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1. Introduction

In this paper, based on [1], combined data on inclusive deep-inelastic scattering [2] and
deep-inelastic charm production [3] are used for determination of transverse-momentum depen-
dent (TMD), or unintegrated, parton densities. We limit ourselves to DIS in the small-x kinematic
region, where a well-defined form of TMD factorization holds at high energy [4]. This high-energy
factorization expresses the heavy-quark lepto-production cross section in terms of the TMD gluon
density and calculable perturbative matrix elements. This framework is extended to inclusive DIS
in [5]. Phenomenological applications of this approach require matching of small-x contributions
with contributions from medium and large x [6–12]. We have developed further the parton branch-
ing Monte Carlo [11] implementation of the CCFM evolution equation [13–15], which we include
in the herafitter program [2, 16]. The TMD gluon distribution at the initial scale q0 of the
evolution is determined from fits to DIS data, including charm production.

We perform fits to measurements of inclusive DIS [2] in the range x< 0.005, Q2 > 5 GeV2 and
to measurements of deep-inelastic charm production [3] in the range Q2 > 2.5 GeV2. We obtain
good fits , and we determine the TMD gluon density. We find that the best fit to DIS charm gives
χ2 per degree of freedom χ2/nd f ' 0.63, and the best fit to inclusive DIS gives χ2/nd f ' 1.18.
We also determine experimental and theoretical uncertainties of the TMD gluon.

2. Cross section calculation and evolution of TMD gluon density at small x

In the framework of high-energy factorization [4] the deep-inelastic scattering cross section is
written as a convolution in both longitudinal and transverse momenta of the TMD parton density
function A (x,kt ,µ) with off-shell partonic matrix elements, as follows

σ j(x,Q2) =
∫ 1

x
dz

∫
d2kt σ̂ j(x,Q2,z,kt) A (z,kt ,µ) . (2.1)

Here x and Q2 denote the Bjorken variable and photon virtuality, and the DIS cross sections is
given by σ j, with j = 2,L. The calculation of the cross section according to Eq. (2.1) involves
a multidimensional Monte Carlo integration which is time consuming and suffers from numerical
fluctuations. This cannot be employed directly in a fit procedure involving the calculation of nu-
merical derivatives in the search for the minimum. Instead the following procedure [17] is applied:

σ(x,Q2) =
∫ 1

x
dxgA (xg,kt , p)σ̂(x,xg,Q2)

=
∫

dxg dx′ dx′′A0(x′) ˜A (x′′,kt , p) · σ̂(x,xg,Q2) ·δ (x′ x′′− xg)

=
∫ 1

x
dx′A0(x′) ·

∫ 1

x/x′
dx′′ ˜A (x′′,kt , p) · σ̂(x,x′ x′′,Q2)

=
∫ 1

x
dx′A0(x′) · σ̃(x/x′,Q2) (2.2)

Here, first σ̃(x′,Q2) is calculated numerically with a Monte Carlo integration on a grid in x for the
values of Q2 used in the fit. Then the last step in Eq.(2.2) is performed using a fast numerical gauss
integration, which can be used in standard fit procedures.
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The fit to the HERA DIS measurements is performed by applying the herafitter pack-
age [2, 16] to determine the parameters of the starting distribution A0 at the starting scale q0. We
perform fits by using the three-parameter form

xA0(x,kt) = Nx−B · (1− x)C exp[−k2
t /σ

2] . (2.3)

We take σ2 = q2
0/2. The parameters N,B,C, in Eq. (2.3) are determined by fitting the high-precision

inclusive DIS measurements [2] in the range x < 0.005 and Q2 > 5 GeV2, and charm production
measurements [3] in the range Q2 > 2.5 GeV2. The results are obtained with the herafitter
package by treating the correlated systematic uncertainties separately from the uncorrelated statis-
tical and systematic uncertainties.

We include two-loop running coupling, gluon splitting and consistency constraint and, in ad-
dition to the gluon-induced process γ∗g∗ → qq̄, the contribution from valence quarks is included
via γ∗q→ q by using a CCFM evolution of valence quarks [18]. Fig. 1 shows the description of the
inclusive DIS cross section [2], by the individual fits and a combined fit. Plotted are the reduced
cross sections defined in [2, 3].
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Figure 1: The fit to DIS high-precision data: (top) charm lepto-production data [3]; (bottom) inclusive
structure function data [2].

We present two sets of unintegrated pdfs determined from the fits to high-precision DIS mea-
surements: JH-2013-set1 is determined from the fit to inclusive DIS data only; JH-2013-set2 is
determined from the fit to both inclusive DIS and charm data. The unintegrated TMD gluon den-
sity is shown in Figs. 2, versus the longitudinal momentum fraction x and versus the transverse
momentum kt . The results are compared with the older parton distribution set A0 [19], which
did not use the precision data and did not include two-loop running coupling, kinematic consis-
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tency constraint, nonsingular terms in the gluon splitting function, and unintegrated valence quark
density.

x

)
2

,p
2 t

 x
A

(x
,k

5
10

410

3
10

210

110

1

10

210

410
3

10 210 110 1

2
=10 GeV

2

t
k

JH2013set1
JH2013set2
set A0

)2 (GeV2

t
k

)
2

,p
2 t

 x
A

(x
,k

3
10

210

110

1

10

210

210 110 1 10 10

JH2013set1
JH2013set2
set A0

x=0.001

x

4
10

3
10

2
10

1
10 1

2
=30 GeV

2

t
k

2
Z=m2p

)2 (GeV2
t

k

2
10

1
10 1 10 10

x=0.01

4
10

3
10

2
10

1
10 1

2
=50 GeV

2

t
k

)2 (GeV2
t

k

2
10

1
10 1 10

2
10

x=0.1

Figure 2: Unintegrated TMD gluon density (JH-2013-set1 and JH-2013-set2) at evolution scale equal to
the Z-boson mass, p2 = m2

Z: (top) as a function of x for different values of k2
t ; (bottom) as a function of k2

t
for different values of x. The results are compared with set A0 [19].

We also consider theoretical uncertainties. The first such kind of uncertainty is the dependence
on the starting scale q0 for gluon density evolution. In Figs. 3 the dotted blue curves show the effect
on the gluon distribution from variation in the starting scale q0. These uncertainties are small at
small x, while they become very large at large x because in this region, since we fit DIS in the range
x < 0.005 and Q2 > 5 GeV2, there is little constraint from data.

We also consider theoretical uncertainties on the TMD gluon density from variation of the
factorization scale and renormalization scale. This approach is different from that usually followed
in determinations of ordinary, collinear pdfs from fixed-order perturbative treatments [20]. In this
case, no uncertainty on the pdfs is considered from scale variation. Only when computing predic-
tions for any specific observable the theoretical uncertainty on the predictions is estimated by scale
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Figure 3: Experimental and theoretical uncertainties of the unintegrated TMD gluon density versus x for
different values of transverse momentum at p2 = m2

Z . The yellow band gives the uncertainty from the factor-
ization scale variation; the curves indicate the uncertainties from the other sources.

variation. In our approach we are interested to estimate the uncertainty from varying scales in the
theoretical calculation used to determine the pdf. In Figs. 3 the renormalization scale (blue dashed
curves) and in the factorization scale (yellow band) are varied by a factor of 2.

An application of the newly determined TMD gluon and valence quark densities is reported
in [21] for W + jet production in pp at LHC energies. A very good description of the measurements
of ATLAS and CMS is obtained even for high pt multi-jet distributions.

3. Summary

A first determination of the TMD gluon density function from high-precision DIS measure-
ments, including experimental and theoretical uncertainties, has been performed. We fit the com-
bined HERA data and find a good fit to both charm-quark and inclusive measurements. We deter-
mine the TMD gluon density and present new unintegrated pdf sets, JH-2013. As a result of the
high-precision data, the JH-2013 distributions differ significantly from earlier sets. We also present
separate results for the different contributions to the experimental and theoretical uncertainties as-
sociated with the TMD pdfs.
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