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As the running of the LHC, the experimental collaborations at the LHC are presenting more
and more measurements about bottom quarkonium hadroproduction, the data are certainly
very important to improve our understanding on heavy quarkonium production mechanism
from the perturbative and nonperturbative QCD view. In the framework of nonrelativistic
QCD factorization scheme, we have presented the predictions of the yield and polarization of
T(1S,2S5,3S5) inclusive hadroproduction at the next-to-leading order level for the first time.
The color-octet long-distance matrix elements, obtained by doing the combined fits of the
experimental measurements on Y yield and polarization at the Tevatron and LHC, are used
in our predictions. Our results can interpret the measurements of the yield very well, and for
the polarizations of T, they are partly in agreement with recent CMS measurement, but have
some distance from the CDF measurement.

1 Introduction

Study on Heavy quarkonium is a good place to testify the theoretical framework since its decaying
channels to lepton pair in experiment are very clear signals and the heavy quark mass is large
enough to do perturbative QCD calculation. Color-singlet(CS) and Color-octet(CO) mechanism
based on NRQCD? were proposed to explain the heavy quarkonium production and decay. The
py distribution and polarization for J/1¢ and Y production measured at the Tevatron and LHC
are drawing people’s attention. Especially at the LHC, it would generate large amount of
effective data about heavy quarkonium as its upgrading.

From previous works about heavy quarkonium, we can see that leading-order(LO) calcula-
tion %13 can not explain the experimental measurement. It is expected that the QCD next-to-
leading-order (NLO) calculations can adequately describe the experimental data. At present,
theoretical studies of heavy quarkonium at NLO are progressing: the polarization for direct J/¢
hadroproduction were studied by Butenschoen et al.® and K.-T. Chao et al.%; the polarization
for prompt J/1 hadroproduction were studied by B. Gong ’; the NLO calculation for the yield

of T(15) via complete CO states (include 313}8]) was presented by K. Wang 8.

In our work 7, we did the complete NLO calculation for J/t and v(2S), and gave some
predictions for the polarization of J/1¢ at the LHC. But the puzzle for J/1 still exists. we need
to go further on the study of the polarization of other heavy quarkonium — 7.

For experimental measurement of Y, in early works "2, measurements on the polarization
of Y(1S) at the Tevatron were presented, while the corresponding LO NRQCD prediction 3
does not coincide with it. The p; distributions for the yield of T have been presented by the
four collaborations at the LHC: ATLAS, ALICE, CMS, and LHCb. Some of them have done
the measurement up to large p; region, such as ATLAS measurement °. There are also the
polarization measurement for Y(15,2S5,3S) by CMS *: A6, Aogs Ay and X, in the helicity, C-S,
and PX frame 1.



For the theoretical prediction on YT, there are some advantages in comparison with J/v.
The first, both QCD coupling constant o/ /4m2Q + p?) and v?(v is the velocity of heavy quark

in the meson rest frame) are smaller in bottomonium case than J/v case. The second, the fix
order prediction on Y, are supposed to be very good for p; up to 60 GeV if it is very good
for J/1 case up to 20GeV. Therefore, we can expect that, for T case, it should have a better
convergence behavior in a wide p; region than J/.

Based on above reasons, we did the complete inclusive NLO QCD study on the polarization
of Y(18,28,3S) hadroproduction in our work '®, which could be directly used to compare with
the experimental measurements.

2 Calculation, Fit and the LDMEs

The newly updated Feynman Diagram Calculation(FDC) package !” is again applied in our
calculation, and the Fortran codes generated by using FDC have been made into a complete
package 20 after we have finished the work of .J/v prompt production. With the package, the
calculation on the yield and polarization of T at NLO has been performed.

We covers all the sub-processes of the direct and feed-down parts via CS and CO intermediate
states at NLO, which are listed in Tab 1.

Table 1: The sub-processes for T prompt production at LO and NLO corrections and the number of the corre-
sponding diagrams. The number in the round brackets in the column ‘number of Feynman diagrams ’, denotes
the number of diagrams for the states *S§(also ®P%),%S$ (for both the direct part and the x, state), *P3( for x;
state) from left to right, respectively. There are almost 5,000 diagrams in total.

STATES LO sub-process number of NLO sub-process number of
Feynman diagrams Feynman diagrams
SSP g+g—(bb)n+g 6 g+ g —(bb),, + g(one-loop) 128
g+g—bb)p+g+g 60
g+ g —(bb), +b+b 42
g+g—(bb),+qg+q 6
g+ a(q) = (b)n + g+ q(q) 6
L5 (also 3P5) [ g+g (b +g (12,16,12) g+ g —(bb),, + g(one-loop) (369,644,390)
or g+ (@) =(bb)n + (@) (25,2) 9+ q(q) —(bb)n + q(q)(one-loop) (61,156,65)
35(®) a+q—0b)n+g (2,5.2) 4+ g —(bb)y, + g(one-loop) (61,156,65)
or g+g—bb),+g+g (98,123,98)
3pj g+g =) t+q+q (20,36,20)
9+ a(q) = (bb)n + g+ q(q) (20,36,20)
qg+q—bb)p+g+yg (20,36,20)
qg+q—(bb),+q+q (4,14,4)
q+q—0b)n+d +d (2,7.2)
q+q—(bb), +q+q (4,14,4)
q+q =), +q+d (2,7,2)

Our study is restrict on the helicity frame only due to the CPU time consumption limitation
and covers the experimental measurement on the Tevatron and LHC: for the Tevatron, /s =
1.8TeV, |y| < 0.4 (CDF Run I!), and /s = 1.96TeV,|y| < 0.6 (CDF Run II 4); for the LHC,
Vs = TTeV, |y| < 0.6 and 0.6 < |y| < 1.2 (CMS*?), |y| < 2 (CMS %), |y| < 1.2 (ATLAS 1°),
2.0 < y < 4.5 (LHCb1'®). We did a combined fit to get the CO LDMEs through the p; distribution
of the yield and polarization by covering all the 7 experimental measurement.

For the fit of T, the situation is a little complicated in comparison with J/v. Firstly, there
are more complicated feed-down contributions for Y(15,25). Secondly, no directly measured
data for y; production are presented, which made it hard to decide the feed-down contribution
from x; states to Y production. Therefore, in our work '®, we performed the three fits for
Y (3S5,285,15) hadroproduction step by step just like: for Y(35), no feed-down considered, we



Table 2: The CO LDMEs for T we obtained (in unit of 1072 GeV?).

H [ sy | oSty | ot (rh) mi
T(1S) | 11.154+0.43 | —0.41+£0.24 | —0.67 =+ 0.00
T(2S) | 3.55+2.12 0.30 £ 0.78 —0.56 & 0.48
T(3S) —1.07 £ 1.07 2.714+0.13 0.39 £0.23

Yb0(2P) — 2.76 £ 0.67 —
xb0(1P) — 1.27£0.16 —

got the 3 direct CO LDMEs (0S¥, (0 (1)), (0(*P)); for T(25)(or T(19)), no direct
measurement for the x;,(2P)(or x5(1P)) state, we treated (OX»(2F) (3S£8])> (or (OX(1P) (3S£8})> )as
another unknown parameter to be fitted, thus we obtained 4 CO LDMEs for Y(2S5)(or T(15)).

In other aspects, at the LHC, some measurement for the p; distribution of the yield have
achieved more than 50 GeV, and we know that the 3P}8] part turns negative as p; increasing.
Therefore in our fit, the direct contribution part of the yield was constrained to be positive. To
study the dependence of the NRQCD scale, three values of u are taken: my, myv, Agep, and
we did the corresponding fit for them, respectively. Besides, the fit region is restricted in p; > 8
GeV, and considering the kinematics effect in the feed-down from higher excited states, a shift
pH ~ pl" x (My/Mp) is used in data treatment.

Knowing that the approximately liner dependence of the three short-distance parts, the
CO LDMEs directly obtained by our fit are with large uncertainty. Just as we did for J/v
fit 7, the covariance-matrix method are adopted, so we obtain the array A with independent
errors, thus we can estimate the error bands in our figures correctly. The Tab 2 shows the CO
long-distance-matrix-elements(LDMESs) under the choice of puy = myv.

3 Our results

With these LDMEs in Tab 2, we show our predictions for the differential cross section of T
hadroproduction as Fig. 1, and the polarization as shown in Fig. 2. The uncertainty bands in
the figures come from errors of the LDMEs.

4 Discussions

With different choices of the NRQCD factorization scale up, we find that us dependence is very
small in p; distribution of the yield and polarization for Y. For p; distribution of (15,25, 35)
yield, the experimental measurements at the Tevatron and LHC can be explained very well in
a wide range of p;. For YT(15,285), the predictions for polarization can explain the CMS data
well, meanwhile still have some distance from the CDF data. For Y(3S), the polarization can
not be explained.

Further studies are needed. For Y(1S5,2S5), the fraction of xp; feed-down is unknown, it
makes the uncertainty rather large in our fits. Therefore a further precise measurement on the
fraction of xps feed-down or on direct T production will be very helpful to fix the polarization
puzzle. For Y(3S), considering the conclusions of the work ' which found that the relativistic
corrections to J/v hadroproduction is negative and large in small p; range, we can infer that
the relativistic corrections to Y(35) is the largest one among Y(15,25,35), therefore detailed
study may change the result of fit. Meanwhile, other unknown feed-down contribution such as
Xb7(3P) , may also make the polarization of T(3S) better.
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Figure 1 — The p; distribution of yield for T hadroproduction at the Tevatron and LHC. Rows from top to bottom
are corresponding to different experimental conditions of CDF RUN I!, CMS*®, LHCb ' and ATLAS'°.
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Figure 2 — Polarization parameter A(or A\g) for T hadroproduction at the Tevatron and LHC. Rows from top to
bottom are corresponding to different experimental conditions of CDF RUN I1**, CMS (Jy| < 0.6 and 0.6 < |y| <

1.2)4.
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