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Transverse momentum dependent (TMD) parton distributions in a proton are important in high-energy
physics from both theoretical and phenomenological points of view. Using the latest RHIC and LHC data
on the inclusive soft hadron production in pp and AA collisions at small transverse momenta, we determine
the parameters of the initial TMD gluon density derived in the framework of a quark-gluon string model at
the low scale ug ~ 1-2 GeV and refine its large-x behavior using the LHC data on the 7 production at
\/s = 13 TeV. Then, we apply the Catani-Ciafaloni-Fiorani-Marchesini evolution equation to extend the
obtained TMD gluon density to the whole kinematical region. In addition, the complementary TMD
valence and sea quark distributions are generated. The latter are evaluated in the approximation where the
gluon-to-quark splitting occurs at the last evolution step using the TMD gluon-to-quark splitting function.
Several phenomenological applications of the proposed TMD quark and gluon densities to the LHC

processes are discussed.
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I. INTRODUCTION

In recent years, an understanding has been obtained that
a theoretical description of a number of processes at high
energies and large momentum transfer containing multiple
hard scales requires unintegrated, or transverse momentum
dependent (TMD) parton density functions [1], which
encode nonperturbative information on a proton structure,
including transverse momentum and polarization degrees
of freedom. The TMD parton densities are related to the
physical cross sections and other observables measured in
the collider experiments via TMD factorization theorems in
quantum chromodynamics (QCD). At present, the Collins-
Soper-Sterman factorization approach designed for semi-
inclusive processes with a finite and nonzero ratio between
the hard scale and total energy [2], and the high-energy
factorization [3] (or the kp-factorization [4]) approach valid
in the limit of a fixed hard scale and high energy, are
developed. The factorization theorems provide the neces-
sary framework to separate hard partonic physics described
with a perturbative QCD expansion from soft hadronic
physics and allow one to determine the TMD parton
distributions from collider data.
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In the high-energy factorization, the production cross
sections at low transverse momenta are governed by the
nonperturbative input to the TMD parton density functions.
The latter being used as an initial condition for the
subsequent QCD evolution could play an important role
in phenomenological applications [5-8]. As it was shown
[9-11], its influence on the description of the experimental
data can be significant. At present, several approaches to
determine the TMD gluon density in a proton (or rather, its
initial parameters) are known in the literature. In the
Kimber-Martin-Ryskin scheme developed at leading order
(LO) [12] and next-to-leading order (NLO) [13], the TMD
quark and gluon densities are derived from the conventional
parton distribution functions. At low ky <y~ 1 GeV,
they are defined from a simple normalization condition.
Recently, the TMD quark and gluon densities in a proton
were determined [14] from fits to precision measure-
ments of deep inelastic scattering cross sections at HERA
and evolved by the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution [15] with NLO splitting func-
tions using the parton branching method [16,17]. In a more
complicated approach [18] based on the Catani-Ciafaloni-
Fiorani-Marchesini (CCFM) gluon evolution equation [19],
the parameters of initial TMD gluon distribution were
fitted from the precision HERA data on proton structure
function F,(x, Q%) in the range x<5x 1073, 0? > 5 GeV?,
and F5(x, Q%) at Q% > 2.5 GeV? assuming the Gaussian-
like dependence on the intrinsic gluon transverse
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momentum k7 at ky < py ~ 2 GeV. In our previous papers
[9-11], the initial TMD gluon density was derived in the
framework of the soft quark-gluon string model [20-22] by
taking into account gluon saturation effects at low Q2. The
essential parameters were obtained from the best descrip-
tion of the inclusive spectra of hadrons produced in pp
collisions at LHC energies in the midrapidity region at low
transverse momenta py < 4.5 GeV. Being used with the
CCFM evolution, the predictions based on the proposed
TMD gluon density describe well the HERA measurements
of the proton structure functions F5(x, 0), F5(x, 0?), and
F(x,Q?%). Thereby, the connection between soft LHC
processes and small-x physics at HERA in a wide kin-
ematical region was established. An important advantage
of the approaches [10,11,18] is that one can rather easily
take into account a large piece of higher-order corrections,
namely, part of NLO + NNLO + --- terms containing
leading log 1 /x enhancement of cross sections due to real
initial state parton emissions absorbed into the CCFM
evolution' (see [24] for more information).

In the present paper, we continue our previous studies
[9-11] and test the parameters of the initial TMD gluon
density [9-11] using the recent NA61 [25], LHC [26—
31], and RHIC [32,33] data for soft hadron production
in pp and AA collisions obtained in a wide energy
range. Moreover, we refine its large-x behavior using the
latest LHC data on the inclusive top quark pair pro-
duction at /s = 13 TeV [34]. Following Refs. [10,11],
we extend the updated TMD gluon distribution to the
whole range of the longitudinal momentum fraction x,
transverse momentum k%, and hard scale Mz numerically
using the UPDFEVOLV package [35], which is the CCFM
evolution code for TMD parton densities. In our opin-
ion, the CCFM equation is the most suitable tool for our
study since it smoothly interpolates between the small-x
Balitsky-Fadin-Kuraev-Lipatov  [36] (BFKL) gluon
dynamics and the conventional DGLAP one. We supply
the obtained TMD gluon density with the corresponding
TMD valence and sea quark distributions calculated in
the approximation, where the sea quarks occur in the
last gluon splitting. Finally, we discuss several phenom-
enological applications of the proposed TMD parton
densities to hard LHC processes sensitive to the quark
and gluon content of the proton.

The paper is organized as follows. In Sec. II, we describe
how we determine the initial gluon density from the LHC
data and discuss its subsequent QCD evolution. In Sec. 111,
we illustrate the use of the obtained TMD gluon density at
the LHC. We give conclusions in Sec. IV.

'At present, most of the proposed TMD parton distributions in
a proton are collected in the TMDLIB package [23], which is a C++
library providing a framework and an interface to the different
parametrizations.

II. NONPERTURBATIVE TMD GLUON INPUT
AND EVOLUTION

The determination of the parameters of the initial TMD
gluon density in a proton can, in fact, be split into the
two almost independent pieces referring to the regions of
small and large x. We consider first the small-x region and
start from the simple analytical expression for the starting
TMD gluon distribution function at some fixed scale
Ho ~ 1-2 GeV. It can be presented in the form [11]

I k2, 42) = FO0r, K2, p2) + A(x, K3, 12) £y (x, K2),
(1)

where x and k7 are the proton longitudinal momentum
fraction and two-dimensional gluon transverse momentum,

respectively. The first term 7. (x, k2, 42) was calculated
[9] within the soft QCD model and reads

TP (0 K3 13) = coey (1 = x)P[RY(x)kF + co (R (x)k3) /2]
x exp (=Ro(x)|k| — d[R}(x)K3]*/2),
2)

where R3(x) = (x/x0)*/u3 and ¢y = 30q/4n%a,. The
parameters o, = 29.12 mb, 1= 0.22, x, = 4.21 x 107>,
and a; =0.2 come from the Golec-Biernat-Wiisthoff
(GBW) saturation model [37], while the other parameters
a, b, ¢y, ¢, and d were fitted from LHC data on inclusive
spectra of charged hadrons. The numerical values of these
parameters, details of the calculations, and the relation
between the TMD gluon density and the inclusive hadron
spectra are given in our previous papers [9—11]. The gluon
density ff,()) (x, k%, u3) differs from the one obtained in the
GBW model at |k7| < 1 GeV and coincides with the GBW
gluon at larger |ky| > 1.5 GeV [11]. The second term
fy(x. k%) represents the analytical solution [38] of the
linear BFKL equation at low x weighted with a matching
function A(x, k%, pi3):

(3)

1
fo(x. k%) = a2x~21712—exp [— p
: v

i) =eo(5) e |0 @

0 O |k

7ln? v}

where t = 14a,N.{(3)In(1/x), A =4a,N.In2/z, v=
|k7|/Aqcp, and ky = 1 GeV. This term allows one to
describe LHC measurements of inclusive charged hadrons
up to pr < 4.5 GeV [9]. Itis important that the contribution
from f,(x, k%) is only nonzero at k7| < Aqcp(1/x)° with
0 = a,N,, resulting in an average generated gluon trans-
verse momentum of (|kz|) ~ 1.9 GeV. The latter value is
close to the nonperturbative QCD regime that allows one to
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Left panel: The inclusive cross section of charge hadrons produced in pp collisions as a function of their transverse

momentum at /s =7 TeV. The experimental data are from CMS and ATLAS [26,27]. Right panel: Pion transverse mass
spectra in Au + Au at /s = 200 GeV and Pb + Pb collisions at /s = 2.76 TeV. The experimental data are from STAR [32,33]

and ALICE [28-31].

treat the TMD gluon density above as a starting one for the
CCFM evolution.

Previously, the phenomenological parameters a, b, cy,
¢5, and d in (1)—(4) were determined in the small-x region
only, where x ~ 1 x 10™#-1 x 1073 (see [9-11]). The fit
was based on NA61 data on inclusive cross sections of 7~
meson production in pp collisions at initial momenta 31
and 158 GeV [25] and on CMS [26] and ATLAS [27] data
on inclusive hadron production in p p collisions at the LHC.
In the present paper, we tested all these parameters using
the experimental data on the pion transverse mass distri-
bution in Au+ Au and Pb + Pb collisions taken by the
STAR Collaboration at the RHIC [32,33] and the ALICE
Collaboration at the LHC [28-31]. The details of the
calculations of hadron production cross sections in AA
collisions are given in [39].

Next, we note that determination of the parameters of
the TMD gluon density in the small-x region could result
only in significant theoretical uncertainties of the pre-
dictions and/or poor description of the data at moderate
and large-x values. Therefore, in the present paper, we
refine some of these parameters essential in the large-x
region using recent experimental data on inclusive ff
production taken by the CMS Collaboration at /s =
13 TeV [34]. These data refer to x ~ 2m,/\/s ~3 x 1072
(with a top mass m, ~ 170 GeV) and are reported at the
parton level in the full phase space, allowing us to avoid
the numerical simulation of top quark decays. To calcu-
late the ¢7 production cross sections in the kp-factorization
approach, we follow our previous consideration [40]. We
find that » =10 and d = 0.4 are more preferable to
describe the distributions on the rapidity and transverse
momentum of top quark pairs. The latter leads, in addition,
to a different value of overall normalization n = 0.27 in (1),

which was determined using the CMS data on inclusive
b-jet production.

Then, we test the other parameters from a fit on RHIC
[32,33] and LHC data [28-31] on soft hadron production in
pp and AA collisions. The hadron production in pp
collisions at p; <2GeV is fitted with y?>/n.d.f.=0.9. The
resulting cross sections are compared with the data in Fig. 1,
where the soft QCD predictions include both gluon and quark
contributions. The perturbative QCD corrections calculated
[41,42] at LO are divergent at low transverse momenta’” (not
shown for AA collisions). We would like to note here that the
approach [39] with the above-determined parameters of the
TMD gluon density is able to describe the experimental data
in a wide energy range. Concerning the large-x region, the
achieved description of the CMS data [34] on the top pair
production is illustrated in Fig. 2, where the transverse
momentum and rapidity distributions of the top quarks are
shown as an example. For the reader’s convenience, we
collected all the parameters of (1)—(4) in Table I.

Next, we extend the obtained TMD gluon density (1)—(4)
to a higher scale > using the CCFM evolution equation.
This equation resums large logarithms o?In"1/x and
a!n"1/(1 — x) and, therefore, is valid at both small and
large x (see, e.g., [24] for more information). In the leading
logarithmic approxima‘tion,3 the CCFM equation with
respect to the evolution scale x> can be written as

*The kinematical region py ~ 1.8-2.2 GeV can be treated as
the matching region of the soft QCD and pQCD calculations.

The next-to-leading logarithmic corrections for the CCFM
equation are still unknown. However, as it was argued [43],
amending the leading logarithmic evolution with kinematical
constraint [44,45] leads to reasonable QCD predictions, although
still formally only to leading logarithmic accuracy (see, also, [24]).
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(solid) and blue (dashed) curves correspond to the predictions obtained using the MD’2018 and JH’2013 set 2 gluons, respectively. The
shaded bands represent their scale uncertainties. The experimental data are from CMS [34].

dz [ dq?
Fox k) = 1 (x. k%ﬂ%)%(ﬁ#%)*’/?/79(/1—Z‘I)As(ﬂzﬁzzqz)ng(Z’qz’k%)fg(x/z’ k'7.4%). (5)

where ks = q(1 —z) + k7. The exact analytical expres-
sions for the Sudakov form factor A,(p?,¢*) and gluon
splitting functions P, (z, ¢*, k%) can be found, e.g., in [35].
The CCEM equation with the starting TMD gluon density
f SD (x, k%, u3) given by (1)—(4) was solved numerically
using the UPDFEVOLV package [35]. As it was done earlier
[11], to produce the TMD valence and sea quark distribu-
tions, we apply the approach of Ref. [46]. So, the TMD sea
quark density was calculated in the approximation where
the sea quarks occur in the last gluon splitting:

£3 (K p?)
dz _
/ [ i oo A (/). (6)

where z is the fraction of the gluon light-cone momentum
carried by the quark and A = k; — zqy. The hard scale ji?
was defined [47] from the angular ordering condition which
is natural from the CCFM point of view: i> = A%/ (1 —z)>+
q%/(1—z). The off-shell gluon-to-quark splitting function
P,,(z,q}, A?) was calculated in [48].

TABLE I. Numerical values of the parameters of the TMD
gluon density (1)—(4). All other parameters, namely, x,, 6, 4, and
a, are unchanged.

Parameter a b ¢ cy d 1o/ GeV
Fitted value 0.3 100 0.3295 23 04 2.2

|

The gluon density f,(x,k#%,u?) obtained according
to (1)—(5) labeled below as Moscow-Dubna 2018, or
MD’2018, is shown in Fig. 3 versus the longitudinal
momentum fraction x and transverse momentum k; at
different evolution scales. Additionally, we plot the TMD
gluon distribution [18] (namely, the JH’2013 set 2),
which is widely discussed in the literature and commonly
used in applications. One can observe some difference
in the absolute normalization and shape between both
TMD gluon distributions. In particular, the k; tail of the
MD’2018 density function is the contribution due to
the solution of the linear BFKL equation, as was
described above. Actually, it was needed to improve
the description of the LHC data on charge hadron
production in pp collisions at /s =7 TeV and 2.5 <
pr <4 GeV (see [9] for more details). Below, we will
consider the phenomenological consequences for several
LHC processes.4

III. PHENOMENOLOGICAL APPLICATIONS

We are now in a position to apply the MD’2018
gluon density to several hard processes studied at
hadron colliders. We use the kp-factorization approach,
where the production cross section of any process
under consideration (say, in pp collisions) can be
written as

“The MD’2018 gluon density will be implemented in the
forthcoming release of the TMDLIB package.
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o= Z/dxldxz/dk%rdkgrfi/h, (xl,k%ﬂﬂz)fj/hz(xb k%r’llz) X dﬁij(xl’x%k%T’k%TW‘z)» (7)
i.j

where i, j denote the partons (g, g, or g) inside
colliding particles h;, (protons or heavy ions), and
6ij(x1,x. k37, K3, 4?) is the corresponding off-shell
(depending on the transverse momenta of incoming par-
ticles) partonic cross section. Everywhere below, the
multidimensional integration was performed by the
Monte Carlo technique, using the routine VEGAS [49].

A. Proton structure functions F and F}

It is well known that the basic information on the
proton structure can be extracted from deep inelastic ep
scattering. Its differential cross section can be presented in
the simple form:

Ao - 2o

2 2
i~ | (1)) —F i)

2
(8)

where F,(x, Q%) and F (x, Q?) are the proton transverse
and longitudinal structure functions, and x and y are the
usual Bjorken scaling variables. In the present paper, we
concentrate on the charm and beauty contributions to
F,(x, Q%). The latter are described through perturbative
generation of charm and beauty quarks and, therefore,
directly related with the gluon content of the proton.
Our evaluation below is based on the formulas [50].
Numerically, we apply the pole mass m, = 1.7 GeV and
my;, = 4.8 GeV and strictly follow our previous consider-
ation [50] in all other aspects.

|

Our results are shown in Figs. 4 and 5 in comparison
with the latest ZEUS [51] and H1 data [52,53]. The green
and grey curves correspond to the predictions obtained with
the MD’2018 and JH 2013 set 2 gluon densities, whereas
the shaded bands represent the estimations of the scale
uncertainties of these calculations. We find that the
MD’2018 predictions for F§(x, Q%) and F5(x, Q) are in
reasonable agreement with the HERA data in a wide region
of x and Q?, both in overall normalization and shape. It
slightly overshoots the JH’2013 set 2 predictions at small
Q% and low x < 107, At larger Q% and moderate and/or
large x > 1072, the JH’2013 set 2 gluon density function
tends to overestimate the HERA data on the structure
function F5(x, Q%), which is due to the determination of
input parameters of this gluon density at small x only [18].
Therefore, the influence of the shape and other parameters
of the initial nonperturbative gluon distribution on the
description of the collider data is significant for a wide
region of x and Q? [9-11]. The MD’2018 gluon density,
where all these parameters are verified by the description of
LHC data, leads to a better agreement with the HERA data,
which confirms the link between soft processes at the LHC
and low-x physics at HERA pointed out earlier [9-11].
Note that to estimate the scale uncertainties of the JH2013
set 2 calculations, the method proposed in [18] was used.
So, to evaluate the latter, we used the JH’2013 set 2+ and
JH 2013 set 2— sets instead of the default one JH’2013 set
2. These two sets represent a variation of the renormaliza-
tion scale used in the off-shell production amplitude:
the JH’2013 set 2+ stands for a variation of 2up, while
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FIG. 4. The charm contribution to the proton structure function F,(x, Q%) as a function of x calculated at different Q*. Notation of the
histograms is the same as in Fig. 2. The experimental data are from ZEUS [51] and H1 [52].
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JH’2013 set 2— reflects pg/2. This method leads to
somewhat reduced uncertainty bands in comparison with
the MD’2018 predictions.

B. Single top production at the LHC

Recently, the CMS and ATLAS Collaborations have
measured the differential cross sections of single top
production (in the ¢ channel) at the LHC as a function of
the transverse momenta and rapidity of the top quark and top
antiquark at \/s = 8 TeV [54,55]. Such measurements are
known to be very useful for constraining parton densities

|

%20 qu’ thﬁsl (pl)rl(l_y_) (kl ’

ky = py+my,

(ky = p2)? = mj,

where ¢ and e are the strong and electric charges,
respectively, Oy, is the weak Weinberg mixing angle,
V,.q, are the Cabibbo-Kobayashi-Maskawa matrix ele-
ments, m,; and my, are the b-quark and W-boson masses,
a is the eightfold color index, and I'y, is the W-boson full

decay width. The effective vertex F?’ + (k. q) that ensures

gauge invariance of the amplitude (9) despite the off-shell
initial partons can be written as [58,59]

i

li-q

F"(:»)(k’ q) = yﬂ _I,% ’ (11)

where [; is the proton four-momentum (k; = x;I; + k;r
and k, = x,1, + ko). The polarization sum for the off-shell
gluon is taken in the BFKL form [3,4]:

Gk
g

> elk)er(k) = (12)

In all other aspects, the calculation is straightforward and
follows standard Feynman rules. The evaluation of traces was
performed using the algebraic manipulation system FORM.

Having calculated the squared amplitude (9), one can
evaluate the total and differential cross sections of single top
production according to the TMD factorization formula (7).
Numerically, we took my, = 80.4 GeV andI'y, = 2.1 GeV.
The light quarks were kept massless, while for heavy quarks
we took my = 4.75 GeV and m, = 175 GeV. The weak
mixing angle was chosen to correspond to sin’fy, = 0.23
[60]. As the renormalization yy and factorization yj scales,
we choose the largest mass parameter in our calculation, the
top transverse mass.

The different choices of hard scales in the single top
production are discussed in [57,61].

5 €

in a proton [56,57]. To calculate the total and differential
production cross sections, we employ the four-flavor scheme
so that the leading contribution comes from the 2 — 3 off-shell
(reggeized) quark-gluon interaction subprocess:

q' (ki) + g" (k) = ¢'(p1) + b(p2) + 1(p).  (9)

where the four-momenta of all particles are indicated in
parentheses. The main contribution to the amplitude (8)
comes from the diagram, which corresponds to initial gluon
splitting to a bb pair with subsequent exchange of the W
boson between the b and the light quark. The latter reads

-p1)(1 —75>”s2<x111)

1
(p1 = ki)* = myy + imy Dy’

(10)

The results of our calculations for single top quark
production in the ¢ channel are presented in Figs. 68 in
comparison with the CMS and ATLAS data [54,55]. These
data correspond to the absolute and normalized differential
cross sections on parton level as functions of top quark
transverse momentum and rapidity. Studying the latter
could lead to a more stringent comparison between data
and theory due to reduced experimental (mainly system-
atic) and theoretical (scale) uncertainties. We find that both
the MD’2018 and JH 2013 set 2 gluon densities predict
almost identical normalized cross sections, which agree with
the CMS and ATLAS measurement quite well. However, the
MD’2018 density results in a little smaller total cross section
than the JH’2013 set 2 one that leads to somewhat better
description of the data. Thus, the calculations endorse the
usage of the MD’2018 gluon density for the evaluation of
cross sections of processes with quite large-x values
involved. Note that the size of scale uncertainties of
MD’2018 and JH’2013 set 2 calculations are rather close
to each other in the kinematical region probed.

C. Inclusive Higgs boson production at the LHC

Very recently, the CMS and ATLAS Collaborations have
reported measurements [62—65] of the total and differential
cross sections of inclusive Higgs boson production at /s =
13 TeV obtained in different Higgs decay channels. These
measurements can be used to investigate the gluon dynamics
in a proton since the dominant mechanism of inclusive
Higgs production at the LHC is gluon-gluon fusion [66—69].
Here, to calculate the total and differential cross sections of
Higgs boson production, we strictly follow our previous
consideration [70]. The latter is based on the off-shell
amplitude of the gluon-gluon fusion subprocess g*g* - H
calculated using the effective Lagrangian [71,72] for the
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FIG. 6. The differential cross sections of inclusive 7-channel single top production at /s = 8 TeV as functions of top quark transverse
momentum and rapidity. Notation of the histograms is the same as in Fig. 2. The experimental data are from ATLAS [55].

Higgs coupling to gluons and extended recently to the
subsequent H — yy, H - WTW~ — e*uFup [73], and
H—ZZ" —4ldecays [73,74]. The details of the calculations
are explained in [73]. Below, we present the numerical
results obtained with the MD’2018 and JH’2013 set 2
gluon densities for H—yy and H—ZZ"*—4l decay
modes.

The CMS and ATLAS measurements refer to a restricted
part of the phase space (fiducial phase space) defined to
match the experimental acceptance in terms of the photon
kinematics and event selection. In the CMS analysis [62],
two isolated photons originating from the Higgs boson
decays are required to have pseudorapidities |’| < 2.5.
Photons with largest and next-to-largest transverse momen-
tum p’ (so-called leading and subleading photons) must
satisfy the conditions of p%./m’” > 1/3 and p%/m"" > 1/4,
respectively, where the diphoton mass m'” is required to be
100 < m"” < 180 GeV. In the ATLAS measurement [64],

both decay photons must have pseudorapidities |r7| < 2.37
with the leading (subleading) photon satisfying p./m’" >
0.35 (0.25), while invariant mass m’” is required to be
105 < m" < 160 GeV.Inthe H — ZZ* — 4/ decay chan-
nel, only events with a four-lepton invariant mass 118 <
my; < 129 GeV are kept by the ATLAS Collaboration [65],
and each lepton (electron or muon) must satisfy the
transverse momentum cut pr > 6 GeV and be in the
pseudorapidity range || < 2.47. The highest-p; lepton
in the quadruplet must have py > 20 GeV, and the second
(third) lepton in p7 order must satisfy py > 15(10) GeV.
These leptons are required to be separated from each other
by AR = \/(An)? + (A¢)?> > 0.1(0.2) when having the
same (different) lepton flavors. The invariant mass m, of
the lepton pair closest to the Z-boson mass (leading pair) is
required to be 50 < m, < 106 GeV. The subleading
pair is chosen as the remaining lepton pair with invariant
mass msy closest to the Z-boson mass and satisfying the
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FIG. 7. The differential cross sections of inclusive z-channel single antitop production at /s =8 TeV as functions of
7 quark transverse momentum and rapidity. Notation of the histograms is the same as in Fig. 2. The experimental data are

from ATLAS [55].

requirement 12 < m3y < 115 GeV. The CMS measure-
ment [63] requires at least four leptons in the event
with at least one lepton having pr > 20 GeV, another
lepton having pr > 10 GeV, and the remaining ones
having pr > 7 and 5 GeV, respectively. All leptons must
have the pseudorapidity || < 2.4, the leading pair invariant
mass mj, must be 40 < m, < 120 GeV, and the sublead-
ing one should be 12 < m3, < 120 GeV. Finally, the four-
lepton invariant mass m,; must satisfy the 105 < my; <
140 GeV cut.

The results of our calculations are shown in Figs. 9 and
10 in comparison with the latest LHC data [62—65]. In the
H — yy decay channel, we calculated the distributions on
the diphoton pair transverse momentum p’’, absolute value
of the rapidity |y””|, photon helicity angle | cos 6*| (in the
Collins-Soper frame), and azimuthal angle difference Ag""
between the produced photons. In the H — ZZ* — 4l
decay channel, we calculated distributions on the Higgs

transverse momentum p#, rapidity |y’|, invariant mass of
the subleading lepton pair m3,, and cosine of the leading
lepton pair decay angle |cos@*| in the four-lepton rest
frame with respect to the beam axis. We find that both the
MD’2018 and JH’2013 set 2 predictions reasonably agree
with the data within the uncertainties for all considered
kinematical observables, although the MD’2018 results lie
a bit below the JH’2013 set 2 ones. Some tendency to
underestimate the LHC data at large transverse momenta
could be explained by the missing contributions from the
weak boson fusion (WTW~ — H and ZZ — H) and/or
associated HZ or HW* production [75], which become
important at high p; and are not taken into account in our
present consideration. The measured rapidity, | cos 6*|, and
my, distributions are well reproduced by our calculations.
As one can see, despite the fact that both the MD’2018 and
JH’2013 set 2 gluon distributions agree with the available
data, the inclusive Higgs boson production at the LHC is
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very sensitive to the TMD gluon density in a proton,
in particular, to the parameters of the initial TMD
gluon distribution. It could be important to further constrain
the latter.

IV. CONCLUSION

We have refined a fit of the experimental data on the
inclusive spectra of the charged particles produced in the
central pp and AA collisions at the RHIC and the LHC to
determine the TMD gluon density in a proton at the starting
scale. The parameters of this fit do not depend on the initial
energy in a wide energy interval. Using a numerical
solution of the CCFM gluon evolution equation, we
extended the derived TMD gluon density (denoted as
Moscow-Dubna 2018 or MD’2018 set) to a whole kin-
ematical region and supplied it with the relevant TMD
valence and sea quark distributions. The latter was calcu-
lated in the approximation where the gluon-to-quark split-
ting occurred at the last evolution step using the TMD
gluon-to-quark splitting function. Some phenomenological
applications of the proposed MD’2018 quark and gluon
densities to the hard LHC processes were discussed. We

achieved a good description of various data from HERA,
RHIC, and LHC using the same set of parameters that
confirms the link between soft processes at the LHC and
low-x physics at HERA, pointed out earlier. We demon-
strated a significant influence of the initial nonperturbative
gluon distribution on the description of the LHC data,
which is important to further precise determination of the
TMD quark and gluon densities in a proton.
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