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Abstract

We study the perturbative QCD corrections to structuretions of charged-lepton deep-inelastic
scattering and their impact on global fits of parton distitnas. We include the logarithmically

enhanced terms near threshold due to soft gluon resummattbe QCD corrections at next-to-

next-to-leading order. We demonstrate that this approttanas suficient to describe the available
HERA data in most parts of the kinematic region. The thredterlhanced next-to-next-to-leading
order corrections improve the agreement between predgti@sed on global fits of the parton
distribution functions and the HERA collider data even ia #mallx region.
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In this letter we study structure functions in deep-inétastattering (DIS) of charged leptonf o
nucleons. We focus on the production of heavy quarks, lige eharm, which proceeds within
perturbative Quantum Chromodynamics (QCD) predominahtiyugh boson-gluon fusion [1, 2].
This is a reaction of great interest because at moderate mtamdransfelQ, it provides a direct
probe of the gluon content of the nucleon over a wide rangejaifkBn x. In the present work,
we specifically include higher order QCD corrections to Dé&avy-quark production and we wish
to determine their impact on our information about the padistribution functions (PDFs) and,
especially, the gluon PDF.

Our motivation stems from the high statistics data for therohstructure functiof$ provided
by the HERA experiments [3, 4], whef€ accounts for a large fraction (up to 30%) of the total
structure functiorF,. The presently available DIS data allows for high precisatractions of
PDFs in global fits [5,6]. The treatment of the charm contidouin these fits is an important issue
as it can induce potentially largéfects also in the PDFs of light quarks and the gluon obtained
from these global fits (see e.g. the recent review [7]).

In the standard factorization approach the heavy-quarkibomion to the DIS structure func-
tions can be written as a convolution of PDFs andi@cient functions,
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wherea = 1+ 4m?/Q? and m, gq are the heavy-quark mass and charge. The strong coupling
constant at the renormalization scajas denotedrs = as(i,) and the PDFs for the parton of flavor

i are fi(x,,u]?) at the factorization scale;. Both scaleg:; andy, are assumed equal throughout
this work, i.e.u = = u,. The kinematical variablegand¢ in Eg. () are given as
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and the partonic center-of-mass enesgy Q%(z/x—1) in Eq. [1). The coficient functions of the
hard partonic scattering process enjoy an expansiaf as

o k 2
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The perturbative QCD predictions for the ¢dgent functions to the leading order (LO) are
long known [1, 2]. The next-to-leading order (NLO) radiatisorrections are available since more
than 15 years [8]. Likewise, the masslessfiiomnt functions for the light-quark content of the
DIS structure functions have also been calculated to thé-toemext-to-leading order (NNLO)
some time ago [9-13]. More recently, the scale evolutionhef PDFs has been matching the
NNLO accuracy [14,15].

Although the full heavy-quark cdiécient functions at two loops are the only unknown for a
complete NNLO analysis, much can already be said about tieeses at present. Because the

1



structure functions for massive quarks contain two hardescahat is the momentum transf@r
and the heavy-quark mass the study of particular kinematical limits yields valualohformation.

For instance, at asymptotic valu€®, u2 > n? one may treat the heavy quark afeetively
massless. As an upshot, large logarithmg i) are summed over in the PDF evolution [16].
Accordingly, the higher order céiicient functions [8] in Eq.[(3) take asymptotic forms [17, 18]
and, together with the PDFs, require matching. This is thadsrd procedure when changing
the description from QCD witi, light flavors and a heavy quark to a theory with+ 1 light
qguarks. Thus, a so-called variable flavor number scheme 8)ffds to describe this transition in
the dfective number of light flavors and, moreover, a general-f@ssalism for a VFNS has to
be consistent with QCD factorization, see Refs. [19, 20]wkler, the VFNS formalism cannot
be routinely extrapolated to the region @f~ m, where the power corrections due to the heavy-
guark massféects break the factorization and therefore the massivekguannot be considered
as partonic constituents of the nucleon. In this kinemhbtegion, one strictly applies QCD with
n, light flavors and one heavy quark, thus working in the soecaflxed flavor number scheme
(FFNS). The VENS can be used for the whole kinematics of thstiag DIS data only if it is
matched in order to provide a smooth transition to the FFNSretll Q. Details of this transition
cannot be derived within the VFNS framework and are theesfabject to model assumptions
(see Ref. [7] for the review of the modern state of art andbnystf this modeling). On the other
hand, in the FENS the large logarithmsd@{n?) are contained in the higher order corrections to
the codficient functions. Thus, the basic motivation for the use offlN$ weakens, at least for
the realistic DIS kinematics [21].

Near threshold, fos ~ 4n? or equivalentlyy < 1, higher order perturbative corrections are
much enhanced. The ddieient functions in Eq[{3) exhibit large double logarithm$in? 3, with
B = 4/1-4m?/s being the velocity of the heavy quark and these Sudakov itbgas can be re-
summed to all orders in perturbation theory. Currently liais been achieved to the next-to-leading
logarithmic (NLL) accuracy and the resummed result can bpleyed to generate approximate
results at NNLO in QCD (see e.g. [22]). In the present work,fa@is on the impact of these
approximate NNLO corrections due to soft gluons and as$essimpact on global fits of PDFs
in the FENS. To that end, it is instructive to express the otrion in Eq. [1) as an integration
over the partonic variable In this way, we obtain witlz(n) = x(1+4(n+1)/£)

TImax
Fk(x,Qz,mz);ijZeé > fdnxfi(Z(n),uz) Gik(mé.1%), @)
i=a.0.9

where the integration is bounded hyax= &/4(1/x-1)-1.

In Fig.[d we plot the shape of the gluon distributig(z) = fy(2) for representative kinematics
of charm quark production at the HERA collider. The typicalues ofx and Q employed for
xg[z(n)] in Fig.[ are correlated: The minimal (maximal) valuexoforresponds to the minimal
(maximal) value ofQ. For small scale® the value ofxg[z(r)] is suppressed at larggedue to
its argument, becaussn) rises withn about linearly (see Eq.J(4)) and the gluon PDF decreases
with rising argument. Therefore, for small scal@sonly the region ofy < 1 contributes to the
charm structure functioft§ and the parton kinematics relevant for the fGegent functions are
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Figure 1: The n-dependence of the gluon distributiog(2) for representative kinematics of the HERA
collider experiments (see E@l (4)).

effectively constrained to the threshold region (see Ref.)[2Becall thath is dominated by
boson-gluon fusion. On the other hand at large virtuali@ase rise ofz(n) with r is not so fast.
As a consequence, the suppression of the largegion due to the shape of the gluon PDF is
weaker, as can be seen in Hig. 1. However, for the case ofrbajtark production the large-
suppression is stronger due to the larger quark mass. Hewen,at large scale® the bottom
structure functiong is still saturated by parton processes (andffbcient functions) close to
threshold.

Let us now briefly summarize the threshold approximatiorh® lard scattering céiecient
functions in Eq.[(B). To that end, we are following the stadgaocedure for resumming Sudakov
logarithms, see e.g. Refs. [24, 25]. Inffdrential kinematics for the one-particle inclusive DIS
production of a heavy quark (see [8, 22]) the (dominant) gloodficient function is given by

420.9 = [ dew [du KO L ©)
29 VI e dhids
s(1-p)/2 0
Wherec(zoéo) is the Born contribution. We hawg = s +t; — 34 ands = s+ Q? and
ax_ S s(1-5) S(1+p)
Sr4n = 5t (t1+ > 1+ > . (6)

In a physical interpretatios, denotes the additional energy carried away by soft gluors&on
above the partonic threshold. At higher orders, Eg. (5) @iostplus-distributions of the type
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ak[In?~1(s4/mP)/s4] that give rise to the Sudakov logarithms upon integratiom, ithe well
known double logarithms: In2',8 of an inclusive formulation. At the éerential level (one-
particle inclusive kinematics) the threshold resummafitoD1S heavy-quark production has been
performed to NLL accuracy in Ref. [22]. Subsequently, theuremed result has been used to
generate the facto&(®) (cf. Eq. [B)) at fixed-order perturbation theory through NLThese
factorsk(® contain the large logarithms.

In the present paper we improve the approximate NNLO resfilgef. [22] by performing a
matching at one-loop and by including the NLO Coulomb cdroas. This provides us the with
the first three powers of Sudakov logarithms at all ordersiemdrrive at the following expressions
through NNLO,

KO = 6(ss), (7)

1
KD = 4—7T2{2CAD1 ; DO[CA(L,; +In(ty/ug) - 2C (1 + L/;)] +6(s4)[CF(1— Ly ®)
+2In(1-rP)Ls+ |n(rs)Lﬂ)+ %CA(In(tl/ul)z—3{2—4In(1— r2)Ly

+2In(rs)Lg —2In(rs) In(ty/ug) - In(rs)2 +2Li(1—uy/ty/rg) + 2Li2(1—t1/u1/rs))
Ca\(1-2mP)9)
{or-

1
K@ - 16”4{ZCAD3+ Dz[3cA(L,3+|n(t1/u1)) 6CACr(1+ Lﬁ)——cAﬁo] )

+D1[CAK +2CACF(1—3Lﬂ—2L§ —2In(t/ug) — 2In(t/ug)Lg + 2In(1— )Ly

(¢2-2Liz(-rg) - 2Liz(r9) |}

; In(rs)Lﬁ) +Cpfo(1+Lg) +4C2(1+Lg)% - %CA,BO(Lﬁ ; In(tl/ul))
+%c,§(2|_§ +4In(ty/ug)Lg +3In(t1/us)® + 4In(~ug /m?) — 1155 - 4In(1-r?)Lg
+2In(rs)Lg —2In(rs) In(ty/ug) - In(rs)2 +2Lio(1—uy/t1/rg) + 2Lia(1—t1/uy/rg))

e~ L2Jea 2 g, - 2Lig-rg - 21iatr9) .

whereD; = [In'(sa/m?)/s4]. denote the plus-distribution. We have in QN =3, C. =4/3,
Bo=11/3C, - 2/3n; andK = (67/18-)C, —5/9n;. The variables ands andLz are given by
rs=(1-p)/(1+p) andLs = (L-2m?/9)/B{In(rs) +irx}.

Our improved NNLO approximation in Ed.](9) is exact in theioegof phase space=~ 4n?,
where perturbative corrections receive the largest wdight the convolution with the gluon PDF
(see discussion above and Refs. [22,23]). In Ef. (5) we hesgicted ourselves to the case
u? = mP. While it is straightforward to allow for general choige$# n? to logarithmic accuracy
in the threshold resummation formalism one can even denwexacy, andu, scale dependence

through NNLO [22] with the help of renormalization group iedls. Thus, the functiortézél) and

(2 2 in Eq. (3) are known exactly [22], see Hd. 2 for plots.
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Figure 2: (a) Then-dependence of the gluon diieient functions at NNLO contributing to the heavy-
guark DIS structure functiof, (cf. Eq. [3)). The solid line denoteéz’o) according to Eq[(9) dashes and

dots show the exact result fat>", andcy. from [22]. (b) The lowx (largen) asymptotics oty of
Eq. (10) (solid line) from [26] and EqIZ(12) as modeled in [2d&shes). Eq[(12) without account of the
model suppression factor (dashed dots) and the model stibtréderm (dots) are given for illustration.

In a different kinematical regime, smatleffects in DIS heavy-flavor production have been
studied systematically [26] and incorporated in phenortaagical analyses [27]. Based dq-

resummation [26], the leading logarithm at srmafbr C(ng) can be derived:

2(§)

(10)

) n.€) = In(z/x) %22

(27r)3
recall (i) = x(1+ 4@ + 1)/£). The functiorks is a low order polynomial i = Q?/n? that can be
determined from empirical fits to the leading IngL behavior of Ref. [26]. In the region @&f< 1
it has been estimated as [27]

Kk2(£) = 13073 — 238272 + 241073 - 91737, (11)

However, for phenomenological applications the sole keogé of Ink)-terms is usually insuf-
ficient and additional assumption have to be supplied. Taymrticular functional form for the
codficient function at smalk has been suggested in Ref. [27],

s In(z/%) - 4) (1- ax/2)20 28 12
(n.8) = (Zﬂ)gﬁ( (z/x)-4)( 2) ¢ (12)
where the subtraction term-4) at In(1/2) is motivated by the terms of similar size in the small-
x limit of other known coéicient and splitting functions. The factgrtimes the polynomial
(1-ax/2)%° suppresses largeeffects by a large power aradis given below Eq.[{1).



We plot the smallx asymptotics Ot(ng) in Fig.[2 where we display Eq._(1L0) for the original
result of Ref. [26] and the model cfieient function of Eq.[(112). The variants of EQ.{12) without
account of the subtraction term4) and the suppression factor(fl — ax/2)2° are also given for
comparison. The form of Eq(IL2) is very sensitive to theipaldr choice of these terms. Due
to the largez suppression Eq[(12) vanishesrat 20, and the region of, where this happens
is defined by the power of 20 of the polynomial. Similarly, atgen the form of Eq. [(IR) is
entirely defined by the subtraction term. The presence déading terms in the smak-expansion
with large numerical cd@cients is a well documented feature at higher orders in Q@B ,esg.
the example of the three-loop gluon splitting function [18loreover, precise phenomenological
predictions based on smallapproximations only are extremelyfliicult to make, because the
convolution in Eq.[(¥) is non-local. Thus, the smalierms in the coicient function are weighted
by the PDFs in the larggregion (and vice versa), see [15].

ZEUS

— O(ad)
------ O(ac)
........... O(as)
...... O(Gg) -p=Q

Q*(GeV)
Figure 3: The predictions of the global fit of PDFs for the charm stregtiunctionF$5 compared to data
of Ref. [4] onF5 obtained in Run | of the HERA collider. The QCD correctiongtie charm coféicient
function in Eq. [B) have been included up to NNLO (solid line¢LO (dashes), and LO (dashed-dots) and
the scale has been choseh= Q? + 4n?. The variant of the NNLO fit with the scale choige= Q is given
by dots.

For phenomenological applications our approximate NNL&ulteEq. [9) forc(zgo) is added
on top of the exact NLO predictions [8] and supplemented Withexact NNLO scale dependent
functionscy;” andc(zgz) of Ref. [22]. This provides the best present estimate fo, the nucleon
structure functlorFC for DIS electro-production of charm quarks. We investighie impact of
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these NNLO (gluon induced) contributions E§ on the nucleon PDFs extracted from global fits
and perform a modified version of the fit of Ref. [6]. That fit ssed on global data on inclusive
charged-lepton DIS 6 nucleons supplemented by data for dimuon nucleon-nucleadugtion
(i.e. the Drell-Yan process). Within the FFNS we take intoamt the NNLO corrections to the
QCD evolution [14, 15] and the massless DIS and Drell-Yarffument functions [9-12, 28-30].
The value ofm was fixed at 25GeV, close to the world average and the factorizatioreseak

selected as/Q? + 4n¥.

We also perform two variants of this fit taking into accounlydhe LO corrections of Refs. [1,
2] and the NLO corrections of Ref. [8]. The predictions f6§ based on these three fits are
compared in Figld3 to the ZEUS data of Ref. [4]. The latter da&@not used in the fits. At
the smallest values ofandQ in the plot the predictions rise monotonically with incregsorders
of perturbative QCD, thus improving agreement with the da&a we discussed above, in this
region the value of5 is not sensitive to the cdiécient functions at largg and therefore our
predictions (cf.Eq[(9)) can be considered as a good appiation to the full NNLO result foF$.

At bigger values ok andQ, as a result of a negative contribution 1‘rc¢n§r7‘[J at largen the NNLO

predictions dip below the NLO ones. In this regionothe value ofc(2 9 was set to zero as our
choice of matching the threshold approximation to fixed oumturbatlon theory (see e.g. [31]
for related discussions). Checking the curves of[Big. 3rgel&alues ok andQ one can conclude
that this contribution should be positive in order to imprdhe agreement with the data. The
small-x contribution toc(2 9 modeled in Ref. [27] is positive indeed, and in principleautd help

to improve the agreement to data. However as we discussed dlimdriven by ad hoc parameters
and therefore cannot be used in quantitative comparisons.

At fixed-target energies the charm contribution to the isitle sample is much smaller than
at the HERA collider. This makes the experimental detertioneof F5 more dificult. The only
conclusive data on fixed-target charm electro-productierevebtained some time ago by the EMC
collaboration [32]. These data are compared to the predistof our fits in FiglL 4. At smallest
values ofQ the data are in disagreement with the predictions. Moretnatdisagreement increases
with the order of the perturbative QCD correction. At biggalues ofQ the diference between
the NLO and the NNLO predictions is marginal due to th@edlence in the gluon PDFs obtained
in these variants of the fit. However the general agreememidam data and calculations is far
from ideal. Due to the limited collision energy the EMC data sensitive to the region af< 1
only, where our NNLO approximation in Ed.](9) should deserthe exact cdécient function

c(zzéo) very well. Thus, we see no way to improve the agreement walEtMC data by performing

a complete calculation (xf( . Since the EMC data are unique it seems to be useful to have
additional experimental |nput to clarify this disagreeinen

Despite the fact that we do not use data for the charm el@ctrduction in the fit our results
are sensitive to the details of the descriptiorFgf This is becaus&$ amounts to a substantial
contribution, up to 30%, to the inclusive DIS structure fuioes at the HERA collider energies.
The biggest variation in the fitted PDFs due to the NNLO cdioes toF; is observed for the sea
quarks PDF at smalt: The latter becomes smaller in order to compensate thaysntribution
from the NNLO term at smalk (see Fig[h). The gluon distribution &t~ 0.02 becomes bigger
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Figure 4. The same as Fif] 3 for the charm electro-production crog®rsetata obtained by the EMC
experiment [32].

by about one standard deviation as a compensation of theéiveegantribution of the NNLO term
and the fitted value ats(Mz), which is anti-correlated with the gluon distribution atall-x, goes
down by about &. Other PDFs are essentially ndfexted by the corrections.

Let us summarize: We have improved the perturbative QCDigiieds for the heavy-quark
DIS structure functions. Our NNLO approximation takes gltime first three powers of Sudakov
logarithms for the boson-gluon channed, which, in an inclusive formulation (performing the
integration and keeping the leading termgionly) corresponds to all logarithmically enhanced
terms I3, k=2,...,4. Moreover, we have employed the exact expressions focallt slependent
terms through NNLO [22].

Subsequently, we have applied the NLO QCD corrections [8fi¢ocharm structure function
F5 and our new approximate NNLO result in a global fit to data farged-lepton DIS and dimuon
production in the Drell-Yan process. Especially the uséefthreshold-approximated NNLO re-
sultis legitimate because the gluon PDF constrains thepéihematics to values arousd: 4n.
Modifying the fit of Ref. [6] in this way we have studied thiexts for the determination of PDFs.
We have found that our approximate NNLO resultfgrgives better agreement between the fitted
PDFs and the HERA collider data. The agreement with datandsteven down to small values
of x. The results of our fit are also in good agreement with ZEU® @&t on charm electro-
production, which was not used in the fits. Comparing with Eta [32] we did find disagree-
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ment, though, and it would be interesting to get new and iaddpnt experimental information in
order to resolve it.

On the theory side we could in principle extend the NNLO thodd approximation of EqL{9)
further to include (after integration) the linear loganithn Ing at two loops and the two-loop
Coulomb corrections following the procedure of Ref. [31t feeavy-quark hadro-production.
However, we leave this to future research.
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