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Abstract

The polarizations of prompt J/¢ and (2S) mesons are measured in proton-proton
collisions at /s = 7TeV, using a dimuon data sample collected by the CMS experi-
ment at the LHC, corresponding to an integrated luminosity of 4.9 fb~!. The prompt
J/¢ and ¢(2S) polarization parameters Ay, Ay, and Ay, as well as the frame-invariant
quantity A, are measured from the dimuon decay angular distributions in three dif-
ferent polarization frames. The J/i results are obtained in the transverse momentum
range 14 < pr < 70GeV, in the rapidity intervals |y| < 0.6 and 0.6 < |y| < 1.2. The
corresponding 1(2S) results cover 14 < pr < 50 GeV and include a third rapidity bin,
1.2 < |y| < 1.5. No evidence of large transverse or longitudinal polarizations is seen
in these kinematic regions, which extend much beyond those previously explored.
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1 Introduction

After considerable experimental efforts over the past decades, the understanding of quarko-
nium production in hadron collisions is still not fully settled [1]. In particular, the polarization
of J/i mesons is not satisfactorily described in the context of nonrelativistic quantum chromo-
dynamics (NRQCD) [2], where the purely perturbative colour-singlet production [3] is comple-
mented by processes including possible nonperturbative transitions from coloured quark pairs
to the observable bound states. The S-wave quarkonia directly produced at high transverse
momentum, pr, are predicted to be transversely polarized [4H6] with respect to the direction
of their own momentum. Contrary to this expectation, the CDF Collaboration measured a
small longitudinal polarization in prompt J/¢ production [7]. Since the measurement includes
both directly produced J/¢ mesons and those resulting from feed-down decays of heavier char-
monia, the comparison between the theoretical predictions and the experimental results re-
mained ambiguous [8]. Considering also the apparent lack of consistency from the fixed-target
to the collider measurements, the knowledge of quarkonium polarization is incomplete and
unclear [9].

The polarization of the [ = 1=~ quarkonium states can be measured through the study of
the angular distribution of the leptons produced in their u*p~ decay [8],

W(cos 9, go|7t) [ (34‘1)\19) (T4 Ay cos’ ¥ + Ag sin® ¥ cos 2¢ + Agy sin 20 cos ?), (1)
where ¢ and ¢ are the polar and azimuthal angles, respectively, of the u* with respect to the z
axis of the chosen polarization frame. Robust quarkonium polarization measurements require
extracting all the angular distribution parameters, A= (Mg, Ay, /\W)' in at least two polarization
frames, as well as a frame-invariant polarization parameter, A = (Ag +3A,) /(1 — A,) [10HI2].
This approach was followed in the Y polarization analysis of CDF [13] and in some recent
theoretical calculations [14], as well as in the detailed study of the Y(1S), Y(2S), and Y(3S) po-
larizations recently performed by the CMS Collaboration [15]. This Letter presents the anal-
ogous measurement of the polarizations of the J/i and (2S) mesons (abbreviated as ¢(nS),
with n = 1,2) promptly produced in pp collisions at a centre-of-mass energy of 7 TeV, at the
LHC. The analysis is based on a dimuon sample collected in 2011, corresponding to an inte-
grated luminosity of 4.9 fb'. The J/ ((25)) A parameters are determined in several pr bins
in the range 14-70 GeV (14-50 GeV) and in two (three) absolute rapidity bins. Such a double-
differential analysis is important to avoid obtaining diluted results from integrating over events
characterized by significantly different kinematics [8].

The results correspond to the polarizations of the prompt (nS) states. The nonprompt com-
ponent, mostly from decays of B mesons, is removed by using a proper-lifetime measurement.
A significant fraction of the J/i prompt cross section is caused by feed-down decays from the
P(2S) (more than 8%, increasing with pr) and from the x. (more than 25%) [16]. There are no
feed-down decays from heavier charmonium states to the ¢(2S) state, making it particularly
interesting and easier to compare the measured polarization of this state with theoretical cal-
culations. The polarization extraction method uses the dimuon invariant-mass distribution to
separate the ¢(nS) signal contributions from the continuum muon pairs from other processes
(mostly pairs of muons resulting from decays of uncorrelated heavy-flavour mesons).

The two-dimensional shape of the decay angular distribution (in cos ¢ and ¢) is used to extract
the three frame-dependent anisotropy parameters in three polarization frames, characterized
by different choices of the quantization axis in the production plane: the centre-of-mass helic-
ity (HX) frame, where the z axis coincides with the direction of the (nS) momentum in the
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laboratory; the Collins-Soper (CS) frame [17], whose z axis is the bisector of the two beam di-
rections in the 1(nS) rest frame; and the perpendicular helicity (PX) frame [18], with the z axis
orthogonal to that in the CS frame. The y axis is taken, in all cases, to be in the direction of the
vector product of the two beam directions in the charmonium rest frame, P, x P, and P, x B,
for positive and negative dimuon rapidities, respectively. More details regarding these frames
are provided in Ref. [8]. The parameter A, introduced in Ref. [I1] to provide an alternative and
frame-independent characterization of the quarkonium polarization properties, is measured si-
multaneously with the other parameters. This multidimensional approach reduces and keeps
under control the smearing effects of the (unavoidable) partial averaging of the results over the
range of the production and decay kinematics. This is important to minimize the possible in-
terpretation ambiguities in the comparison with theoretical predictions and other experimental
measurements [8].

2 CMS detector and data processing

The CMS apparatus [19] was designed around a central element: a superconducting solenoid
of 6 m internal diameter, providing a 3.8 T field. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass/scintillator
hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel
return yoke outside the solenoid and made using three technologies: drift tubes, cathode strip
chambers, and resistive plate chambers. Extensive forward calorimetry complements the cov-
erage provided by the barrel and endcap detectors. The main subdetectors used in this analysis
are the silicon tracker and the muon system, which enable the measurement of muon momenta
over the pseudorapidity range || < 2.4.

The events were collected using a two-level trigger system. The first level consists of cus-
tom hardware processors and uses information from the muon system to select events with
two muons. The “high-level trigger” significantly reduces the number of events written to
permanent storage by requiring an opposite-sign muon pair that fulfills certain kinematic con-
ditions: invariant mass 2.8 < M < 3.35GeV, pr > 9.9GeV, and |y| < 1.25 for the J/i trigger;
3.35 < M < 4.05GeV and pr > 6.9GeV for the ¢(2S) trigger. There is no rapidity requirement
on the §(2S) trigger, given its lower cross section, permitting an extra bin at forward rapid-
ity with respect to the J/¢ case. No pt requirement is imposed on the single muons at trigger
level, only on the dimuon. Both triggers require a dimuon vertex-fit x> probability greater than
0.5%. Events where the two muons bend towards each other in the magnetic field are rejected
to lower the trigger rate while retaining the events where the dimuon detection efficiencies are
most reliable.

The dimuons are reconstructed by combining two opposite-sign muons. The muon tracks are
required to have hits in at least 11 tracker layers, at least two of which should be in the sil-
icon pixel detector, and to be matched with at least one segment in the muon system. They
must have a good track-fit quality (x? per degree of freedom smaller than 1.8) and point to the
interaction region. The selected muons must also be close, in pseudorapidity and azimuthal
angle, to the muon objects responsible for triggering the event. In order to ensure accurately
measured muon detection efficiencies, the analysis is restricted to muons produced within the
range |77| < 1.6 and having transverse momentum above 4.5, 3.5, and 3.0GeV for |y| < 1.2,
1.2 < || < 14, and 14 < || < 1.6, respectively. The continuum background due to pairs
of uncorrelated muons is reduced by requiring a dimuon vertex-fit x> probability larger than
1%. After applying all event selection criteria and background removal, the total numbers
of prompt plus nonprompt J/i events are 2.3M and 2.4 M in the rapidity bins |y| < 0.6 and



0.6 < |y| < 1.2, respectively. The corresponding ¢(2S) yields are 126k, 136k, and 55k for
ly| < 0.6,06 < |y| < 1.2,and 1.2 < |y| < 1.5, respectively. In each of these |y| ranges, the
analysis is performed in several pr bins, with boundaries at 14, 16, 18, 20, 22, 25, 30, 35, 40, 50,
and 70 GeV for the ]/, and 14, 18, 22, 30, and 50 GeV for the (2S).

The single-muon detection efficiencies are measured by a tag-and-probe technique [20], using
event samples collected with dedicated triggers enriched in dimuons from J/i decays, where
a muon is combined with a track and the pair is required to have an invariant mass within
the range 2.8-3.4 GeV. The measurement procedure has been validated in the fiducial region
of the analysis with detailed Monte Carlo (MC) simulation studies. The single-muon efficien-
cies are precisely measured and parametrized as a function of pr, in eight || bins, to avoid
biases in the angular distributions that could mimic polarization effects. Their uncertainties,
reflecting the statistical precision of the tag-and-probe samples and possible imperfections of
the parametrization, contribute to the systematic uncertainty in the polarization measurement.
At high dimuon pt, when the two decay muons might be emitted relatively close to each other,
the dimuon trigger has a lower efficiency than the simple product of the two single-muon effi-
ciencies. Detailed MC simulations, validated with data collected with single-muon and dimuon
triggers, are used to correct these trigger-induced muon-pair correlations.

3 Extraction of the polarization parameters

For each ¢(nS) (pr, ly|) bin, the dimuon invariant-mass distribution is fitted, using an un-
binned maximum-likelihood fit, with an exponential function representing the underlying con-
tinuum background and two Crystal Ball (CB) functions [21] representing each peak. The two
CB functions have independent widths, ocp, and ocp,, to accommodate the changing dimuon
invariant-mass resolution within the rapidity cells, but share the same mean ycp and tail factors
acp and ncg (the latter fixed to 2.5).
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Figure 1: Dimuon invariant-mass distribution in the J/i (left) and ¢(2S) (right) regions for an
intermediate pr bin and |y| < 0.6. The vertical lines delimit the signal region (dot-dashed) and
the mass sidebands (dashed). The results of the fits are shown by the solid (signal+background)
and dashed (background only) curves.

Figure|l|shows two fitted dimuon invariant-mass distributions in specific kinematic bins of the
analysis. The dimuon invariant-mass resolution ¢ at the (nS) masses is evaluated from the
fitted signal shapes, as v/ fcs, ‘TéBl + (1— fcB,) O'%Bz, where fcp, is the relative weight of the CB;
function. The pr-integrated values are 0y, = 21 and 32MeV for |y| < 0.6 and 0.6 < [y| < 1.2,
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respectively, and oy ,g) = 25, 37, and 48 MeV for |y| < 0.6, 0.6 < |y| < 1.2,and 1.2 < [y| <
1.5, respectively. For each (pr, |y|) bin, the measured mass resolution is used to define a +3c
signal window around the resonance mass [22]], m, as well as two mass sidebands, at lower and
higher masses: from 2.85 GeV to my,, — 40,y and from my, + 3.507 to 3.3 GeV for the J/4; from
3.4 GeV to my(ng) - 40y(ng) and from my gy + 3.50(ns) to 4GeV for the l/J(ZS) The larger gap
in the low-mass sideband definition compared to the high-mass sideband minimizes the signal
contamination induced by the low-mass tail of the signal peaks. The result of the invariant-
mass fit provides the fraction of continuum-background events.

To minimize the fraction of nonprompt charmonia in the polarization measurement, a “prompt-
signal region” is defined using the dimuon pseudo-proper lifetime [23], ¢ = Lyy - myns)/ pr,
where Ly, is the transverse decay length in the laboratory frame. The measurement of L.,
is performed after removing the two muon tracks from the calculation of the primary vertex
position; in the case of events with multiple collision vertices (pileup), we select the one closest
to the direction of the dimuon momentum, extrapolated towards the beam line.

The modelling of the resolution of the pseudo-proper lifetime exploits the per-event uncer-
tainty information provided by the vertex reconstruction algorithm. The prompt-signal com-
ponent is modelled by the resolution function, the nonprompt component by an exponential
decay function convolved with the resolution function, and the continuum-background com-
ponent by the sum of three exponential functions, also convolved with the resolution function.
This composite model describes the data well with a relatively small number of free parame-
ters. The systematic uncertainties induced by the lifetime fit in the polarization measurement
are negligible. Figure [2|shows examples of pseudo-proper-lifetime distributions for dimuons
in the two ¢(nS) signal regions, together with the results of unbinned maximum-likelihood
tits, performed simultaneously in the signal region and mass sidebands.
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Figure 2: Pseudo-proper-lifetime distribution in the J/i (left) and (2S) (right) mass regions
for intermediate pr bins and |y| < 0.6. The results of the fits are shown by the solid curve,
representing the sum of three contributions: prompt (dash-dotted), nonprompt (dotted), and
background (dashed).

The prompt-signal regions, dominated by prompt charmonium events, are defined as +30y
signal windows around ¢ = 0, where the lifetime resolution, ¢y, is measured to be (for the
phase space probed in this analysis) in the range 12-25 ym, improving with increasing dimuon
pr. The fractions of nonprompt charmonium events (fnp) and continuum-background events
(fs) included in these regions are shown in Fig.[8| versus the dimuon pr, for |y| < 0.6.
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Figure 3: Fractions of prompt charmonium (circles), nonprompt charmonium (squares), and
continuum-background (stars) events in the prompt-signal mass-lifetime J/¢ (closed symbols)
and ¢(2S) (open symbols) regions versus the dimuon pr for |y| < 0.6.

For each 1(nS) state, the angular distribution of the continuum background is modelled as
the weighted sum of the distributions measured in the two mass sidebands (restricted to the
prompt-lifetime region), with weights derived under the assumption that the background dis-
tribution changes linearly with the dimuon mass. This assumption is validated by comparing
the (small) differences of the effective background polarizations measured in the four dimuon
invariant-mass sidebands. The angular distribution of the nonprompt 1(nS) is modelled using
the events in the 1(nS) mass peak belonging to the “nonprompt-lifetime region”, ¢ > 30y, af-
ter subtracting the corresponding continuum-background contribution, interpolated from the
nonprompt mass-sideband regions. To test its stability, the polarization of the nonprompt com-
ponent was measured in two lifetime regions, ¢ > 30, and ¢ > 50y, with consistent results.

The total background is the sum of the continuum-background and nonprompt dimuons present
in the prompt-signal region. To remove the background component, a fraction fg ot = f5 + fnp
of the events is randomly selected by a procedure based on the likelihood-ratio L/ Ls g, where
Lp (Ls+B) is the likelihood for an event under the background-only (signal-plus-background)
hypothesis. The selection operates in such a way that the chosen events are distributed accord-
ing to the (pr, [y|, M, cos 8, ¢) distribution of the background model. The randomly selected
events are removed from the sample.

The remaining (signal-like) events are used to calculate the posterior probability density (PPD)
of the prompt-1(nS) polarization parameters (1) for each kinematic bin,

P =TT ), @)

where £ is the probability density as a function of the two muon momenta p; » in event i. Uni-
form priors are used in the full A parameter space. Many previous polarization measurements
were dependent on assumptions made about the production kinematics because of the use of
simulated acceptance and efficiency dilepton (cos ¢, ¢) maps, averaged over all events in the
considered kinematic cell. This analysis, instead, uses the efficiencies measured as a function
of muon momentum, attributing to each event a probability dependent on the full event kine-
matics (not only on cos® and ¢) and on the values of the polarization parameters. The event
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probability is calculated as
— 1 3 — —
E(p1p2) = ) W(cos 8, ¢|A) e(p1, P2), 3)

where W is defined in Eq. (1) and e(f1, 7») is the dimuon detection efficiency. The N/(A) nor-
malization factor is obtained from integrating W - € over cos ¢ and ¢,

N=_——"—" 3+/\19 [(// e(p1, p2) dcosﬁdqo)

< cos® ¥ (71, p2) dcosz9d(p>

+Asg (// sin 29 cos ¢ €(p1, p2) dcost?dq)) ]

(4)

+Ay // sin® ¢ cos 2¢ €(p1, Pa) dcosﬁdgo)

To perform this integration, e(f/1, P2) is expressed in terms of cos ¢ and ¢ using the background-
removed (pr, |y|, M) distributions. The background-removal procedure is repeated 50 times to
minimize the statistical fluctuations associated with its random nature, and the PPD is obtained
as the average of the 50 individual densities.

Figure 4| illustrates the measured cos ¢ and ¢ distributions in the HX frame for the case of
]/ signal events in the kinematic bin |y| < 0.6 and 18 < pr < 20GeV, after background
removal. The data points are compared to curves reflecting the “best fit” (solid lines) as well as
two extreme scenarios (dashed and dotted lines), corresponding to the Ay, Ay, and Ay, values
reported in the legends of the plots.
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Figure 4: Frequency distributions of cos ¢ (left) and ¢ (right) angular variables, in the HX frame
for the J/i in an intermediate pr bin and |y| < 0.6. The curves represent the expected distribu-
tions for two extreme polarization scenarios (dashed and dotted lines defined in the legends)

and for the measured A (solid lines).

Most of the systematic uncertainties we have considered were studied and quantified (for each
charmonium and each kinematic bin) with pseudo-experiments based on simulated events.
Each test evaluates a specific systematic uncertainty and uses 50 statistically independent event
samples, individually generated and reconstructed. The difference between the median of the



50 obtained polarization parameters and the injected values provides the systematic uncer-
tainty corresponding to the effect under study. In particular, several signal and background
polarization scenarios have been used to evaluate the reliability of the analysis framework, in-
cluding extreme signal polarizations in the highest-pr bins of the analysis, where the dimuon
trigger inefficiency has the strongest effect. Possible residual biases in the muon or dimuon
efficiencies, resulting from the tag-and-probe measurement precision or from the efficiency
parametrization, could affect the extraction of the polarization parameters. This effect is eval-
uated by applying uncertainty-based changes to the used efficiencies. The systematic uncer-
tainty resulting from the unknown background angular distribution under the signal peak is
evaluated using the measured data, by changing the relative weights of the low- and high-mass
sidebands in the background model between 0.25 and 0.75, very different from the measured
values of ~0.5. The resulting uncertainty is negligible, as expected given the small magnitude
of the background and the proximity of the mass sidebands to the charmonia peaks. The sys-
tematic uncertainty associated with the definition of the prompt-signal region is evaluated as
the difference between the MC simulation results obtained with a +3¢, window and with no
pseudo-proper-lifetime requirement.

The 1(2S) polarization uncertainties are dominated by statistics limitations in all (pr, |y|) bins.
In the J/¢ case, at high pr the uncertainties are dominated by the statistical accuracy, while
for pr < 30GeV they are determined by systematic effects. The largest among these include
the single-muon (=0.1, 0.02, and 0.03) and dimuon (~0.05, 0.03, and 0.02) efficiencies, and the
prompt-region definition (~0.03, 0.02, and 0.01); the values given correspond to the systematic

uncertainties for Ay, A, and Ay, respectively, in the HX frame, averaged over the rapidity bins.

The final PPD of the polarization parameters is the average of the PPDs corresponding to all
hypotheses considered in the determination of the systematic uncertainties. The central value
of each polarization parameter, for each kinematic bin, is evaluated as the mode of the asso-
ciated one-dimensional marginal posterior, which is calculated by numerical integration. The
corresponding uncertainties, at a given confidence level (CL), are given by the [A1, A7] intervals,
defined such that each of the regions [—co, A1] and [A2, oo] integrates to half of (1 — CL) of the
marginal PPD. Two-dimensional marginal posteriors provide information about correlations
between the measurements of the three A parameters. As an example, Fig. 5|shows the two-
dimensional marginals for A, vs. Ay (left) and Ag, vs. A, (right) measured from J/¢ at [y| < 0.6
and 18 < pr < 20GeV, displaying the 68.3% and 99.7% CL contours for the CS and PX frames.
The figure also indicates the physically allowed regions for the decay of a | = 1 particle; this re-
gion does not affect the calculation of the PPD anywhere in the analysis. For visibility reasons,
the HX curves are not shown; in the phase space of this analysis (mid-rapidity and relatively
high pt), the HX and PX frames are almost identical.

4 Results

The frame-dependent A parameters measured in the HX frame are presented, for both char-
monia, in Fig. [f] as a function of pr and |y|. The average values of pr and |y| are given in
Table [1]in Appendix[A]for each kinematic bin. Figure[7]displays the frame-invariant parameter,
A, measured in the CS, HX, and PX frames, for the rapidity range |y| < 0.6. The three sets
of A measurements are in good agreement, as required in the absence of unaddressed system-
atic effects; the same consistency is also observed in the other rapidity bins. All the results for
Ay, Mg, Mgy, and A, for the two ¢(nS) states and in the three frames considered in this analy-
sis, including the total 68.3%, 95.5%, and 99.7% CL uncertainties and the 68.3% CL statistical
uncertainties, are tabulated in Appendix
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Figure 5: Two-dimensional marginals of the PPD in the A, vs. Ay (left) and Ay, vs. A, (right)
planes, for J/¢ with |y| < 0.6 and 18 < pr < 20GeV. The 68.3% and 99.7% CL total uncer-
tainties are shown for the CS and PX frames. The shaded areas represent physically forbidden
regions of parameter space [12].

None of the three polarization frames shows large polarizations, excluding the possibility that
a significant polarization could remain undetected because of smearing effects induced by in-
appropriate frame choices [8]. While a small prompt J/i polarization can be interpreted as
reflecting a mixture of directly produced mesons with those produced in the decays of heavier
(P-wave) charmonium states, this explanation cannot apply to the 1(2S) state, unaffected by
feed-down decays from heavier charmonia.

5 Summary

In summary, the polarizations of prompt J/p and (2S) mesons produced in pp collisions at
/s = 7TeV have been determined as a function of the »(nS) pr in two or three rapidity ranges
and in three different polarization frames, using both frame-dependent and frame-independent
parameters. The measurements extend well beyond the pt and y ranges probed by previous
experiments and show no evidence of large transverse or longitudinal polarizations in the ex-
plored kinematic regions. These results are in clear disagreement with existing next-to-leading-
order NRQCD calculations [24] 25] and provide a good basis for significant improvements in
the understanding of quarkonium production in high-energy hadron collisions.
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Figure 7: Values of the frame-independent parameter A for the J/i (left) and ¢ (2S) (right)
measured in the CS, HX, and PX frames, as a function of pt and for |y| < 0.6. The error bars
represent total uncertainties (at 68.3% CL).
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A Supplemental material

Table [1| gives the average values of pr and |y| for each kinematical bin. Tables list the re-
sults of the angular anisotropy parameters A3, Ay, and A4, and the frame-invariant parameter
A, for the two (nS) states in the Collins-Soper (CS), helicity (HX), and perpendicular helicity
(PX) frames, along with their total uncertainties (68.3%, 95.5%, and 99.7% CL) and statistical
uncertainties only (68.3% CL) in different bins of {(nS) transverse momentum pt and absolute

rapidity |y|.

Table 1: Average p (in GeV) and |y, for each ¢(nS) kinematical bin.
0.0< |y <06 06<ly<12 12<]y <15
pr) v (pr) Ay ey (¥l

Iy

10-12 11.0 0.30 11.0 0.92 - -
12-14 12.9 0.30 12.9 0.91 - -
14-16 14.9 0.30 14.9 0.90 - -
16-18 16.9 0.30 16.9 0.90 - -
18-20 18.9 0.30 18.9 0.89 - -
2022 20.9 0.30 209 0.89 - -
22-25 23.3 0.30 23.3 0.89 - -
25-30 27.1 0.30 27.1 0.89 - -
30-35 32.2 0.30 32.2 0.89 - -
3540 37.2 0.30 37.2 0.88 - -
40-50 44.0 0.30 44.0 0.89 - -
50-70 56.8 0.30 56.9 0.88 - -

¥(25)

10-14 11.9 0.30 11.8 0.92 11.8 1.33
14-18 15.7 0.30 15.6 0.90 15.7 1.33
18-22 19.7 0.30 19.7 0.89 19.6 1.33
22-30 25.0 0.31 25.1 0.88 25.1 1.34
30-50 35.4 0.31 35.7 0.89 36.0 1.34

pT (GeV)
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Table 2: Ay in the CS frame for the J/1.

] pT Y Total uncertainty Stat. unc.
(GeV) 68.3% CL  95.5% CL 99.7% CL 68.3% CL
l4-16 —0116 ‘o9 0% oz oo
16-18 —0062  “ogs  Towm o oo
1820 —0102 s N o Yoo
2022 -0066 ‘oo o oy Looos
00-06 2225 —0107  GRy Tz Toam o ooy
25-30 0049 oo 01 0k oo
30-35 0227 Toogi o oo oo
35-40 —0048 oy 0% T oy
40-50 —0.154  ohe oo Yok ooy
5070 0084 5y oo sy Toow
1416 +0003  “oos o oues oo
16-18 —0.017 "ot ol ‘ois oo
1820 —0.074  Togsi  Toe  ois oo
2022 -0039 o ows o oo
de1p 22 09 E b omE am
25-30 0049 ogs  Tos 0le oo
30-35 —0051 oo Toma oig oo
35-40 0141 oY o To oo
40-50 —0.033  gh ok Tosm Looes
50-70 —0217  +0110 +0.227 +0.344 +0.088

—0.118 —0.222 —-0.327 —0.081
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Table 3: A, in the CS frame for the J/.

] pT A Total uncertainty Stat. unc.
(GeV) ¢ 68.3% CL  95.5% CL 99.7% CL 68.3% CL
l4-16 +0087 o3 oy o o
16-18 +0.024  “oo g Toaw oo
1820 40079 s ol o oo
2022 +0028 Yo oy oy oo
doos 275 0065 TME  tm wm o om
25-30 40020 oo o o ooy
30-35 +0145 ooy o o oow
35-40 +0060 oo o T ooas
40-50 +0.026 oo oy N oow
5070 0045 oo T e ooy
14-16 —0031 o5l oo oie oo
16-18 —0010 "5 olos o1 oo
1820 +0.040  Toos oy Touss oo
2022 -0001 Yoo odo o oo
de1p O 400 WES Mmoo
25-30 +0015 oo Tows o1y oo
30-35 +0.021 oo Toie o1 oo
35-40 +0068  oom o Toab “oou
40-50 +0.018  “oge  Toiae N oow
5070 +0.141  Topl g o fooe
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Table 4: A3, in the CS frame for the J/¢.

1y PT Ao Total uncertainty Stat. unc.
(GeV) ¢ 68.3% CL  95.5% CL 99.7% CL 68.3% CL
116 +000  OE ow ches oo
l-18 0030 ML gl b oo
1820 0017 4B e e oo
02 0001 R e om0
D00 225 0009 OB s wom oo
2530 40003 0@ b om oo
3005 10020 NE hm o spm o
B0 oo ‘B Mmoo b oo
050 o2 N b o oo
So70 —ogss M b b oo
e o0 wm o oM o
T L
120 oo B am o
02 oo HT e com A
ooz 25 008 W R e
i - B 1
035 oo g nE A
B0 oo GBS um wm 4
T - B
50-70 —0.073 +0.055 +0.110 +0.165 +0.046

—0.061 —0.116 -0.171 —0.051
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Table 5: A in the CS frame for the J /4.

1y PT i Total uncertainty Stat. unc.
(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
1416 40159 oy Toim o oos Tooe
1618 40011 Yo o Toie Toos
B0 o7 WA om g
2022 40019 Toul ke 0w ooes
00-0.6 2225 40104  Topy  Toaw ox Tooes
25-30 40013 Tois  Toxe  Coaw  Looes
035 oz R hg
35-40 +0141  Toip % ok ons
wso oo MR g A
070 oms G b g o
1416 —0088  Tong o Tom o Toow
18 oo R m 4w g
20 ooy R by dm
2022 —0041  Too ol ok ooe
06-12 22725 0087  Tohm T s Looe
B0 s Mmoo am o o
30-35 40011 Tomg T Do Looss
3540 +0.068  pies  Toms  Toss o1
40-50 40017 Toi;  Toms Toase 013
s cozs R am o wm
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Table 6: Ay in the HX frame for the J/1.

1y pT A Total uncertainty Stat. unc.
(GeV) 68.3% CL  95.5% CL 99.7% CL 68.3% CL
116 10197 93l ol oo
lels qomo BB R hm o
B2 o1y MR 0B s
w2 o Gl B hm
pons 225 02 HR G s o
00 somss CEE O CGR GE e
055 godd R R
B0 w013 ME R aw 0
w050 yous MW am o 0
so70 oo BEE gam hwe o
116 004 fomn ol om o
18 ooy BT M amo
120 so1x  ME hE oo
02 gomy R s
derp Z25 4008 TS WS
0 G007 MR CHE e e
035 +000 BB b
a0 w0z BB R gm
wso w007 CME O nE wm
50-70 +0.437 +0.173 +0.362 +0.561 +0.165

—0.177 —0.337 —0.498 —0.151
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Table 7: A, in the HX frame for the J/1.

1y pT A Total uncertainty Stat. unc.
(GeV) 4 68.3% CL  95.5% CL 99.7% CL 68.3% CL
nle —ome  RE O GE A o
s oon RS CHE
120 oo ME g gm0
02 oo GE Ao
D00 225 -0om Wb dm o
0 —oos OB mEmooam
035 —oos0 OB Mm wm o a
B0 0006 O CHE by A
w0 002 M s
0 ooz g RER R g
1416 —0020  Togik o Togm o fonn o ooos
1618 —0020  Togi Togm fomo ooos
1820 -0024 Tz Toom Toas Toow
20-22 -0024  Tope oo e oo
06-12 2225 0002 Togs  Tows  fomo oon
25-30 —0019  Togm  Togs oo oo
30-35 —0017  Togg Tom Tows oo
3540 0044 Toos  Toow o oo
40-50 0014 T Togw Zoo oo
50-70 0055 o foiy Zoer oo
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Table 8: A3, in the HX frame for the J/i.

1y PT Ao Total uncertainty Stat. unc.
(GeV) ¢ 68.3% CL  95.5% CL 99.7% CL 68.3% CL
T R T
618 to07 0 b e oo
1820 oo 0B ey hes oo
02 oo CGHEY W wome o
D00 225 40004 COEE s wome oo
2530 —0005 ‘A e e oo
035 0ok AN e b oo
B0 0017 HHM hew apm o o
1050 —oms NS e sbme e
I
wle o0 g e wm
1618 ooz OE s ol s
20 coon  BEDGRT
02 goms R mm e
pera 2 +00m  UE e
50 oo CME g
05 ool OE um am o
B0 oo KBS wm o am
1050 40074 M em o abnr oo
50-70 +0.072 +0.065 +0.130 +0.195 +0.054

—0.072 —0.137 —0.202 —0.062
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Table 9: A in the HX frame for the J/¢.

] pT 3 Total uncertainty Stat. unc.
(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
14-16 +0.147 o5 ks Toem Tooes
16-18 +0006 T o35 Tosw Toow
1820 40144 Toin G5 TG Yoow
2022 +0018  Toike ke To37 “ooes
do0e 225 40105 bl o o
25-30 +0013  Toie o3 o3 00w
30-35 +0250  Tong o o Toms o
3540 +0.150  Toige oz Towo  Comn
40-50 —0066  Tpiee oz o o
5070 —0.197 o3 Mok Toks  Cous
l-16 —0091 5oy % TR o
16-18 —0041 535 Yows Toxe ‘oo
1820 +0.052 ol 0wz ok Coos
2022 0035 Tops o Toas oo
de1z 22 405 GEL hE o wm o
25-30 —0002 Yo oy o Cooss
30-35 +0017 Yo, ok Yodm oo
35-40 40079 oy o3 iy o
40-50 +0.030 533 Toms Toi o
5070 +0248 o3y Tig Toes oo
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Table 10: Ay in the PX frame for the J/¢.

|y| pT A Total uncertainty Stat. unc.
(GeV) 68.3% CL 95.5% CL 99.7% CL 68.3% CL
14-16 40215 535 LR et 0062
16-18  +0.076  “gi5 03 os0r 05
1820 +0193  Toifs o 0 oo
2022 40086 ol 03k o3 ooe
0.0-0.6 2225 +0177  *5i0% e 034 o081
25-30 40062 5iG) 0201 o301 To0%
30-35 40420 ji3 10250 0360 0%
3540 40137 TR 0% To3s oo
40-50 +0.145 9l e 0% Toos
5070 +0.001 oy Toa 03 01t
l4-16 —0044 oy I3 0316 0050
16-18  —0.002 X5, o1 e o0
1820 +0.108  “gpg) R foxs Loos
2022 40025 fGog 0 Do Coow
06-12 22725 +0077 o s B3 Tooss
25-30 +0.053 5ol e B3 oo
30-35 +0.068  *{og 1t 0267 0%
3540 +0210 o35 0% 0390 0o
40-50 +0062 iR 0% % ol
50-70 4-0.427 +0.174 +0.364 +0.563 +0.164

—0.177 —0.339 —0.491 —0.151
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Table 11: A, in the PX frame for the J/ip.

] pT A Total uncertainty Stat. unc.
(GeV) ¢ 68.3% CL 95.5% CL 99.7% CL 68.3% CL
14-16 —0016 "5 os ‘oz ‘oo
16-18 —0020 oy Yoos  Toom ‘oooe
1820 —0013 G Yous Toom oo
2022 -0020 o oo ooy oo
00-06 2225 —002  TGes Yoo Toos oo
25-30 —0015 oy 0w oo ‘oo
30-35 —0051  Toms oo loim o oo
35-40 +0.005  Tomio  Topos o1 ‘oo
40-50 —0072 oo Towe  ous oo
570 0071 Toms  Toi ok Cooss
l4-16 —0014 5o Yoo ot “ooos
l6-18 —0014  Too3 Yoo ot ‘oooe
1820 —0018  “o5g oo oan ‘oo
2022 0020 5oz Tooes oo 0o
deip 225 H00 Y b pm o
25-30 —0018 ooy oo oms  oon
30-35 0016 ooy oo o Loow
35-40 0042 oo Tows  Ton oo
40-50 —0010  GRp  owd iy Coow
5070 —0052  Toggs  0n5 Towo ‘oo
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Table 12: Ay, in the PX frame for the J/¢.

1y PT Ao Total uncertainty Stat. unc.
(GeV) ¢ 68.3% CL  95.5% CL 99.7% CL 68.3% CL
116 +0000 052 owe  chm oo
1618 40031 QWL e he o omo
1820 tool9  0RR bhw o cder oo
02 +oo01 R e wme oo
D00 22 40010 O s wom oo
530 oo CHES by wome oo
3005 0036 hES oM cem o omm
40 0015 HHL hew b o
1050 o4 COE cem o wom o ae
S070 40036 OB ME b o
wle oo pE e ww
1618 4004 OB hem o oo
20 o0y BB AT A o
02 goon  HET e oA
pera 2 +000  BE R wm
2530 +oo AR e e oo
035 oo K am o aw
e ORCL I B S 1 B
1050 40077 G em o oabme oo
50-70 +0.090 +0.065 +0.130 +0.196 +0.056

—0.070 —0.136 —0.201 —0.061
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Table 13: A in the PX frame for the 1.

1y| pT i Total uncertainty Stat. unc.
(GeV) 68.3% CL  95.5% CL 99.7% CL 68.3% CL
1416 +0163  Tozs  Toist Togs  ooe
16-18 +0016  Thig  Top Toig oo
1820 +0153  Toi o Zoiw o Tooe
20-22 +0025  Tong Zoxl  Toas oo
00-0.6 22725 +0110 oz Tod ok Tooes
2530 +0017  Tofgs  Tosd  Coae oo
30-35 0252 oy Toz Coxs oo
3540 0154 Ty fod Toss o
40-50 0067 Torpe  Tozum o Zose o
5070 —0197  Tomg Yo Toew o
1416 —0084  Topis  Tom o Tody oo
16-18 0043 To0g¢  Toms  Todu Tows
1820 +0051  %oig oo Tozs oo
20-22 -0036  Topd  Toug Toz looss
0612 2225 0091 Toap  Tones Toms oger
25-30 —0001  Tomgs  Zoa o0 ooss
30-35 0018 Tomg  Tox oz Cooss
3540 0080 oy Toim o Toay o
40-50 +0.081  Toig Tz Tos o
50-70 +0249  Tozg  fois s oxw
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Table 14: Ay in the CS frame for the 1(2S).

ly| pr A Total uncertainty Stat. unc.
(GeV) ¥ 683%CL 955%CL 99.7%CL 68.3% CL
1418 —0124 Ty Toms  Soms e
oo B2 018 Tog o Zohee  Zoms oo
230 -o009 AR b o

050 +00u  HE g m o

1418 —0002  Tooer oy Toke ook
oo, B2 0048 oo Zoor o Zowo oos
230 +o1 PRt oMy

050 —00es  GHE G 0GR

41 —oo2t R RE Rm

Lo1s 822 70055 Zoim o o Zohs oo
22-30 40061 *oi% Yoxm  fons o

50 —00s8  CRE g nm g

Table 15: A, in the CS frame for the §(2S).

pT Total uncertainty Stat. unc.
v (GeV) Ao 68.3% CL  95.5% CL 99.7% CL 68.3% CL
118 omse  forE  row  dome oo
oo 18 oo MR b om g
na0 oo HE b e o
we0 o8 B o hm
WS ooe W by nm
R B A
230 —olel WL Y o
R N R - S
wis oo hE B am o o
Lays 1B OIS HEm sz
20 4000 R WA A A
30-50 -+0.064 +0.115 +0.246 +0.362 +0.111

—0.154 —0.299 —0.452 —0.139




Table 16: Ay, in the CS frame for the (2S).

pT Total uncertainty Stat. unc.
vl (GeV) Mo 683%CL 955%CL 99.7%CL  68.3% CL
1418 0012 TgE  nms  nm n
1822 —0098 OG0 om oo
B - T A i
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R IEICI
3050 0018 HUe o bml o
1418 0028  ome  fom el oo
182 to13 T HB wm o 0
P15 a0 cosse S bl wam o
3050 0033 U w0m om0

Table 17: A in the CS frame for the ¢(2S).

1yl pT i Total uncertainty Stat. unc.
Y (GeV) 68.3% CL 955% CL 99.7% CL 68.3% CL
TEERTICN” BT R T

40225 +0.458 40.692 40191

0.0-0.6 1822 +0.108 —0.230 —0.453 —0.664 —0.191
L A I
050 40020 R agy i a

wis oo mm m@

0.179 0.361 0.551 0.149

1.2 1822 —0.365 J—ro.183 t0.355 t0.509 J—ro.141

012 a0 —oas gl o e o
050 +0328 ‘03 0mE im0

wis oy mm e um o

0.331 0.664 1.013 0.317

19-15 1822 +0254  Tp5; 0587 0794 0270
T 230 40179 O3 Ry T 080 050
30-50  -+0.094 40,492 +1.015 +1.680 40,469

—0.363 —0.720 —1.005 —0.302
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Table 18: Ay in the HX frame for the ¢(2S).

pT Total uncertainty Stat. unc.
vl (GeV) Av 683%CL 955%CL 99.7%CL  68.3% CL
w0z NZ W w0
B2 cozs  HBpm o
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Wl oo ME O 0m oE 0F
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e T B
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TR R B R
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Table 19: A, in the HX frame for the 1(2S).

pT Total uncertainty Stat. unc.
vl Gev) M 683%CL 955%CL 99.7%CL 68.3% CL
PSTRRTET T
ISR A
R R T B TR
050 G000 R e dm
NTEE B R T
B2 oo SE o om
BRI T
050 4005 B b
T
1822 400 OE dm o smmo o
R IRV A
30-50 —0.008 +0.105 +0.207 +0.303 +0.080

—0.117 -0.219 —0.322 —0.094




Table 20: Ay, in the HX frame for the ¢(2S).

Pt Total uncertainty Stat. unc.
v (GeV) A 683%CL 955%CL 99.7% CL 68.3% CL
1418 0030 OHE R R R
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Table 21: A in the HX frame for the ¢(25).

pr 5 Total uncertainty Stat. unc.
vl (GeV) A 68.3% CL 95.5% CL 99.7% CL 68.3% CL
1418 +0193 TP TR 7T oW
NUPRRIES RN I
230 —ome  RE MR 4® R
ws0 oo Chm o e
I =1 O ET R 2
el B OC039 0 S fowm Sas o fois
20 o Ao amo e
IR T B R
s soe 4R g od o
s 182 t0me R e gm o aw
na0 ozl 0B R qEm 6w
30-50 +0.182  f04%2 +1.052 +1.753 +0.474

-0.377 —0.742 —1.050 —0.320
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Table 22: Ay in the PX frame for the ¢(2S).

pT Total uncertainty Stat. unc.
vl (GeV) Av 683%CL 955%CL 99.7%CL  68.3% CL
w18 025 g um um om
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Table 23: A, in the PX frame for the 1(2S).

pT Total uncertainty Stat. unc.
vl Gev) M 683%CL 955%CL 99.7%CL 68.3% CL
s oo R R AW o
1822 oo ME m o mne o
WU ma0 os 4w owWE
WS coou  gE dm am s
418 ook R E
B2 -oms AR N m o
P12 ma0 —oms  bE e spme o
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B IRV T
30-50 —0.006 +0.108 +0.213 +0.312 +0.079

—0.118 —0.223 —0.328 —0.090




Table 24: Ay, in the PX frame for the ¢(2S).

pr Total uncertainty Stat. unc.
vl (GeV) Ao 683%CL 955%CL 99.7% CL  68.3% CL
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Table 25: A in the PX frame for the P(2S).

1yl pr i Total uncertainty Stat. unc.
Y (GeV) 68.3% CL 95.5%CL 99.7% CL 68.3% CL
I B - B

0.215 0.445 0.675 0.193

1822 +0.158 i3 L0452 0660 0192
MO mao oo R s o
30-50 40084 03N 4081 flle o3

Wis o b a o o
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1 ma —ome e amo am g
S R

ns vozs B om o am om
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T ma0 oo g nEl qm
30-50 +0.184 +0:498 +1:047 +1:7zs +O:461

—0.392 —0.759 —1.047 —0.320
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