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Abstract The ϒ(2S) production and polarization at high
energies is studied in the framework of kT -factorization
approach. Our consideration is based on the non-relativistic
QCD formalism for bound states formation and off-shell
production amplitudes for hard partonic subprocesses. The
direct production mechanism, feed-down contributions from
radiative χb(3P) and χb(2P) decays and contributions from
ϒ(3S) decays are taken into account. The transverse momen-
tum dependent gluon densities in a proton were derived from
the Ciafaloni–Catani–Fiorani–Marchesini evolution equa-
tion, Kimber-Martin-Ryskin prescription and Parton Branch-
ing method. Treating the non-perturbative color octet transi-
tions in terms of the mulitpole radiation theory, we extract the
corresponding non-perturbative matrix elements for ϒ(2S)

and χb(2P) mesons from a combined fit to ϒ(2S) transverse
momenta distributions measured by the CMS and ATLAS
Collaborations at the LHC energies

√
s = 7 and 13 TeV and

from the relative production rate Rχb(2P)

ϒ(2S) measured by the
LHCb Collaboration at

√
s = 7 and 8 TeV. Then we apply

the extracted values to investigate the polarization parame-
ters λθ , λφ and λθφ , which determine the ϒ(2S) spin density
matrix. Our predictions have a good agreement with the cur-
rently available data within the theoretical and experimental
uncertainties.

1 Introduction

Since it was first observed, the production of charmonia and
bottomonia in hadronic collisions remains a subject of con-
siderable theoretical and experimental studies [1–16]. The
theoretical framework for the description of heavy quarkonia
production and decays provided by the non-relativistic QCD
(NRQCD) factorization [17,18]. This formalism implies a

a e-mail: lipatov@theory.sinp.msu.ru (corresponding author)

separation of perturbatively calculated short-distance cross-
sections for the production of QQ̄ pair in an intermediate
Fock state 2S+1L(a)

J with spin S, orbital angular momen-
tum L , total angular momentum J and color representa-
tion a from long-distance non-perturbative matrix elements
(NMEs), which describe the transition of that intermediate
QQ̄ state into a physical quarkonium via soft gluon radiation.

However, NRQCD meets some difficulties in simultane-
ous description of the charmonia and bottomonia production
cross section and polarization data, as we have explained in
our previous paper [19]. So, for example, having the NMEs
fixed from fitting the charmonia transverse momentum dis-
tributions, one disagrees with the polarization observables:
if the dominant contribution comes from the gluon fragmen-
tation into an octet QQ̄ pair, the outgoing meson must have
strong transverse polarization. The latter disagrees with the
latest data [20–24], which show the unpolarized or even lon-
gitudinally polarized particles (so called “the polarization
puzzle”). Moreover, the NMEs, obtained from the collider
data, dramatically depend on the minimal transverse momen-
tum used in the fits [25] and are incompatible with each other
when obtained from fitting the different data sets.

A potential solution to this problem was proposed [26]
in the framework of a model that interprets the soft final
state gluon radiation as a series of color-electric dipole tran-
sitions. In this way the NMEs are represented in an explicit
form inspired by the classical multipole radiation theory, that
leads to unpolarized or only weakly polarized mesons either
because of the cancellation between the 3P(8)

1 and 3P(8)
2 con-

tributions or as a result of two successive color-electric E1
dipole transitions in the chain 3S(8)

1 → 3P(8)
J → 3S(1)

1 .
This scenario was already successfully applied to describe
the recent data on charmonia production and polarization
[27,28]. Of course, it is important to investigate the bottomo-
nia production within the same framework.
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The data on ϒ(nS) and χb(mP) mesons have been
reported recently by the CMS [29,30], ATLAS [31] and
LHCb [32,33] Collaborations at

√
s = 7, 8 and 13 TeV. As

it was shown [34–38], these data can be explained within
the NRQCD, both in polarization and yield. Our present
study continues the line started in the previous paper [19]
and here we consider the production and polarization of
ϒ(2S) mesons. To preserve the consistency with our stud-
ies [27,28], we apply the kT -factorization QCD approach
[39–42] to describe the perturbative production of the bb̄
pair in the hard scattering subprocess. This approach is
based on the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [43–
45] or Ciafaloni-Catani-Fiorani-Marchesini (CCFM) [46–
49] evolution equations, which resum large logarithmic terms
proportional to ln s ∼ ln 1/x , important at high energies
(or, equivalently, at low longitudinal momentum fraction
x of proton carried by gluon). Resummation of the terms
αn
s lnn 1/x , αn

s lnn μ2/�2
QCD and αn

s lnn 1/x lnn μ2/�2
QCD

up to all orders in the perturbative expansion results in Trans-
verse Momentum Dependent (TMD) gluon distributions, that
generalize the factorization of hadronic amplitudes beyond
the conventional (collinear) DGLAP-based approximation.
For the different aspects of the kT -factorization approach the
reader may consult the reviews [50]. We determine the NMEs
for ϒ(2S) and χb(2P) mesons from the ϒ(2S) transverse
momentum distributions measured by the CMS [29,30] and
ATLAS [31] Collaborations at

√
s = 7 and 13 TeV and from

the relative production ratio Rχb(2P)

ϒ(2S) measured by the LHCb
Collaboration at

√
s = 7 and 8 TeV [51]. In the calcula-

tions we take into account the feed-down contributions from
χb(3P), χb(2P) and ϒ(3S) decays. Then, we make predic-
tions for polarization parameters λθ , λφ , λθφ (and frame-
independent parameter λ̃), which determine the ϒ(2S) spin
density matrix and compare them to the currently available
data [20,24].

The outline of our paper is the following. In Sect. 2 we
briefly recall the basic steps of our calculations. In Sect. 3 we
perform a numerical fit and extract the NMEs from the LHC
data. Then we test the compatibility of the extracted NMEs
with the available LHCb data on ϒ(2S) transverse momen-
tum distributions and Tevatron data on the ϒ(2S) transverse
momentum distributions and polarization. Our conclusions
are collected in Sect. 4.

2 Theoretical framework

In the present paper we follow mostly the same steps as in
our previous paper [19]. Our consideration is based on the
off-shell gluon-gluon fusion subprocesses that represents the
true leading order (LO) in QCD:

g∗(k1) + g∗(k2) → ϒ
[

3S(1)
1

]
(p) + g(k), (1)

g∗(k1) + g∗(k2) → ϒ
[

1S(8)
0 , 3S(8)

1 , 3P(8)
J

]
(p), (2)

g∗(k1) + g∗(k2) → χbJ (p)
[

3P(1)
J , 3S(8)

1

]

→ ϒ(p1) + γ (p2), (3)

where we listed all intermediate color states, J = 0, 1 or
2 and the four-momenta of all particles are indicated in the
parentheses. The respective cross sections for 2 → 2 and
2 → 1 subprocesses are:

σ =
∫

1

8π(x1x2s)F
fg

(
x1, k2

1T , μ2
)
fg

(
x2, k2

2T , μ2
)

×|A(g∗ + g∗ → Q + g)|2d p2
T dk

2
1T dk

2
2T dydyg

×dφ1

2π

dφ2

2π
, (4)

σ =
∫

2π

x1x2sF
fg

(
x1, k2

1T , μ2
)
fg

×
(
x2, k2

2T , μ2
)

|A(g∗ + g∗ → Q)|2dk2
1T dk

2
2T dy

×dφ1

2π

dφ2

2π
, (5)

where Q is the ϒ and/or χb meson, φ1 and φ2 are the
azimuthal angles of initial off-shell gluons having the lon-
gitudinal momentum fractions x1 and x2, pT and y are the
transverse momentum and rapidity of produced mesons, yg is
the rapidity of outgoing gluon and F is the off-shell flux fac-
tor [52]. The initial off-shell gluons have non-zero transverse
momenta k2

1T �= 0, k2
2T �= 0 and an admixture of longitudi-

nal component in the polarization vectors. So, the gluon spin
density matrix is taken in the form

∑
εμε∗ν = kμ

T k
ν
T /k2

T ,

Fig. 1 The production ratio r(pt ) calculated as a function of ϒ(2S)

transverse momentum pT in the different kinematical regions
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Table 1 The NMEs for ϒ(3S) and χb(3P) mesons as determined from our fit at pcut
T = 10 GeV. The NMEs obtained in the NLO NRQCD [37]

are shown for comparison

A0 JH’2013 set 1 KMR PB’2018 set 2 NLO NRQCD [37]

〈Oϒ(3S)[3S(1)
1 ]〉/GeV3 3.22 3.22 3.22 3.22 3.54

〈Oϒ(3S)[1S(8)
0 ]〉/GeV3 0.0 0 0.0 0.0 0.0145 ± 0.0116

〈Oϒ(3S)[3S(8)
1 ]〉/GeV3 0.018 ± 0.001 0.007 ± 0.002 0.006 ± 0.001 0.018 ± 0.003 0.0132 ± 0.0020

〈Oϒ(3S)[3P(8)
0 ]〉/GeV5 0.0 0.09 ± 0.03 0.073 ± 0.006 0.73 ± 0.02 −0.0027 ± 0.0025

〈Oχb0(3P)[3P(1)
0 ]〉/GeV5 2.84 2.84 2.84 2.84 2.57

〈Oχb0(3P)[3S(8)
1 ]〉/GeV3 0.016 ± 0.003 0.009 ± 0.001 0.005 ± 0.001 0.048 ± 0.005 0.0069 ± 0.0014

Table 2 The NMEs for ϒ(2S) and χb(2P) mesons as determined from our fit at pcut
T = 10 GeV. The NMEs obtained in the NLO NRQCD [37]

are shown for comparison

A0 JH’2013 set 1 KMR PB’2018 set 2 NLO NRQCD [37]

〈Oϒ(2S)[3S(1)
1 ]〉/GeV3 4.15 4.15 4.15 4.15 4.63

〈Oϒ(2S)[1S(8)
0 ]〉/GeV3 0.0 0.0 0.0 0.0 0.0062 ± 0.0198

〈Oϒ(2S)[3S(8)
1 ]〉/GeV3 0.024 ± 0.004 0.007 ± 0.007 0.006 ± 0.0007 0.0 0.0222 ± 0.0024

〈Oϒ(2S)[3P(8)
0 ]〉/GeV5 0.014 ± 0.009 0.19 ± 0.05 0.14 ± 0.02 1.15 ± 0.07 −0.0013 ± 0.0043

〈Oχb0(2P)[3P(1)
0 ]〉/GeV5 2.61 2.61 2.61 2.61 2.37

〈Oχb0(2P)[3S(8)
1 ]〉/GeV3 0.0096 ± 0.0005 0.0061 ± 0.0004 0.003 ± 0.0003 0.045 ± 0.009 0.0109 ± 0.0014

Table 3 The dependence of the
χ2/d.o. f. achieved in the fit
procedure on the choice of pcut

T
at only

√
s = 7 TeV and at 7

and 13 TeV combined

7 TeV pcut
T = 10 GeV pcut

T = 12 GeV pcut
T = 15 GeV pcut

T = 17 GeV

A0 1.34 1.29 1.25 1.31

JH’2013 set 1 2.84 2.32 1.94 1.94

KMR 1.62 1.63 1.67 1.76

PB’2018 set 2 1.59 1.63 1.71 1.81

7 + 13 TeV pcut
T = 10 GeV pcut

T = 12 GeV pcut
T = 15 GeV pcut

T = 17 GeV

A0 2.72 2.73 2.77 2.86

JH’2013 set 1 6.28 6.08 5.99 6.14

KMR 3.25 3.32 3.4 3.52

PB’2018 set 2 3.66 3.77 3.89 4.03

where kT is the component of the gluon momentum per-
pendicular to the beam axis [39–42]. In the collinear limit
kT → 0 this expression converges to the ordinary one∑

εμε∗ν = −1/2gμν . In all other respects, we follow the
standard QCD Feynman rules. As usual, the hard production
amplitudes contain spin and color projection operators [53–
56] that guarantee the proper quantum numbers of the state
under consideration (see, for example, [19,27,28] for more
details).

The formation of bb̄ bound states need additional expla-
nation. We employ the mechanism1 proposed in [26] and

1 The mechanism [26] is not connected to the choice of factorization
scheme (kT or collinear), but represents a completely independent issue.

used previously [19,27,28]. A soft gluon with a small energy
E ∼ �QCD is emitted after the hard interaction is over, bring-
ing away the unwanted color and changing other quantum
numbers of the produced CO system. In our calculations
such soft gluon emission is described by a classical mul-
tipole expansion, in which the electric dipole (E1) transition
dominates [57,58]. Only a single E1 transition is needed to
transform a P-wave state into an S-wave state and the struc-
ture of the respective 3P(8)

J → 3S(1)
1 + g amplitudes is given

by [57,58]:

A
(

3P(8)
0 → ϒ + g

)
∼ k(g)

μ p(CO)με(ϒ)
ν ε(g)ν, (6)

A
(

3P(8)
1 → ϒ + g

)
∼ eμναβk(g)

μ ε(CO)
ν ε(ϒ)

α ε
(g)
β , (7)
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Fig. 2 Transverse momentum distribution of inclusive ϒ(2S) produc-
tion calculated at

√
s = 7 TeV in the different rapidity regions. The red,

green, blue and violet histograms correspond to the predictions obtained

with A0, KMR, JH’2013 set 1 and PB gluon densities. Shaded bands
represent the total uncertainties of our calculations, as it is described in
text. The experimental data are from ATLAS [31]

A
(

3P(8)
2 → ϒ + g

)
∼ p(CO)

μ ε
(CO)
αβ ε(ϒ)

α

×
[
k(g)
μ ε

(g)
β − k(g)

β ε(g)
μ

]
, (8)

where p(CO)
μ , k(g)

μ , ε
(ϒ)
μ , ε

(g)
μ , ε

(CO)
μ and ε

(CO)
μ are the

momenta and polarization vectors of corresponding parti-
cles and eμναβ is the fully antisymmetric Levi-Civita tensor.
The transformation of color-octet S-wave state into the color-
singlet S-wave state is treated as two successive E1 transi-
tions 3S(8)

1 → 3P(8)
J + g, 3P(8)

J → 3S(1)
1 + g proceeding

via either of three intermediate 3P(8)
J states with J = 0, 1, 2.

For each of these transitions we apply the same expressions
(6)–(8). The amplitudes (6)–(8) lead to the fact that the final
state bottomonia come unpolarized [26], either because of
the cancellation between the 3P(8)

1 and 3P(8)
2 contributions

or as a result of two successive E1 transitions. This prop-
erty remains true irrespectively of the numerical values of
NMEs and only follows from the spin algebra. The expres-
sions (6)–(8) can be applied for both gluons and photons
(up to an overall color factor) and can be used to calculate
the polarization variables in radiative decays in feed-down
processes.

As we did in our previous paper [19], we have tested sev-
eral sets of TMD gluon densities in a proton. Two of them
(A0 [59] and JH’2013 set 1 [60]) were obtained from CCFM
equation where all input parameters were fitted to the pro-
ton structure function F2(x, Q2). Next, we have applied a
parametrization obtained within the Kimber-Martin-Ryskin
(KMR) prescription [61–63], which provides a method to
construct the TMD quark and gluon densities from conven-
tional (collinear) distributions. For the input, we have used

the recent LO NNPDF3.1 set [64]. Besides that, we have
tested the TMD gluon distribution obtained in the recently
proposed Parton Branching (PB) approach [65,66]. This
approach provides an iterative solution of the DGLAP evo-
lution equations for both the collinear and TMD parton dis-
tributions by making use of the concept of resolvable and
non-resolvable branchings. To be precise, we have applied
PB-NLO-HERAI+II’2018 set 2 [67].

The parton level calculations were performed using the
Monte-Carlo event generator pegasus [68].

3 Numerical results

In the present paper we set the masses mϒ(2S) = 10.02326
GeV, mχb1(3P) = 10.512 GeV, mχb2(3P) = 10.522 GeV,
mχb0(2P) = 10.232 GeV, mχb1(2P) = 10.255 GeV, mχb2(2P)

= 10.268 GeV [69] and adopt the usual non-relativistic
approximation mb = mQ/2 for the beauty quark mass,
where mQ is the mass of bottomonium Q. We set the branch-
ing ratios B(ϒ(2S) → μ+μ−) = 0.0193, B(ϒ(3S) →
ϒ(2S) + X) = 0.1060, B(χb0(2P)

→ ϒ(2S) + γ ) = 0.0138, B(χb1(2P) → ϒ(2S) +
γ ) = 0.1810, B(χb2(2P) → ϒ(2S) + γ ) = 0.0890 [69],
B(χb1(3P) → ϒ(2S) + γ ) = 0.0368 and B(χb2(3P) →
ϒ(2S) + γ ) = 0.0191 [38]. Note that there is no experi-
mental data for branching ratios of χb(3P), so the values
above are the results of assumption [38] that the total decay
widths of χb(mP) are approximately independent on m. We
use the one-loop formula for the QCD coupling αs with
n f = 4(5) quark flavours at �QCD = 250(167) MeV for
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Fig. 3 Transverse momentum distribution of inclusive ϒ(2S) production calculated at
√
s = 7 TeV (upper histograms) and

√
s = 13 TeV (lower

histograms, divided by 100) in the different rapidity regions. Notation of all histograms is the same as in Fig. 2. The experimental data are from
CMS [29,30]

A0 (KMR) gluon density and two-loop expression for αs

with n f = 4 and �QCD = 200 MeV for JH’2013 set 1 one.
In the case of the PB gluon, we apply the two-loop QCD cou-
pling with n f = 4 and �QCD = 118 MeV. These parameters
were obtained from best description of the structure func-
tion F2(x, Q2) [59–63,65,66]. We set color-singlet NMEs
〈Oϒ(2S)[3S(1)

1 ]〉 = 4.15 GeV3 and 〈Oχb0(2P)[3P(1)
0 ]〉 = 2.61

GeV5 as obtained from the potential model calculations [70].
All the NMEs for ϒ(3S) and χb(3P) mesons were derived
in [19].

3.1 Fit of color octet NMEs

We performed a global fit to the ϒ(2S) production data at
the LHC and determined the corresponding NMEs for both

ϒ(2S) and χb(2P) mesons. We have included in the fit-
ting procedure theϒ(2S) transverse momentum distributions
measured by the CMS [29,30] and ATLAS [31] Collabora-
tions at

√
s = 7 and 13 TeV. To determine NMEs for χb(2P)

mesons, we also included into the fit the recent LHCb data
[51] on the radiative χb(2P) → ϒ(2S)+γ decays collected
at

√
s = 7 and 8 TeV. We have excluded from our fit low pT

region and consider only the data at pT > pcut
T = 10 GeV,

where the NRQCD formalism is believed to be most reli-
able.

We would like to mention here a few important points.
First of all, we found that the pT shape of the direct ϒ[3S(8)

1 ]
and feed-down χb[3S(8)

1 ] contributions to ϒ(2S) production
is almost the same in all kinematical regions probed at the
LHC. Thus, the ratio
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Fig. 4 The ratio Rχb(mP)

ϒ(2S) calculated as function of ϒ(2S) transverse momentum. Notation of all histograms is the same as in Fig. 2. The experimental
data are from LHCb [51]

r =
∑2

J=0(2J + 1) B(χbJ (2P) → ϒ(2S) + γ )dσ
[
χbJ (2P), 3S(8)

1

]
/dpT

dσ
[
ϒ(2S), 3S(8)

1

]
/dpT

(9)

can be well approximated by a constant for a wide ϒ(2S)

transverse momentum pT and rapidity y ranges at different
energies, as seen in Fig. 1. We estimate the mean-square
average r = 0.98 ± 0.005, which is practically independent
on the TMD gluon density in a proton. So that, we construct
the linear combination

Mr =
〈
Oϒ(2S)

[
3S(8)

1

]〉
+ r

〈
Oχb0(2P)

[
3S(8)

1

]〉
, (10)

which can be only extracted from the measured ϒ(2S) trans-
verse momentum distributions. Then we use recent LHCb
data [51] on the ratio of ϒ(2S) mesons originating from the

χb(2P) radiative decays measured at
√
s = 7 and 8 TeV:

Rχb(2P)

ϒ(2S) =
2∑

J=0

σ(pp → χbJ (2P) + X)

σ (pp → ϒ(2S) + X)

×B(χbJ → ϒ(2S) + γ ). (11)

From the known Mr and Rχb(2P)

ϒ(2S) values one can separately

determine the 〈Oϒ(2S)[3S(8)
1 ]〉 and 〈Oχb0(2P)[3S(8)

1 ]〉 and,
therefore, reconstruct full map of color octet NMEs for both
ϒ(2S) and χb(2P) mesons.

The fitting procedure was separately done in each of the
rapidity subdivisions (using the fitting algorithm as imple-
mented in the commonly used gnuplot package [71]) under
the requirement that all the NMEs be strictly positive. Then,
the mean-square average of the fitted values was taken. The
corresponding uncertainties are estimated in the conventional
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Fig. 5 Transverse momentum distribution of inclusive ϒ(2S) production calculated at
√
s = 1.8, 7, 8 and 13 TeV in the different rapidity regions.

Notation of all histograms is the same as in Fig. 2. The experimental data are from CDF [75] and LHCb [32,33]

123
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Fig. 6 The polarization parameters λθ , λφ , λθφ and λ̃ of ϒ(2S) mesons
calculated in the CS frame as function of its transverse momentum at√
s = 7 TeV. The A0 gluon density is used. The blue and red histograms

correspond to the predictions obtained at |y| < 0.6 and 0.6 < |y| < 1.2,
respectively. The experimental data are from CMS [20]

way using Student’s t-distribution at the confidence level
P = 80%. The results of our fits are collected in Tables 1
and 2. For comparison, we also presented there the NMEs
obtained in the conventional NLO NRQCD by other authors
[37]. We note that the NMEs for ϒ(3S) and ϒ(2S) mesons
extracted with the PB gluon density differ from the ones
derived using the CCFM-evolved gluon distributions, that
reflect the essential DGLAP dynamics and absence of the
small-x enhanced terms in the PB scenario.2 The corre-
sponding χ2/d.o. f. are listed in Table 3, where we addi-

2 Relation between the CCFM and PB scenarios have been discussed
recently [72] and relation between the PB and KMR schemes have been
also studied [73,74].

tionally show their dependence on the minimal ϒ(2S) trans-
verse momenta involved into the fit pcut

T . As one can see, the
χ2/d.o. f. tends to decrease when pcut

T grows up and best fit
of the LHC data is achieved with A0 gluon, although other
gluon densities also return reliable χ2/d.o. f. values. We note
that including into the fit the latest CMS data [30] taken at√
s = 13 TeV leads to 2–3 times higher values of χ2/d.o. f.

We have checked that this is true for both the kT -factorization
and collinear approaches3 and, therefore, it could be a sign
of some inconsistency between these CMS data and all other
measurements.

3 We have used the on-shell production amplitudes for color-octet 2 →
2 subprocesses from [18].
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Fig. 7 The polarization parameters λθ , λφ , λθφ and λ̃ of ϒ(2S) mesons calculated in the helicity frame as function of its transverse momentum
at

√
s = 7 TeV. Notation of all histograms is the same as in Fig. 6. The experimental data are from CMS [20]

All the data used in the fits are compared with our pre-
dictions in Figs. 2, 3 and 4. The shaded areas represent the
theoretical uncertainties of our calculations, which include
the scale uncertainties, uncertainties coming from the NME
fitting procedure and uncertainties connected with the choice
of the intermediate color-octet mass, added in quadrature.
To estimate the scale uncertainties the standard variations
μR → 2μR or μR → μR/2 were introduced with replac-
ing the A0 and JH’2013 set 1 gluon densities by A0+ and
JH’2013 set 1+, or by A0− and JH’2013 set 1− ones. This
was done to preserve the intrinsic correspondence between
the TMD gluon set and the scale used in the CCFM evolu-
tion [59,60]. To estimate the uncertainties connected with
the intermediate color-octet mass we have varied amount of
energy E emitted in the course of transition of unbound color

octet bb̄ pair into the observed bottomonium by a factor of
2 around its default value E = �QCD. One can see that we
have achieved a reasonably good description of the CMS
[29,30] and ATLAS [31] data in a whole pT range within
the experimental and theoretical uncertainties for the ϒ(2S)

transverse momentum distributions. The ratios Rχb(2P)

ϒ(2S) and

Rχb(3P)

ϒ(2S) measured by the LHCb Collaboration [51] at
√
s = 7

and 8 TeV are also reproduced well, see Fig. 5.
Finally, we have checked our results with the data, not

included into the fit procedure: namely, rather old CDF data
[75] taken at the

√
s = 1.8 TeV and LHCb data [32,33] taken

in the forward rapidity region 2 < y < 4.5 at
√
s = 7, 8 and

13 TeV (see Fig. 6). As one can see, we acceptably describe
all the data above. Moreover, we find that the KMR and PB
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Fig. 8 The polarization parameters λθ , λφ , λθφ and λ̃ of ϒ(2S) mesons calculated in the perpendicular helicity frame as function of its transverse
momentum at

√
s = 7 TeV. Notation of all histograms is the same as in Fig. 6. The experimental data are from CMS [20]

densities are only TMD gluon distributions which are able to
reproduce the measurements in the low pT region.

3.2 ϒ(2S) polarization

The polarization of any vector meson can be described with
three parameters λθ , λφ and λθφ , which determine the spin
density matrix of a meson decaying into a lepton pair and can
be measured experimentally. The double differential angular
distribution of the decay leptons can be written as [76]:

dσ

d cos θ∗dφ∗ ∼ 1

3 + λθ

(1 + λθ cos2 θ∗ + λφ sin2 θ∗ cos 2φ∗

+λθφ sin 2θ∗ cos φ∗), (12)

where θ∗ and φ∗ are the polar and azimuthal angles of
the decay lepton measured in the meson rest frame. The
case of (λθ , λφ , λθφ) = (0, 0, 0) corresponds to unpolar-
ized state, while (λθ , λφ , λθφ) = (1, 0, 0) and (λθ , λφ ,
λθφ) = (−1, 0, 0) refer to fully transverse and fully lon-
gitudinal polarizations.

The CMS Collaboration has measured all of these polar-
ization parameters for ϒ(2S) mesons as functions of their
transverse momentum in three complementary frames: the
Collins-Soper, helicity and perpendicular helicity ones at√
s = 7 TeV [20]. The frame-independent parameter λ̃ =

(λθ +3λφ)/(1−λφ) has been additionally studied. The CDF
Collaboration has measured λθ and λ̃ parameters in the helic-
ity frame at

√
s = 1.96 TeV [24]. As it was done previously

[19], to estimate λθ , λφ , λθφ and λ̃ we generally follow the
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Fig. 9 The polarization parameters λθ and λ̃ of ϒ(2S) mesons calculated in the helicity frame as function of its transverse momentum at
√
s = 1.96

TeV. Notation of all histograms is the same as in Fig. 6. The experimental data are from CDF [24]

experimental procedure. We collect the simulated events in
the kinematical region defined by the experimental setup,
generate the decay lepton angular distributions according to
the production and decay matrix elements and then apply a
three-parametric fit based on (12).

Our predictions are shown in Figs. 6, 7, 8 and 9. The
calculations were done using the A0 gluon density which
provides a best description of the measured ϒ(2S) transverse
momenta distributions. As one can see, we find only weak
or zero polarization in the all kinematic regions, that agrees
with the CMS and CDF measurements. The similar results
we have obtained earlier for charmonia (J/ψ , ψ ′) and ϒ(3S)

polarization [19,27,28]. Thus, we conclude that the approach
[26], which is a corner stone of our consideration, results in
a self-consistent and simultaneous description of the entire
charmonia family, ϒ(2S) and ϒ(3S) production data and
therefore can provide an easy and natural solution to the long-
standing quarkonia production and polarization puzzle.

4 Conclusion

We have considered the ϒ(2S) production at the Tevatron
and LHC in the framework of kT -factorization approach. Our
consideration was based on the off-shell production ampli-
tudes for hard partonic subprocesses (including both color-
singlet and color-octet contributions), NRQCD formalism for
the formation of bound states and TMD gluon densities in
a proton. The latter were derived from the CCFM evolution
equation, KMR scheme and recently proposed PB approach.
Treating the nonperturbative color octet transitions in terms
of multipole radiation theory and taking into account feed-

down contributions from the radiative χb(3P) and χb(2P)

decays and contribution from ϒ(3S) decays, we extracted
long-distance non-perturbative NRQCD matrix elements for
ϒ(2S) and χb(2P) mesons from a fit to ϒ(2S) transverse
momentum distributions measured by the CMS and ATLAS
Collaborations at

√
s = 7 and 13 TeV and from the relative

production rates Rχb(2P)

ϒ(2S) measured by the LHCb Collabora-
tion at

√
s = 7 and 8 TeV. Then we estimated polarization

parameters λθ , λφ , λθφ and frame-independent parameter λ̃

which determine the spin density matrix of ϒ(2S) mesons.
We show that treating the soft gluon emission as a series of
explicit color-electric dipole transitions within the NRQCD
leads to unpolarized ϒ(2S) production at moderate and large
transverse momenta, that is in agreement with the LHC data.
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