terms of the generalized parton distributions H and E, where as in the unpolarized case we use
the conventions of [I7]. Since the hard-scattering kernel in (66]) is neither even nor odd in z, the
convolution involves both the charge-conjugation even and odd combinations

ﬁ(I("')(x,g,t) = ﬁq(x,f,t) + ﬁq(—x,f,t), ﬁq(_)((];’g’t) = ﬁq(xagat) - ﬁq(_xagat) . (68)

We model the distributions H in close analogy to the unpolarized case and set

- 18] -
H1 (a6, 1) = /dﬁfl da 5 — f — £a) K (8, ) B (8,0,1),

1+|8]

- 1-18| -
) (2,6, 1) = /dff/ dov 6(z — B — £a) RO (8, 0) H1)(8,0,1) (69)

1+]8|
with h(? (8, @) as in ([@4) and
HI) (2,0,t) = Agqy(z) exp [tfqv (m)] + 2Aq(z) exp [tfq(x)] ,
HY ) (,0,t) = Agy(z) exp[tfy, (z)] (70)

for z > 0. The values for < 0 are determined by the symmetry properties following from (G8])). For
the polarized valence and antiquark densities Ag, and Ag we use the NLO parameterization from
[41] at p = 2GeV, and for the ¢ dependence we take the same functions f,, (z) as in (26), (27) and
furthermore set f;(z) = f,, (). As was shown in [28], this gives a good description of the isovector
axial form factor via the sum rule

Fu(t) = /0 1 da [H" ) (x,0,t) — HY ) (z,0,1)] . (71)
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Figure 31: The convolution ﬁg defined as in (B8], evaluated at Q = 2GeV and t = —0.4 GeV2. The
scales are set to ugr = pgpp = Q.

For the nucleon helicity-flip distribution E we take a pion exchange ansatz

~ ~ = 2m2 ga A2 — m2
P60 = Py = N (£ EE) 2pa X S, (7

with the nucleon axial charge g4 ~ 1.26 and a cutoff parameter A = 0.8 GeV [42] to suppress large
off-shellness of the exchanged pion in the ¢ channel.

8.1 Results

The convolution ﬁ;{ at LO and NLO is shown in Fig. [31l for n = 0. We find moderate corrections for
the imaginary part and larger ones for the real part. For £ we can easily give the analytic form of
the NLO result. The scale dependent terms admit a closed expression,

Za E”ocz {1+—

2 2 2
x[ﬁ0<?+7m+7n—l Q) Vi In —— @ 7nan—+ ]} (73)

2CF e HEpD Hha

where the ... denote contributions which depend neither on Q? and the scales nor on fy. Including
these terms we can write

79
ga —i—ag—i—a) + s (pr )[12+250a2+328a4+534a2a4+214a2+326a4
T
9 2 25 91 2 2
——(1+a2+a4)21nQ—2—(1+a2+a4)<—a2+—a4><ln 2Q +1n Q )]4—..., (74)
4 Fr 18 45 KGpD 1A

where we have set ny = 3 in 8y and where we approximated numerically the coefficients written
with a decimal point. Here the ... denote terms with higher Gegenbauer coefficients. Note that
these coefficients appear twice, once for the produced pion and once for the pion exchange ansatz
of the distribution E. Up to a global factor, the expression (74]) also gives the NLO result for the
electromagnetic pion form factor Fy(Q?) at large spacelike momentum transfer Q2, and it agrees with
the result in the detailed study [9]. Let us first discuss the case m = n = 0 relevant for the asymptotic
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form of the pion distribution amplitude, where the convolution has no dependence on pugpp and pp 4.
We then have the rather large coefficient 79/12 = 6.6 in square brackets, so that with the scale choice
1r = Q there are quite large NLO corrections. The corrections are zero for ,u?% = e 1/270Q2 (.05 Q2,
which is outside the perturbative region for most cases relevant in practice. The BLM scale for this
case is yet smaller: with (73]) we reproduce the well-known result ,u?% =e 1/3Q2~0.01Q2 [10]. The
coefficient of /7 in (74)) is then —47/12 ~ —3.9 and thus again rather large, but of course the scale
pr is outside the perturbative region for all experimentally relevant kinematics. We finally see in ([74])
that for higher Gegenbauer moments the correction terms are larger than for m = n = 0. The reason
for this is the same which we discussed in Sect. [f] for the convolutions H. In (73]) we also see that the
BLM scale becomes smaller for higher m and n.

The observables for exclusive pion production at leading order in 1/@Q are the same as for vector
meson production, and the ep cross section is given as in (60)). The cross section for a longitudinal
photon and the transverse target asymmetry are now respectively given by

do, 7w a (2-zp)? ~ ~ o~
TGO o G [ =@V = /) €] 2 Re(E1H,) | (75)
and
Vio—1t ¢V/1— € Im(E:H,)
Ayr = — .~ = —, (76)
Mp (1 —€2) M, 2 — €2t/ (4m2) |E,|? — 262 Re(ExH,,)
with
H, = Zanﬁf{, E. = Zangg. (77)
n=0 n=0

For numerical estimates we take the asymptotic pion distribution amplitude in the following, setting
ap = 0 for n > 2. We note that the recent lattice study [22] obtained a rather moderate value
as(po) = 0.201(114) at up = 2 GeV. N N

In Fig. B2 we show the separate contributions from the terms with |H.|* and with |Ex|* in (75),
as well as the full result. We see that at the value of ¢ chosen here, the contribution from |H,|? is
more important, mainly because of the suppression factor (A* —m2)/(A* —t) in our model (72) for
E. The square of this factor is 0.36 at t = —0.4 GeV?2.

We compare the LO and NLO results for the cross section in Fig. B3] and find that the NLO
corrections are quite large, even at Q> = 9GeV?2. In contrast, the corrections for the beam spin
asymmetry are very small as seen in Fig. 34 in line with the findings reported in [10]. Note that with
our model &, is purely real, so that at intermediate zp the large relative NLO corrections in Re H,
do not affect the numerator of Ayy in (75]). Approximating the asymmetry as

— £Im(E*H _ &
Ay Vi —t ¢ m(MEWHﬂ) _ V-t g;ﬁ - (78)
My |;L[7r|2 My Hﬂ'

with 0, = arg(’)’%r / gw), we can understand why only small corrections are seen in this case: the
relative phase d, is well different from zero, and the NLO corrections increase both [H | and |Ex|.
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Figure 32: The longitudinal cross section for y*p —>~7r+n, evaluated at NLO. Shown are the separate
contributions from the terms with |H,|?> and with |£;|? in (75), as well as the complete expression.

A4GeV?

20 doy/dt [nb/GeV?] at Q% = 4GeV?, t = —0.4 GeV? ) dop/dt [nb/GeV?] at Q* = 9GeV?, t = —0
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Figure 33: Longitudinal cross section for y*p — 7™n. Bands correspond to the range 2 GeV < u <
4 GeV in the left and to 2GeV < p < 6 GeV in the right plot, and solid lines to x = ) in both cases.

0 Apr at Q% = 4GeV? t = —0.4 GeV? 0 Apyr at Q% = 9GeV? t = —0.4 GeV?

LA e L B B A S A B A A B LA e B e S A B L B B
C LO ] C LO
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Figure 34: The transverse target spin asymmetry for 7+ production, as defined in (60). The meaning
of the bands and solid lines is as in Fig. 33
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9 Summary

In this work we have analyzed the NLO corrections for exclusive meson production at large Q? in the
collinear factorization approach. Using the Gegenbauer expansion of meson distribution amplitudes,
we have rewritten the hard-scattering kernels of [11] into functions depending on only one variable,
and we have separated the explicit logarithms in the factorization scale for the meson distribution
amplitude and the generalized parton distributions.

For vector meson production at small zp we find huge NLO corrections even for Q? well above
10 GeV?, in agreement with the results obtained in [IT]. The corrections have opposite sign compared
to the Born term and can be traced back to BFKL type logarithms in the hard-scattering kernels,
which appear with rather large numerical prefactors in this process. We conclude at this stage
that a quantitative control of radiative corrections at small zp will require resummation of these
logarithms. First steps in this direction have been reported in [43]. If successful, such a resummation
in combination with a dispersion relation [39] may also be useful for stabilizing the real part of the
amplitude, where we find very large NLO corrections even at g ~ 0.1.

At intermediate to large zp, typical of fixed-target experiments, we have investigated the pro-
duction of p%, w, ¢ and of 7. We find NLO corrections to the longitudinal cross sections of up to
100%, which somewhat decrease in size when going from Q? = 4GeV? to 9 GeV2. Note that the me-
son production cross section depends quadratically on generalized parton distributions—the increased
sensitivity to these basic quantities comes with an increased sensitivity to higher-order corrections.
We generally find that uncertainties on the cross section due to the choice of renormalization and
factorization scales are not too large at LO and do not significantly decrease when going to NLO. For
scales below 4 GeV?2, however, NLO corrections often grow out of control. The cross section ratio for
w to p production turns out to be very stable under corrections, but less so the one for ¢ to p. For
the transverse target polarization asymmetry Apr in 71 production we find quite small NLO effects,
confirming the results in [I0]. For vector meson production this is however not the case. With the
models we have used for the nucleon helicity-flip distributions E, the numerator of the asymmetry in
this channel is dominated by the product (Im £y )(Re Hy ) in a wide range of kinematics and therefore
suffers from the perturbative instability we find for Re Hy at small to intermediate zp, even if the
corrections to Im &y are not too large. It is often assumed that corrections tend to cancel in asym-
metries. The examples we have studied show that this may hold in specific cases but not in others,
and that special care is needed for observables like Ay that depend on the relative phase between
amplitudes.

We should recall that in the kinematics we studied, one must expect that our leading-twist results
receive power corrections that cannot be neglected when comparing with data. They will certainly
affect the cross sections and will not always cancel in cross section ratios. An example is the transverse
target polarization asymmetry in 7t production. The phenomenological estimates in [12] found that
the convolution H, is decreased by effects of transverse parton momentum in the hard scattering,
whereas &, is increased by the soft overlap mechanism that has been extensively studied in the context
of the pion form factor. Together, these corrections may significantly increase leading-twist estimates
for AUT-

From our numerical studies we must conclude that a precise quantitative interpretation of exclu-
sive meson production requires large Q?, say above 10 GeV2. In addition it would be highly valuable
to have a consistent scheme for combining radiative with power corrections, at least in parts. Nev-
ertheless, we find that valuable information on generalized parton distributions can be obtained also
from data at lower Q2. In particular, a large measured asymmetry Ayr in vector meson production
would give valuable constraints on the size of the proton helicity-flip distribution E9 for gluons, which
are most difficult to obtain in deeply virtual Compton scattering or from lattice QCD calculations.

43



Acknowledgments

We gratefully acknowledge discussions with L. Favart, H. Fischer, P. Kroll, A. Rostomyan and
A. Schéfer. Special thanks are due to D. Yu. Ivanov for numerous conversations and advice. This
work is supported by the Helmholtz Association, contract number VH-NG-004.

A Polylogarithms

We collect here some properties of the polylogarithms that appear in the hard-scattering kernels for
meson production. Their definitions are

Ldt Lt
Lig z = —/ In(1 — zt), Liz z = / — Lig(2t), (79)
o t ot
from which one readily obtains for the imaginary parts
Im [Liz(gj + ZE)] =m0(—y) Iny, Im [Lig(gj + ze)} = g 0(—y) In’y. (80)

The limiting behavior for y — —oco can be obtained from the expansions

2 o0 7n 2 1 o0 yfn
Co 3
LIZ?J—_F__IH Z L13y——Fln(—y)—gln (—3/)4‘7;1?, (81)
which are valid for y < —1, and from
7{'2 1 o y* 2 —-n
Re[Luy}:?—ﬁ g— Re[ngy}:—lny——ln y+nz1 el (82)
which holds for y < 0. A useful relation finally is
. . 7
Liby +Liby = i (Iny) (Iny) . (83)

A wealth of further information can be found in [44].

B Hard-scattering kernels for higher Gegenbauer moments

In this appendix we give the analogs of the hard-scattering kernels in (2I]) for Gegenbauer index n. = 2
and n = 4. For the gluon kernel we find

_ Iny Q? B 13 25 Q?
too(y) = [2CA(y2+y2) —CFy]T In — +701n2—R — g Orln——
Y HapD HapD “DA
35 .y ln®y - .
+Cr|=(5 - bdyy) — = —= — T(y — y) (1 — 30yy) Lix y
| 36 2y
1 3 392
tlz-3- 39+t 525y 420y3> lny]
[ 5 1 ) ) N
+Ca|—— (1 —4yy) + 5—2@/ In®y + (7 —y) (7 — 60yy) Liz y

1
4
( + = — 58y + 1502 — 120y > lny]
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2
+ 6y [5(1 —4yy) Ca — 14(1 — 5yy) CF} (3Li3§ —Iny Lipy — % lny> +{y — 7},

_ Iny Q? Bo 1%, 91 Q?
tgaly) = |:2CA(y2+y2)_CF?J:|T In +2m — = Cpln——
’ U mHepp 2 Mgpp 30 Kb a
[27287 _ ~ y In?y ~ -~ _ .
—— - 252 22 2 16(—y)(1-1 2\ L
+Cr 7300 595yy + 2520(yy)” - 3 7T 6(y y)( 05yy + 630(yy) ) i2 y

1 5 11596
+ (— — Ty 49660y — 34160y + 45360y — 20160y5> lny]

g 2 15
[ 35 _ _ 1 2 _ - 2 Lio 7
+ O =35 (1= 4wi) (5 = 7299) + 7 — 2 | I’y + 27 ) (8 — 315yy +1260(yy) ) Lip g
Co/osT TT 174t
— [ == 4+ — — ——y + 294042 — 8960y> + 11340y* — 5040y° ) Iny
307 60 5

+ 309y [7(1 — dyp)(1 — 6y5) Ca
2 7
— 16 (1 ~ 14yj + 42(y9) )CF] <3 Ligg — Iny Lipy - 1ny> Yy =g, (84)

and for the pure singlet kernel

Iny Q? 23 i I’y 15
—[ln ——]Jr(y—y)T—?(y—y)

tho(y) =2(y —y) —

Yy popp 6

5
4 2(7 — 60yy) Lis § — <§ — 90y + 120y2> Iny
2
+60(y —y)yy [3Li3y+ (Lizy +In?y — %) lny] —{y =y},

Iny Q> 257 _ In?y 35 ,_ _
7[11“ ]4‘(9—3/)7—@@—?/)(5—72%)

tha(y) =2(7 —y) 2 0
GPD

77
+4 (8 — 315yy + 1260(y§)2) Lip§ — (5 — 665y + 4550y — 8820y° + 5040y4> Iny

. : 7w’
#4200~ (L= 6ym) |38y + (Lizg+ 1y - 5 Jing| > 0. (55)

The quark non-singlet kernel reads

21 2
ta2(y) = Bo [Z —Iny—In QT]
KR

225 21019 17
+CF[(3+2lny) lnéQ— - — ln%— - - <j + —> lny—i—any]
pgpp 6 wpa T2 y 6

401 299
+ (2CF — C}) {E — 255y 4 270> — (T — 867y + 1830y — 1080y3> Inj

56
+ <§ — 357y + 1290y — 1080y3> Iny + 2(22 — 291y + 780y* — 540y*) (Lizy — Li» 9)

+12(1 — 21y 4 106y% — 1753 + 90y*)

71.2

N [3(Li3y +Lizy) —lny Livy —Iny Lipy — " (Iny —l—lny)] } ,
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2
ta,a(y) = Bo [E —Iny — an—]
W

n
pepp 15 why 900

2 91 2 10213 1 46
+C’F[(3+2lny)ln ¢ — Q————( T

-+ ) Iny + In? y]
4903 5775 57085
+ (2CF — C}y) — Y+ y? —23310y° + 11970y*
40 2 4
21109 41451 103285
— < s YT y? — 1250204° + 129150y* — 47880y >lny
2899 11001 N 45535 2
60 5 T

— 78400y° + 105210y* — 47880y >lny
+ (137 — 4506y + 35280y — 100380y° + 117180y* — 47880y°) (Lipy — Li> )

+30 (1 — 48y + 580y* — 2590y> + 5166y — 4704y° + 1596y°)
2
X [3(Li337 +Lizy) —lny Lisy —Inj Lip j — % (Iny + 1ng)] } : (86)

Using (II)), (I2) and the representation

1
o = (—1ymH! 20F/ dz(1— 2)(3 4 2In2) C2(22 — 1) (87)
0
of the anomalous dimensions, we can give a closed form for the scale dependent terms for all even n,
In 2 2
tan) = [20407 4~ Cra| B Bt T gy gy
Yy WepD Kepp Kha
; Iny Q2 }
tn(y) =2y —y) — In ~{y—-ut+...,
y HEPD
19 2 2 2
tam(y)zﬂg[——i— T —Iny — an ] +Cr(3+2Iny)In — © — YpIn —— Q +..., (88)
6~ 2CF W KepD K a
where the terms denoted by ... are independent of Q? and the scales and do not involve By. From

the scale dependence (I6)) of the Gegenbauer coefficients of the meson distribution amplitude we can
readily reconstruct their evolution equation

2 d ( ):__QEQQ

2
W g onl 1 Tnan(i) +0(a5). (89)

With (20) and (88) we see that the up4 dependence of the process amplitude (I8]) cancels up to terms
of order a3, as it must be.

C Evolution kernels

For definiteness we give here the LO evolution kernels for GPDs, which we have used to check the
scale invariance of the NLO amplitude for meson production as explained in Sect. 2l The non-singlet
evolution equation reads

d d
qu—MFNS(x,f,t)z/ |§y| VNS(f 5)F“(y£t> (90)
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where FV9 can be a ﬂavor non-singlet combination such as F*(+) — F4+) or the charge-conjugation

odd combination F9-)(z, &, t) = F9(z,€,t) + FI(—x,&,t) for a single quark flavor. In the gluon and
quark singlet sector we have a matrix equation

o <F5(ﬂ:,§,t)>:/1@ ve (&
W2 \Fo(,e1)) T kel \gvon (&,

) etve (gL (Fs(y’f’t)) (91)

) ve(sy) )\

with FS defined in (B). At O(c;) one has VNS (z,y) = V99(z,y) and

Mk Mk

W(g ) = 2 lref 2 _ _
Vo) = 2 Cr [plony) s (1452 ) o> == b

1+=x

«
VI (z,y) = —ﬁ 2TFny [P(ﬂﬂ,y) (TR

(1_2$+y_$y)_{x_>_$ay_>_y}:| )

o x)2
Ver(a,5) = 52 O ot (2= o)+ - TEL) o o oy -]
s 1 $2 2
Vo) = G2 Ca ot (s (24 525 ) + e = —ny -]
a 2
-i—ﬁCA[p( ,y)Eiiy;2(1—2$+2y—my)+{x—> —z,y — y}]
+22 (Bh= 4 Ca) e - ) (92)

with Tp = 1/2 and the remaining constants as given in (I3]). The plus-prescription appearing in V%4
and V99 is defined by

Fe)], = fon) = 3w =) [ dz (), (93)

and the function p(z,y) specifies the support as

plz,y) =06 (115) 0 (1 - %) sgn(l+y)=0y—x)0(z+1) —0(z—y)0(—z —1). (94)

The evolution equations for polarized GPDs read as in ([Q0) and (@I)), with the unpolarized matrix
elements F' and kernels V' replaced by their polarized counterparts F' and V. With F1+) and F1-)
defined in (68)) above, FNS can be either a flavor non-singlet combination like Fut) — Fd+) or
charge-conjugation odd combination ﬁq(_), whereas the flavor singlet combination is given by

FS = puD) 4 pat) 4 psth), (95)
To O(as) the polarized evolution kernels are
VI (2,y) = Vi(z,y) = V(z,y) (96)

and

14z
1+ y)?
1+ 2)?
14+y

‘7q9($,y) = —Z—; 2T ny [p( Y) — ( —{z—= —z,y > y}]

~ Qg
VIl (z,y) = o Cr [p(:v,y) —{z = —z,y = —y}] ,

47



(1+z)?
(1+y)?

N . 2
Vgg(x,y)ZZ—WCA [p(x,y) (2+y_x>+{x—>—x,y—>—y}

+

+ <ﬁo - 1—34 CA> 6z —y). (97)

The kernels given here agree with those in [45] if one takes into account that any contribution to
V94(z,y) which is even in y at fixed z will drop out in the convolution (@I]). Taking the limit £ — 0
as

gL (68) v (6t) :<qu(z) qu(z)> (98)
g0+ ¢ 5v9@(2 é) Ly (g%) P99(z) P9 (z)

one obtains the usual DGLAP evolution kernels from (@2)), and in analogy one recovers the polarized
DGLAP kernels from (@7). The factors 1 in front of V97 and V99 reflect the different forward limits
of the quark and gluon GPDs.
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