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Abstract We analyze joint LHC data on the production
of x.1 and x.» mesons together with the polarization data
obtained very recently by the CMS Collaboration at /s =
8 TeV. Our consideration is based on the kr-factorization
approach and nonrelativistic QCD formalism for the forma-
tion of bound states. The observed polar anisotropy of .1
and x.2 decays can be described as a combined effect of the
color-singlet and color-octet contributions. We extract the
corresponding long-distance matrix elements from the fits.
Our fits point to unequal color singlet wave functions for x
and .o states.

Very recently, the CMS Collaboration reported on the first
measurement [1] of the polarization of prompt x.; and x.»
mesons produced in pp collisions at the energy /s = 8 TeV.
The polarizations were measured in the decay chain x, —
J/+y, J/¥ — utu~ inthe J /v helicity frame through
studying the ratio of the yields x> to x.; as a function of
the positive muon polar and azimuthal angles in three bins of
J /Y transverse momentum. No difference was seen between
the x.1 and x., states in the azimuthal distributions, whereas
they showed significantly different polar anisotropies. Thus,
at least one of these mesons should have been strongly polar-
ized along the helicity axis [1]. This result contrasts with the
unpolarized scenario observed for direct S-wave charmonia
(J /¥, ¥') and bottomonia Y (nS) at the LHC over a wide
transverse momentum range (see, for example, [2,3] and ref-
erences therein).

A commonly accepted framework for the description of
heavy quarkonia production and decay is the non-relativistic
Quantum Chromodynamic (NRQCD) [4-6]. The perturba-
tively calculated cross sections for the short distance pro-
duction of a heavy quark pair QQ in an intermediate state
2S“L(J“) with spin S, orbital angular momentum L, total
angular momentum J, and color representation a are comple-
mented with long distance matrix elements (LDMEs) which
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describe non-perturbative transitions of the intermediate Q Q
pairs into a physical meson via soft gluon radiation. The
NRQCD calculations at next-to-leading order (NLO) suc-
cessfully describe the charmonia J /v, ¥', x.; [7-14] and
bottomonia Y (nS), xps(mP) [15-19] transverse momenta
distributions and agree well with the first CMS data [1] on
the x.; polarization at the LHC.

However, NRQCD has a long-standing challenge in the
S-wave charmonia polarization (see, for example, discus-
sions [20-22] and references therein). The description of 7,
production data [23] reported recently by the LHCb Collabo-
ration also turned out to be rather puzzling [24,25]. NRQCD
faces certain problems in describing J/v¢ + Xnon—cc pro-
duction at B factories, J /v photoproduction at HERA, and
the pr integrated (or total) cross section including its energy
dependence. The worst discrepancies show up in compar-
isons of the different classes of the data, e.g., hadroproduc-
tion versus photoproduction, polarization versus pr distribu-
tions, total cross sections versus differential cross sections,
etc. The reader can find more discussion in an extensive
review [22]. So, at present, the overall situation is still far
from through understanding, and further theoretical studies
are still an urgent task.

Part of the problems were solved with the k7 -factorization
approach. Thanks to the initial gluon transverse momentum
kr, the final state p7 spectrum becomes harder, and so, less
color-octet contribution is needed to fit the data. This removes
the old conflict between the photo- and hadroproduction fits.
It is quite similar to what one has in the colliear factorization
with initial state radiation shower (see [26]). The data coming
from B factories are still an open question.

A possible solution to the J /¢ non polarization problem
was proposed [27]. There, the classical multipole radiation
theory is employed to describe nonperturbative transforma-
tions of the color octet (CO) quark pairs produced in hard
subprocesses into observed final state quarkonia. The key
assumption made [27] is that the intermediate color-octet
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states are enough long living to be considered as real physical
states with definite total angular momentum J and its pro-
jection J, rather than fictituous states with definite L, and
S;. This immediately induces nonconservation of L, and S,
in the color-electric dipole transitions (and in all other tran-
sitions as well; L, ans S, melt together to form J and J; and
do no longer remember who was who). As a consequence,
the strong transverse polarization of 3S58] state produced in
hard subprocess gets lost (to zero) after two E1 gluon emis-
sions 3558] — 3P}8] — J/¥. This scheme successfully
describes the observed S-wave charmonia [28] and bottomo-
nia [29,30] polarizations. As a byproduct it removes tension
with the 1, production data [31]. The depolarization scenario
[27] shows no need in the lS([)S] contribution in J /v produc-
tion. That means, accordingly, no 38 {8] contribution in the .
production, an HQSS counterpart of the former channel.

The main goal of our present note is to extend the approach
[27] to the first and very new CMS data [1] on x.; polariza-
tion. We propose a method to implement these data into the
LDME:s fit procedure, thus refining the previously extracted
LDMEs for x.; mesons. Our study sheds light on the role of
CO contributions which were thought unnecessary or even
unwanted [13] for x.; pr spectra or their relative rates
0 (xc2)/0 (xc1), but which reveal now in the measured polar
anisotropies. To preserve the consistency with our previous
studies [28-31], we follow mostly the same steps and employ
the k7 -factorization approach [32-35] to produce the cc pair
in the hard parton scattering. The newly added calculations
are only for the feeddown contributions from v’ radiative
decays.

For the reader’s convenience, we briefly recall the cal-
culation details. Our consideration is based on the off-shell
gluon-gluon fusion subprocess that represents the true lead-
ing order (LO) in QCD:

g k) + 8" (ko) > cc [P P, 351 () M

for x.; mesons with J = 0, 1, 2. The four-momenta of
all particles are indicated in the parentheses and the possible
intermediate states of the cc pair are listed in the brackets. The
initial off-shell gluons have non-zero transverse momenta
k12T = —k%T # 0, k%T = —k%T # 0 and, consequently,
an admixture of longitudinal component in the polarization
vectors. According to the kr-factorization prescription [34,
35], the gluon spin density matrix is taken in the form

krky

ete™ = -~ 2)
2 9
) ™

where Kr is the component of the gluon momentum per-
pendicular to the beam axis. In the collinear limit, where
k% — 0, this expression converges to the ordinary —g*”
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after averaging over the gluon azimuthal angle. In all other
respects, we follow the standard QCD Feynman rules. The
hard production amplitudes contain spin and color projection
operators [36-39] that guarantee the proper quantum num-
bers of the state under consideration. The respective cross
section

o(pp —> Xes +X)
21

4ty dg
2 27w’

where ¢ and ¢, are the azimuthal angles of incoming off-
shell gluons carrying the longitudinal momentum fractions
x1 and xp, y is the rapidity of produced y.; mesons, F is
the off-shell flux factor [40], and f, (x, k%, ,uz) is the trans-
verse momentum dependent (TMD, or unintegrated) gluon
density function. More details can be found in our previ-
ous papers [28-31]. Presently, all of the above formalism is
implemented into the newly developed Monte-Carlo event
generator PEGASUS [41].

As usual, we have tried several sets of TMD gluon densi-
ties in a proton. Three of them, namely, A0 [42], JH 2013 set
1 and JH’2013 set 2 [43] have been obtained from Catani—
Ciafaloni—Fiorani-Marchesini (CCFM) evolution equation
[44—47], where the input parametrizations (used as boundary
conditions) have been fitted to the proton structure function
Fr(x, Q2). Besides that, we have tested a TMD gluon distri-
bution obtained within the Kimber—Martin—Ryskin (KMR)
prescription [48-50], which provides a method to construct
the TMD parton densities from the conventional (collinear)
ones .. Following [52], we set the meson masses to m (1) =
3.51 GeV, m(xe2) = 3.56 GeV, m(J /¢) = 3.096 GeV and
branching fractions B(x.1 — J/¥y) = 33.9%, B(xc2 —
J/¥y) =19.2% and B(J /¥ — puT ™) = 5.961% every-
where in the calculations below. When evaluating the feed-
down contributions from /' radiative decays, ¥' — xc.;+v,
we set m(y’) = 3.69 GeV, B(y¥y' — xc1v) = 9.75% and
B(Y/' — xc2¥) = 9.52%. The parton level calculations have
been performed using the Monte-Carlo generator PEGASUS.

As it was mentioned above, to determine the LDMEs of
XcJ mesons a global fit to the x.; production data at the LHC
was performed [28]. The data on the .| and y» transverse
momentum distributions provided by ATLAS Collaboration
[53] at 4/s = 7 TeV and the production rates o (xc2)/0 (xc1)
reported by CMS [54], ATLAS [53] and LHCb [55,56] Col-
laborations were included in the fit. Here we extend our pre-
vious consideration and incorporate it with the first data [1]
on the x.1 and . polarization collected by CMS Collabo-
ration at /s = 8 TeV. In the original CMS analysis, the x.;
polarization was extracted from the (di)muon angular distri-

x JA(g* + & — xe)Pdkipdk3 dy )

' For the input, we have used LO MMHT 2014 set [51].
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butions in the helicity frame of the daughter J /v meson. The
latter is parametrized as

do 1
dcosO*do* 34+ Ay

(1 + A c0s® 6 + A4 sin® 6% cos 2¢*

+Agg sin 26 cos ¢*) , 4

where 6* and ¢* are the positive muon polar and azimuthal
angles, so that the y.; angular momentum is encoded in
the polarization parameters Ag, Ay and Agp. The ratio of the
yields o (xc2)/0 (xc1) has been measured as a function of
cos0* and ¢* in three different regions of J /i transverse
momentum, 8 < pr < 12 GeV, 12 < pr < 18 GeV and
18 < pr < 30 GeV, thus leading to a simple correlation
between the A" and A;* parameters:

2L = (—0.94 4 0.902)") £ (0.51 + 0.050"),

8 < pr < 12GeV, %)
Ay = (—0.76 +0.801°") £ (0.26 + 0.051)") ,

12 < pr < 18 GeV, (6)
Ap? = (—0.78 + 0.774;") £ (0.26 + 0.06A;") ,

18 < pr < 30 GeV. @)

Our main idea is to extract the LDME for 3SES] contribu-
tions, Q%[ 3558]], from the polarization data, since it can
only be poorly determined from the measured x; transverse
momentum distributions. To be precise, a good description of
the latter can be achieved for a widely ranging OX<0 [ 35 %8]],
always with reasonably good x2/d.o.f. (see, for example,
[12-14]). Moreover, its zero value is even preferable for
the production rate ratio o (xc2)/0 (xc1) [13]. However, the
reported production rates plotted as functions of cos 0* and
¢* have free (indefinite) normalization [57] and thus it is
difficult to immediately implement them into the LDMEs
fitting procedure. Therefore, we had to use the parametriza-
tions (5)—(7) for our purposes.

Our fitting procedure is the following. First, we per-
formed a fit of the x.; and x.» transverse momentum dis-
tributions and their relative production rates o (x:2)/0 (Xc1)
and determined the values of CS wave functions of x.;
mesons at the origin, |R'*<! (0)| and | R'%2 (0)|?, for a (large)
number of fixed guessed OX60[3S£8]] values in the range
1074 < Ox0[381¥1] < 1072 GeV?. At this step we employ
the fitting algorithm implemented in the GNUPLOT package
[58]. Following [59], we considered the CS wave functions
as independent (not necessarily identical) free parameters.
We understand that doing so is at odds with the Heavy Quark
Effective Theory (HQET) and Heavy Quark Spin Symmetry
(HQSS). We think however that HQSS predictions must not
be taken for granted. In particular, HQSS tells that the masses
of s states must be equal for all J. In reality, they are differ-

ent. The reason may be seen in the spin—orbilal interactions
or in radiative corrections which can be large. But the goal of
the present paper is not in giving an explanation for the ori-
gin of HQSS violations. Our earlier attempt [59] to preserve
HQSS shows that it can hardly be possible. Here we try two
alternative scenarios. We admit HQSS violation either solely
for the color singlet states (“fit I””), or for both color singlet
and color octet states (“fit II”’). In the latter case, the color
octet NMEs are also treated as independent parameters not
related to each other through the (2J + 1) factor.

The published data on the ratio of the cross sections
0 (xc2)/0 (xc1) rely on the hypothesis of unpolarised mesons
(with uniform angular distributions of their decay products).
Now we know, a posteriori, that the mesons are polarised.
Among the options for which the experimental collabora-
tions have estimated the correction factors, our x.; and xc»
helicities lie somewhere in between the “(0, 0)” and “(unpo-
larized, unpolarised)” cases. In the utmost “(0, 0)” case, the
o (xc2)/0 (xc1) ratio has to be corrected by a factor of about
0.75 (see Table 4 in [54], Table 2 in [55], Table 2 in [56]). The
real polarization is large, but not fully *“(0, 0)” and gradually
decreases at high pr (due to increasing color-octet contri-
butions); the correction factor should then go closer to 1.
The dependence of the correction factor on the polarization
strength is nonlinear and does not allow simple interpolation.
In such a situation, we cannot calculate the proper correction
for the o (xc2)/0 (xc1) ratio to perform a rigorous fit. So, we
still use the “(unpolarized, unpolarised)” hypothesis, though
understand that it is rather approximate, and take this uncer-
tainty as part of the ultimate uncertainty band.

Having the first step of the fitting procedure finished, we
collect the events simulated in the kinematical region defined
by the CMS measurement [1] and generate the decay muon
angular distributions according to the production and decay
matrix elements. By applying a three-parametric fit based
on (4), we determine the polarization parameters )»g“ and
A% as functions of O%0[ 3 S%S]] (see Fig. 1, where our results
for “fit I scenario are shown). We find that the dependence
of these parameters on (%<0 [ 3s 58]] is essential and therefore
can be used to extract the latter from the data. One can see that
Xc1 and x.» mesons show significantly different (large and
opposite) polar anisotropies, Ag”' > 0 and Ag”z < 0, which
smoothly decrease when QX< [ 3s {8]] grows?. It is important

to remind that each of the considered (’)XUUPS %8]] values
provides already a good fit to the pr spectra: each value of
Ox0[ 35111 is associated with a respective set of commonly
fitted color-singlet LDMEs. Now, using the relations (5)—(7)
between A" and A/ (shown by dashed curves in Fig. 1)

one can easily extract OX<0[ 3SE8]] for each of the three pr

2 The polarization of x.; mesons in the collinear scheme has been
investigated in [60,61].
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Fig. 1 Polarization parameters 2
AJ" and Af? calculated as a

functions of Q%<0 [ 3 58]] in the
helicity frame at

ly(J/¥)| < 1.2 and

/s = 8 TeV in three different
pr regions. Solid green and
yellow curves represent the
results of exact and ok
approximated (when the
intermediate 35{8] state is taken
unpolarized) calculations.
Dashed curves correspond to the
correlations (5)—(7) reported by 4

15

05

calculated 3S!¥® polarization - < 45}k
unpolarized *S¥®!

8 < p.(JIy) < 12 GeV

calculated 3S¥! polarization 4
unpolarized 3S®
12 < p,(Jly) < 18 GeV

ly(Jy)l <1.2 7 L ly(J/w)l <1.2 7]

the CMS Collaboration [1]. 104

Everywhere, the JH2013 set 2

gluon density is used. The

color-octet LDMEs are assumed

to obey HQSS (“fit I’ scenario) <

regions. The same method is used in both scenarios (“fit I
and “fit IT”). Finally, the mean-square average is taken as
the fitted values. Thus, this provides us with a complemen-
tary way to determine the LDMEs for x.; mesons from the
polarization data.

It is interesting to note that the determined values of
Ox0| 3558]] almost do not depend on the exact polarization

of 3S£8] contributions in the CO channel. This can be easily

understood because y.; and x.» mesons from the 3s Eg] inter-
mediate state produce very close J/y polarization, while
the measured polar asymmetry is driven by the difference
Axt — 2. To illustrate it, we have repeated the calcula-
tions treating the 3S£8] contributions as unpolarized (yellow
curves in Fig. 1). As one can see, the correlations (5)—(7)
obtained in this toy approximation practically coincide with
exact calculations.

The mean-square average of the extracted O%0[3S[]]
values and the corresponding CS wave functions at the origin
|R'*<1(0)|? and | R/%2(0)|? are shown in Tables 1 (“fitI"’) and
2 (“fit IT”) for all tested TMD gluon densities. The relevant
uncertainties are estimated in the conventional way using
Student’s t-distribution at the confidence level P = 95%.
For comparison, we also present the LDMEs obtained in the
NLO NRQCD by other authors [13, 14]. Both our fit scenar-

@ Springer

1 _1 1
103 104 1078

O 'SP [GeV?] O 'SP [GeV?]

15} calculated 3S¥! polarization ]
unpolarized 3S¥®
18 < py(J/y) < 30 GeV
r Ay ly(Jig)| < 1.2 7
05 F -
0 3
05 F A ]
1 L
10 103

O 'SP] [GeV?]

ios show unequal values for the x.; and x.» wave functions
with the ratio [R'%<1(0)|2/|R/*2(0)|? ~ 3 — 4 (“fit I’) or
1.3 —2.5 (“fit II”’) for all considered TMD gluon densities in
a proton. “Fit II” moderates the difference between the color
singlet wave functions as larger part of the x.; yield is now
contained in the color octet channel. Thus, we interpret the
available LHC data as supporting their unequal values, that
qualitatively agrees with the previous results [28,59]. This
leads to a different role of CO contributions to the x.; and
Xc2 production cross sections. So, the x.1 production is dom-
inated by the CS contributions, whereas CO terms are more
important for y.» mesons (see Fig. 2).

Of course, we have to keep in mind that the distinction
between the color-singlet and color-octet contributions is
conditional and is only valid within our LO scheme. In gen-
eral, this distinction is related to the cancellation procedure
between the virtual (loop) and real (tree) infrared divergences
and is controlled by the arbitrary NRQCD scale 1 p .

All the LHC data involved in the fits are compared with
our predictions in Figs. 2, 3 and 4. The green shaded bands
represent the theoretical uncertainties of our calculations
(responding to JH’2013 set 2 gluon density), which include
both the scale uncertainties and the ones coming from the
LDME:s fitting procedure. To estimate the scale uncertain-
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Fig. 2 The prompt x.; and x.»
production cross sections in pp
collisions at /s = 7 TeV as a
function of their transverse
momenta. On left panels, the
predictions obtained with
different TMD gluon densities in
a proton are presented. On right
panels, the contributions from
direct 3 PJ“J, 3 S%SJ and feeddown
production mechanisms are
shown separately (the JH 2013
set 2 gluon distribution and “fit
I”” scenario were used for
illustration). The experimental
data are from ATLAS [53]

Fig. 3 The prompt x.; and x.2
production cross sections in pp
collisions at 4/s = 7 TeV as a
function of decay J/yr
transverse momenta. Notation of
all curves is the same as in

Fig. 2. The experimental data
are from ATLAS [53]

ties, the standard variations in the scale (by a factor of 2)
were applied through replacing the JH’ 2013 set 2 gluon den-
sity with JH 2013 set 24, or with JH 2013 set 2—, respec-
tively. This was done to preserve the intrinsic correspondence
between the TMD set and scale used in the evolution equa-
tion (see [43] for more information). We have achieved quite a
nice agreement between our calculations and available LHC
data. In particular, we obtained a simultaneous description
of the transverse momentum distributions and the relative

B do(x.,)/dp; [pb/GeV]

B do(x.,)/dp; [Pb/GeV]

B do(x,)/dp- [pb/GeV]
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production rates o (x¢2)/0 (xc1). There are some deviations

B do(X.,)/dp; [pPb/GeV]

B do(X.,)/dp; [pb/GeV]

B do(X.,)/dp; [pb/GeV]

103 T T
*P[1]

35,[8]

feeddown from y(2S) decay

sum

102 ATLAS

W)l
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<0.75

101 L
100 L
~
10-1 1 1 1 1 1 N 1 1
12 14 16 18 20 22 24 26 28 30
pr(X.,) [GeV]
103 R A REAY T
P[] ——
°8,[8]
feeddown from y(2S) decay
5 sum
g ATLAS —e—i 7
E ly(J/p)l <0.75
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100 <
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100 e
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from the data at low pr region, where, however, an accu-
rate treatment of large logarithms Inm(x.;)/pr and other
nonperturbative effects is needed.

The A values extracted according to (5)~(7) when A"
is fixed to our predictions are shown in Fig. 5. As one can
see, our fit well agrees with the experimentally determined
correlations between Ag‘l and Agcz . The predicted X g” values
are practically independent on the TMD gluon density and
are close to the reported NLO NRQCD results [1].

@ Springer
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i 1 1 -~ T T T -~ T T T T T T T T T
Fig. 4 The relative production £} A0t ] EPA) ey ]
rate o (xc2)/0 (Xc1) calculated 6 A0, fit Il 5 A0, fit Il
as a function of decay J /v 3 KMR (MMHT'2014), fit | 3 KMR (MMHT'2014), fit |
transverse momentum at s 2T jn'gglg se: ; ]f':: ] s 12T j:gglg se:;, ?E: ]
/5 =7 TeV. Notation of all 3, SCATLAS —e 3, S NS —m

: R > - B > - 1
curves is the same as in Fig. 2. 5 y(Jiy)| < 0.75 5 (i) <1
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Fig. 5 The )\,gcz values B 2 T T T 2 2 T T T
determined according to :()O’fiftltll NRIQ(?J/D J<12

. s <1.
correlations (5)—(7) when the 15 F KMR (MMHT'2014), fit | ] 15 F v ]
}Lg"' is fixed to our predictions JH'2013 set 1, fit |
(left panel) or NRQCD ones JH2013 set 2, fit|
(right panel). The NRQCD r A W)l < 1.2 1 r A ]

o e 0
predictions are taken from CMS
paper [1] 05F . 05F ]
of l - - of -
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Having considered jointly the LHC data on the produc-

pPr(J/y) [GeV]

the assumptions on the HQSS rules

pPr(J/y) [GeV]

3. The second conclusion

tion and the polarization of x.; and x.» mesons we come
to the following conclusions. Our first conclusion is that
the presence of color octet contributions is indispensable.
Taken solely, color octet contributions would produce too
strong polar anisotropy. This remains valid irrespective of

@ Springer

is that our fits point to unequal x. and x.» color singlet wave
functions. If we admit HQSS violation in the color octet sec-
tor as well, the fitted values of CO LDMEs also differ and

3 Once again, we have to remind that the interpretation of the different
contributions as color singlets or color octets is only related to our
particular computational framework and is of no meaning beyond this
frame.
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Table 1 The fitted values of LDMEs and CS wave functions at the origin (divided by the 2J + 1 factor) for x.; mesons. The color-octet LDMEs
are assumed to obey HQSS (“fit I scenario). The results obtained in the NLO NRQCD fits [13, 14] are shown for comparison

Source |R/X1 (0)]2/Ge V3 |R/X2 (0)|2/Ge V3 oxo[ 3518/Gev?
A0 0.14 +0.03 0.0346 4 0.0010 (7.0£2.0) x 1074
JH2013 set 1 0.17 +£0.03 0.043 £ 0.004 (7.0£2.0) x 1074
JH2013 set 2 0.20 + 0.04 0.0500 4 0.0007 (8.0+£2.0) x 1074
KMR (MMHT’2014) 0.08 % 0.02 0.026 % 0.002 (4.0£1.0) x 1074
NLO NRQCD fit [13] 0.35 0.35 4.4 x 1074

NLO NRQCD fit [14] 0.075 0.075 2.01 x 1073

Table 2 The fitted values of LDMEs and CS wave functions at the origin for x.; mesons (divided by the 2J + 1 factor). All LDME:s are considered
independent (“fit II” scenario). The results obtained in the NLO NRQCD fits [13, 14] are shown for comparison

Source |R/%e1 (0)[2/GeV3 |R/%2(0)|2/GeV3 ox1 [3sB/Gev? o[ 3sB/Gev?
A0 0.11£0.01 0.046 & 0.004 (124+0.8) x 1073 (44+0.1) x 1074
JH’2013 set 1 0.10 £ 0.02 0.08 £ 0.01 (17405 x 1073 (4.0£2.0) x 1073
JH’2013 set 2 0.148 £ 0.04 0.08 £ 0.01 (1.74+0.9) x 1073 (33+0.6) x 1074
KMR (MMHT’2014) 0.066 % 0.001 0.042 % 0.004 (7.0 £4.0) x 1074 (1.8+£0.9) x 1074
NLO NRQCD fit [13] 0.35 0.35 44 %1074 4.4 %1074

NLO NRQCD fit [14] 0.075 0.075 2.01 x 1073 2.01 x 1073

show the same trend giving emphasis to the x.; channel. Our
third conclusion is that the data can be reasonably described
with any of the examined TMD sets. The agreement is always
good and does not give preference to any of them.
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