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1. Introduction

From the moment of discovery of the first heavy quarkonium state — J/w-meson, this family
of particles provided a very sensitive tool for both theoretical and experimental studies of QCD
nature in its two distinct regimes: perturbative and non-perturbative. This remarkable feature of
heavy quarkonium is the consequence of two distinguishing properties of these mesons. The first
one is that the mass of heavy quarkonium M is significantly greater then Apcp. Since the pro-
duction/annihilation of quark-antiquark pair 00 occurs at short distances Mompmn ~ 1/M, this
property allows one to consider this subprocess within the perturbative QCD. The second distin-
guishing feature is that the intrinsic quarks velocity v is small compared to speed of light. On the
one hand, this means that the hadronization of QQ pair into observable occurs at large distances
Ade Brogile ~ 1/(Mv) and it is essentially non-perturbative process. On the other hand, this nonrela-
tivistic nature of quarkonium bound state allows one to develop potential models or some effective
theories for theoretical description of such processes.

Historically, the first theoretical description of heavy quarkonium production was given by a
Color Singlet (CS) Model [0, O]. In CS model it is assumed that heavy quarkonium bound state
consists only of the QQ pair in a colorless combination. The production amplitude can be factor-
ized into two factors: amplitude describing production of QQ pair within perturbative QCD and a
probability amplitude which describes hadronization and is simply proportional to Schrédinger’s
wave function of bound state (or its derivative) at the origin. The latter parameter can be calcu-
lated numerically within appropriate potential models, or can be extracted from e.g. experimental
widths of mesons. Actually, the CS model takes into account only leading term in relative velocity
of quarks. On the other hand, it is known that v ~ ag(Mv), so the corrections bounded with finite
value of v are at least as important as corrections of order ag(M) < o(Mv) in the perturbative
part of total amplitude. The systematical accounting of v-corrections was later given by effective
non-relativistic QCD (NRQCD) [B]. NRQCD assumes that in addition to pure QQ colorless state
quarkonium wave function contains states with QQ pair in octet or singlet states accompanied by a
dynamic gluons. Within the NRQCD the factorization formula can be written as follows:

do(A+B—H+X) =Y do (A+B— Q0[r]+X) x (0|6"[r]|0), (1.1)

where H denotes a final particle, r is a whole set of quantum numbers of QQ pair (n,S,L,J and
color), and <0 ‘ of[r] | 0> are the vacuum expectations of 4-fermionic operators arising in effective
theory. These non-perturbative matrix elements absorbs physics of large distances responsible for
QQ pair hadronization, while the cross sections of QQ|[r] pair production describe physics of short-
distances and are calculable within ordinary QCD perturbation theory. The main result of NRQCD
is that series (1) can be organized in terms of relative velocity v, which is a small parameter.
Thus, it is sufficient to consider only a fixed number of leading terms in series (ICTI).

In the present paper we consider production of heavy quarkonium states y. and y; with high
transverse momentum py = M. This pr is achieved in short-distance part of reaction which is
responsible for QQ pair formation. It is well known, that in high energy hadronic reactions the
dominant partonic mechanism of QQ pair formation is gluonic fusion which leads to a reaction
gg¢ — Q0 + g in the leading order in as(M). For Xcp-states NRQCD predicts that both color sin-
glet QO[3 P;] and color octet QO[S 58)] states contribute in the same order of v in the total production
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rate. These two states have significantly different py-behavior and can be well separated by ana-
lyzing the available experimental data. As it was shown in our previous works [H, B], the available
experimental data can not be explained well by considering only these two states, so contribution
from higher octet states should also be considered. In the present paper we perform a rigorous fit
of available experimental data including new LHC results and determine both central values and
uncertanties for nonpeturbative model parameters. It will be shown that within NRQCD and LO
os(M) approximation the existing data on y. production can be separated into two groups that give
two disjoint regions for non-perturbative parameters obtained using y2-fit. We show, that measured
pr-spectrum of x.-mesons is mostly formed by color singlet term, while higher octet states affect
on the pr-dependence of 6(¥2)/0(Xc1). Then we use NRQCD scaling rules to obtain predictions
for x,-mesons cross sections.

The rest of the paper is organized as follows. In the next section we briefly discuss theoretical
framework used in our paper. In Sec. @ we present the analysis of available experimental data for
charmonium and determine contributions of color singlet and octet components into X1 produc-
tion cross sections. Theoretical predictions for .o production cross sections and pr-dependence
of the ratios o (X.s,)/0(Xcs,) are also given there. In Sec. B we use NRQCD scaling rules to obtain
same predictions for bottomonium. Brief analysis of our results is given in the conclusion.

2. Theoretical background

As it was discussed in the Introduction, the NRQCD factorization formula (ITl) allows one
to separate physics of short distances responsible for QQ|[r| pair production and physics of large
distances responsible for hadronization. In the case of pp-scattering equation (1) can be written
as

do(p+p—H+X) = Z</dx1dx2fg(x1;“2)fg(x2;”2)d6 (g+g—>QQ[r]+g)> X
(0]o"[r]]0), 2.1

where f,(x;¢) are gluon distribution functions of initial protons and d& is the cross sections at the
partonic level. Using the NRQCD velocity scaling rules one can select the following relevant terms
from the Fock structure of quarkonium bound state:

1) = 00%) Q0P ) + 00" |g00Ps1")) + 00*) sl A1 ) +
o)y, ggQQ[3P,(,8)]> +0(Y, 2.2)

J/

where superscript (1,8) corresponds to the color of QQ pair, and each big O(v") before correspond-
ing state indicates the relative contribution of this state in the total cross section () (i.e. relative
powers of v of corresponding matrix elements <0 ‘ ofr] | 0>). The first term in (ZZ2) matches CS
model. Second, color octet term, corresponds to the chromo-electric (E1) transition of QQ pair
into observable meson and contributes at the same order of v (this is because CS term is in P-wave
which brings additional power of v). The rest two terms, that contribute at the next order in v, cor-
respond to chromo-magnetic (M1) and double chromo-electric (E1xE1) transitions respectively.
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Figure 1: Typical Feynman diagrams for the processes g +g — QQ[r] + g. Diagrams (a), (b) and
(e) corresponds to both color singlet and color octet production, while diagrams (c), (d) and (f)

only for color octet production of 3S§8> state.

The phenomenological value of v? is about 0.3 and 0.1 for charmonium and bottomonium respec-
tively, so these higher octet terms should give a noticeable corrections to leading order NRQCD
terms.

In order to obtain non-vanishing pr-distributions of final quarkonium we consider partonic
reactions g+ g — QQ[r] + g. Corresponding Feynman diagrams are shown in Fig. [I. Differential
cross-sections of these partonic processes for different quantum numbers r were calculated by a
number of authors [D, B, [, B, B, []. In our paper we use the cross sections provided in [[d]. We
also use CTEQ6 partonic distribution functions (PDFs) [[] and LHAPDF interface [[2] to perform
Monte-Carlo integration in (). In our calculations we set both as(1?) and PDF f, (x; u?) scales
to u? = M?+p3.

In Table @ we collected asymptotic behavior of hadronic differential cross sections do /dpr
of different QQ|[r] states in high and low pr-regions. It can be seen from this table, that some of
them are divergent in low pr-region. This is due to 7- and i-channel gluons in Fig. I (a), (d), (e)
that cause collinear singularity. It is interesting to note, that there is no such singularity in the case
of 3Pl(l). This can be explained by Landau-Yang theorem which forbids formation of axial meson
from two massless gluons: when pr tends to zero, a singularity caused by propagator canceled by
vanishing effective vertex gg* — 3P1( Y since virtual gluon g* tends to mass shell. In order to avoid
collinear singularities, in our work we consider quarkonium production with pr = M.

13 Q) ® ® 350 ®
| EECE RN
pr<M | ~pr | ~1/pr ~ pr ~1/pr ~ pr
pr>M | ~1/py | ~1/py | ~1/py | ~1/py | ~1/p}

Table 1: Asymptotic behavior of differential cross sections do /dpy of different QQ|r| states in
high and low pr-regions.

Color singlet matrix elements can be expressed via derivative of mesons’s wave function at the
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origin:
3
<O‘ﬁ“f [3P}”]‘o> = @+ D[RO 2.3)
Numerical value of this parameter can be extracted from experimental value of y-meson’s 2-
photonic width:

1024 ,|R'(0)[?
T — 7y) = ——a?
or from the corresponding potential model [[3, [4, I3, [d, T4, [¥]. Both methods give the following
approximate value of the wave function

2.4)

IR'(0)]> ~ 0.075GeV>. (2.5)

Later we will refer to this value as “phenomenological”. It should be stressed, however, that in our
further studies we will consider this parameter as a free parameter and determine it from the fit.

Other non-perturbative matrix elements (0|&*[r]|0) satisfy the following multiplicity rela-
tions:

(0|owPr|0) = (27+1) (0|0 PR1|0),
<0‘6"7‘1[3PJ(?)]’0> - <0(ﬁ%f[3p(§8)}’0> 2.6)

With the use of ((3) and (IZ8) one has only 4 independent matrix elements. On the other hand, in
the considered pr-regions the cross sections dc /dpr of 3PJ(8) and IPI(S) states have almost same pr-
dependence, so the corresponding matrix elements can be determined only in a linear combination:

p® 3p(8)
lomentloy ) g w7
® p®) P
4L (omtatfo ooty (20F) U))
)
(8)
= dag;?g) ((o]em('A®1[0) +k{o|om[R)0)), 07

where in the considered pr region (4 < pr < 30):

p® »®)
k:; dc( )/d6< : ) ~6.8+0.2. 2.8)

dpr dpr

Through the rest of paper we will use the following notation for the non-perturbative parameters
that we determine from fit:

(OS>:<O‘6’X‘)[3S§8)]‘O>, (0p) = (0 ‘@% ‘ >+kZ< ’ﬁ% ’0>. 2.9)

In order to distinguish the impact of color octet states, let us consider pr-dependence of the
ratio o(¥y,)/0(xs,) which can be measured more easily in experiment than the absolute cross
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Figure 2: Acceptable regions of dimensionless parameters M (Os)/ IR'(0)]* and (Op)/|R'(0)]?
obtained by fitting each experiment on ratio 6 (}2)/0(X1).

sections. From Tab. 0 it is seen that S-wave color octet state should dominate at high py. Thus, at
pr > M we should have
25, +1

o(xn)/o(xn) ~ Wi+l (2.10)

and for example in the case of o(x2)/0(x1) it will be 5/3. On the other hand, if we assume that
contribution of S-wave is negligibly small at high pr, than we have

~ 1 (Op)
o(x)/o(n) ~ 5 + 075 R (O)P+064(07) (2.11)
o(x0)/o(x1) ~ % + - yR'(O)éin.n oo (2.12)
o1 (Op)
o(x)/o() * 5 = RO 4036007 (2.13)

The first term on the r.h.s. of these expressions corresponds to pure CS model predictions.

3. Analysis of y.-mesons production rate in high energy hadronic collisions

For a long time the only available experimental data on pr-distribution of ¥, cross section
were CDF measurements of J/y-mesons produced via radiative . decays [[9]. Later the CDF
collaboration also measured pr-dependence of 6(x.2)/0(x.1) [EQ]. With the launch of the LHC a
new data on 6(x.2)/0(X.1) became available (CMS [2], LHCb runl [2] and run 2 [23], ATLAS
[24]). ATLAS collaboration also measured p7-distributions of absolute cross sections of ¥.i- and
Xc2-mesons [24]. In order to determine non-perturbative NRQCD parameters we use j-criteria to
fit all available data.

It should be noted, that from the experimental point of view it is easier to measure the pr-
dependence of ratio o (x.2)/0(X.1) since experimental efficiencies are canceled in this ratio and it
is measured with a higher precision. As a first step of our analysis we performed fit of the available
data on o(Xc2)/0(X1) ratio.

It is clear that only two independent parameters can be determined from the fit of the ratio
6 (xc2)/0(xc1), since one can divide both numerator and denominator by one of non-perturbative
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(c) Combined fit of ratio [, I, Z4] with spectrum [[@] and(d) Combined fit of ratio [23, EO] with spectrum [[™] and over-

overall fit [[Y, 3, 20O, 22, £, 24] all fit [[9, I3, B0, 22, 01, 24]

Figure 3: Theoretical predictions for the ratio 6(¥.2)/0(X.1) with NRQCD parameters obtained
by fitting different groups of experiments. The results of overall fit of all data shown as gray area
with dashed boundaries. Upper dashed line corresponds to asymptotic NRQCD predictions for
high pr. Lower dashed line — predictions of pure color singlet model.

parameters. Below we will use dimensionless combinations M%C<OS) /IR (0)|* and (0p)/ |R'(0)]?
as such free parameters. For each available experimental data set we performed x>-fit and deter-
mined the acceptable region of non-perturbative parameters by imposing a restriction y2/DOF <
xiin /DOF + 1. Fig. @ shows the obtained acceptable regions for each experiment. It is seen from
this figure, that experimental data can be separated into two groups that give two disjoint regions
for non-perturbative parameters: first group — LHCb (run 1) [EZ], CMS [] and ATLAS [24],
and second group — LHCD (run 2) [(3] and CDF [Ed]. Obviously, these two regions will merge, if
we increase the errors of our estimations (by allowing a larger variation of 2). On the other hand,
such picture qualitatively shows that the octet parameters are highly sensitive to the ratio and, thus,
the ratio 6(x2)/0(xc1) is a perfect tool to study the impact of the octet states.

In order to quantitatively understand the differences in obtained parameters regions, we per-
formed fit of each of two groups of experiments and overall fit of all data on ratio. Tab. B summa-
rizes the results of these fits and Figs. Bd and BB illustrate the results in comparison with experimen-
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tal data. One can see, that the difference in the used experimental data strongly affects on parameter
values. On the other hand, from Figs. Bd and BH it is seen that the difference in parameter values
changes the theoretical ratio not so crucially and all fits shows that CS state is dominating while
the presence of S-wave octet raises the ratio at hight pr (according to (1)) and the presence of
P-wave octet constantly raises the ratio in all pr region (leaving, however, it almost parallel to pure
color single predictions).

Summarizing the above considerations, we conclude that the CS term is dominating in ratio
0 (x2)/0(xc1) and the ratio itself is highly sensitive to the relative contributions of the octet states.

| Experiment | M?(05)/ IR (0)]>,1072 | (Op)/IR'(0)*,10~" | x?/DOF |
(2, DO, D41 040.46 4.24+0.70 1.31
(3, bd] 1.88+1.13 0.484+0.06 4.45
all [, 2T, 4, 3, b 1.41+£0.6 1.234+0.04 3.86

Table 2: Results of ratio fit for two groups of experiments and global fit of all data.

The next step of our analysis is determining the whole set of non-perturbative parameters. For
this purpose, we considered CDF data on pr-spectrum of J /y produced via ). decays in addition to
data on ratio (thus we have enough degrees of freedom to determine three independent parameters).
As in the previous case we separately performed fit of two sets of data on ratio ratio with CDF
spectrum and an overall fit of all data (including ratio and CDF spectrum). The results of these
fits are presented in Tab. B. Fig. Bd and Bd illustrates obtained theoretical ratio 6()2)/0(Xc1) in
comparison with experimental data. It is seen, that inclusion of spectrum data into fitting procedure
reduces the acceptable range of octet parameters and worsens the agreement with experiments on
ratio. At the same time, although the difference between the octet parameters still is relatively
significant (Tab. B), from Fig. Bd and Bd it is seen that all fits are very close. This is because the
total contribution of octet states is very small and CS term is dominating.

As it was already noted, we don’t fix the value of color singlet matrix element, but deter-
mine it from the fit. It can be clearly seen from Tab. B, that obtained value of CS parameter
exceeds significantly the phenomenological value (Z3). The possible reason is that the very use
of potential model predictions and ., decay width for charmonium production at high energies is
rather questionable. From double charmonia production in exclusive electron-positron annihilation
B, B8, 2] we know, that with the increase of the interaction energy the width of the momentum
distributions of heavy quarks in quarkonia also increases. In coordinate space it corresponds to the
increase of the charmonium wave function and its derivative at the origin.

It is also necessary to point out that our result for S-wave color octet matrix element is approx-
imately an order of magnitude less than the results of another fits (see e.g. [EX]). On the one hand
this is because a recent data on o()2)/0(x1) strongly shows that this term is suppressed. On the
other hand this is also because the value of CS parameter in our work is determined from fit and
is significantly greater then phenomenological value used in other works; thus CS term is almost
enough for explaining pr-spectrum and octet state is required only for description of 6(x2)/0(X1)
ratio.

Fig. @ shows the results of global fit in comparison with CDF points. From Fig. BH it is clear
that dominant contribution is due to color singlet quarkonium production. It is important to note
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Figure 4: Theoretical predictions for the cross section of J/y-mesons produced via radiative ).
decays with NRQCD parameters obtained by fitting a whole set of data on ratio [22, 2T, 4, D3, 2]
and CDF data on spectrum [[9]. CDF data shown with filled squares. The left figure shows the
total cross section with uncertainties, right — contribution of different NRQCD state using best fit
parameters. Solid line — sum over all states, dashed —- color singlet, dot-dashed — P-wave octet,
dotted — S-wave octet.

that one will obtain nearly the same total curve if use the parameters from first or second column
of Tab. B; this is a consequence of the small role of octet contributions to the total cross section

| | [0, 01, 03] and [9] | [03, £0] and (] | all (02, CI, 04, 03, 00, [9] |

x*/DOF 1.24 2.64 3.14
IR (0)|*,GeV® 0.27+0.03 0.38+0.05 0.35+0.05
(05),1073 GeV? 0.£0.1 0.66+0.27 0.44+0.16
(0Op), 1071 GeV? 1.144+0.16 0.1440.15 0.41+0.14

Table 3: Results of fitting both ratio and spectrum for two groups of experiments and for all data.

Figs. Bd and BH show theoretical predictions for }.; and Y, cross sections in comparison with
ATLAS points [24] (which are not included in fit). As one can see, there is a good agreement
between theory and experiment.

4. Prediction for );-mesons production rates

In this section we discuss ¥,-production in high energy hadronic collisions. Unfortunately,
there is very little data on )j-production cross sections, only CMS measurement of pr-dependence
of 6(xp2)/0(xp1) [E] is available. The lack of experimental data does not allow us to determine
NRQCD parameters from fit of the data. So, in order to make predictions on J}, cross sections we
will use NRQCD scaling rules.

From the dimension analysis and NRQCD velocity scaling rules the following relations can
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Figure 5: Theoretical predictions for the cross sections of prompt X, >-mesons with NRQCD pa-
rameters obtained by fitting a whole set of data on ratio [2, [, 4, I3, 0] and CDF data on
spectrum [[49]. ATLAS data on spectrum [24] (not included in fit) shown with points.

be obtained:

5~ —_—
7, (0)

NN AN I NN AT A NRNEE @
RO xR 0 %R, 0)

where we omitted the dependence of J;, parameters on radial quantum number n, since this depen-
dence cancels in the ratio. It can be shown [B] that if we neglect the dependence on v, then the ratio
for ),-mesons can be obtained from the ratio for ).-mesons by using a simple scaling relation:

dﬁbz(zpr;s)/dcm(sz;s) _ dGc2(pT§S)/dGCI(PT§S)
dpr dpr dpr dpr

Xc

, where z=My, /M, . (42)

This simple fact relies only on the assumption that ratio o(2)/0 (1) depends only on three dimen-
sional parameters: doy/dpr = doy/dpr(s,pr,M). As it seen from (BE), in the case of NRQCD,
equation (E2) is violated by O(v?) octet P-wave terms from quarkonium Fock space (Z2). On the
other hand, scaling (E2) is still valid if the latter states are highly suppressed.

Fig. B shows our predictions for 6()2)/0(xp1) ratio with NRQCD parameters for ),-mesons
obtained from Tab. B using NRQCD velocity scaling rules (B) (Iabeled as (M,v)-scaling) and using
simple scaling (E2) (labeled as M-scaling). It is clear from this figure, that predictions obtained
via (B) and (E2) give approximately same result. Moreover, both groups of NRQCD parameters
(obtained from fitting two groups of data) also give approximately same predictions and yj-ratio is
very close to color singlet predictions. This is because according to (B) all octet states are more
suppressed for bottomonium. Predictions for bottomonium obtained using parameters from overall
fit (last column in Tab. B) are negligibly different from right picture on Fig. B.

It is interesting to note, that both y. and y; ratios 6()2)/0 (1) increase in low pr-region.
In the case of charmonium this fact is not so notable since, as it was discussed in Sec. I, }» has
collinear singularity at low pr. On the other hand, in the case of bottomonium such behavior ob-
served for relatively large pr (10GeV < pr < 15GeV) and cannot be considered as a consequence
of collinear divergence only. In the case of color singlet 3P| state Landau-Yang theorem leads to a

10
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Figure 6: Predictions of pr-dependence of y,-mesons ratio o(xs2)/0(xp1). Non-perturbative
NRQCD parameters for ),-mesons obtained from Tab. 3 using NRQCD velocity scaling rules
(4.1) (labeled as (M,v)-scaling) and using simple scaling (4.2) (labeled as M-scaling). CMS points
are taken from [Z9]. Upper dashed line corresponds to asymptotic NRQCD predictions for high
pr. Lower dashed line — predictions of pure color singlet model.

cancellation of 7- and 7i-channel gluon propagators by a vertex g*g* —> Pl(l) which vanishes when
gluons tend to mass shell (with py — 0). Since color singlet term dominates and there is no such
cancellation for tensor state, this explains the increasing of ratio at low pr. It can be assumed that
in the higher o5 orders such behavior will be still valid since such cancellation will always reduce
power of pr in denominator of 3P1(1) state cross section.

Fig. [ shows predictions of y;;- and x> production cross sections in different kinematical

2
regions. Presented cross sections are divided by y;-wave function ‘R;Ch (0)| , since the latter can

2
not be determined using only NRQCD scaling rules. One can find a table with R;Cb (0)‘ values

obtained in different potential models in Ref. [H].

5. Conclusions

In the present paper we have considered production of y.- and y,-mesons in high energy

11
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Figure 7: Predictions of 1 > cross sections (divided by ‘R;Cb (0)| ) for different kinematic regions.
Non-perturbative NRQCD parameters obtained using NRQCD velocity scaling rules (4.1) and pa-
rameters from global fit presented in Tab. 3.

hadronic collisions in the framework of NRQCD. In order to obtain pr-distributions we consid-
ered partonic processes g + g — X +g. The non-relativistic nature of quarkonium bound state
provides a small parameter in a model — relative velocity v of QQ pair. NRQCD allows one to
organize different terms in quarkonium Fock space in terms of v. In our consideration we used both
leading terms on v and terms of the relative order O(v?). The latter terms should give a noticeable
contribution to the cross sections since v? is about 0.3 for charmonium and 0.1 for bottomonium.

The main part of our paper is devoted to study of ). meson production. According to our anal-
ysis the fit of all available data shows, that color singlet components give dominant contributions to
Xcs mesons production cross sections, while the contributions of color octet components can safely
be neglected in description of pr distributions of individual charmonium mesons. The ratios of
the differential cross sections (e.g. do()c2)/do(X1), on the other hand, are extremely sensitive
to values of color octet parameters. It is shown in our paper that combined fit of available experi-
mental data allows one to determine all model parameters and achieve a good agreement between
theoretical predictions and experimental results. It turns out also, that obtained from the fit value
of color singlet parameter R'(0)|? exceeds significantly its phenomenological estimate.

In the last section we considered production of bottomonium mesons. In order to determine

12
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the NRQCD matrix elements for bottomonium, we used NRQCD velocity scaling rules. Since
the x;, is about 3 times heavier and its relative quarks velocity v? is about 0.1, the impact of octet
states on yp-production is much weaker than in the case of charmonium. The predictions for the
pr-dependence of ratio 6 (X»2)/0(X»1) and absolute cross sections of y;; 2 in different kinematical

regions were also presented.

The author would like to thank I. Belyaev and E. Tournefier for fruitful discussions. The
work was financially supported by RFBR (#14-02-00096 A) and grant of SAEC “Rosatom” and

Helmbholtz Association.
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