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Abstract

The polarizations of prompt and non-prompt J/i and (2S) mesons are measured
in proton-proton collisions at /s = 13TeV, using data samples collected by the
CMS experiment in 2017 and 2018, corresponding to a total integrated luminosity
of 103.3fb™!. Based on the analysis of the dimuon decay angular distributions in the
helicity frame, the polar anisotropy, Ay, is measured as a function of the transverse
momentum, pr, of the charmonium states, in the 25-120 and 20-100 GeV ranges for
the J/¢ and ¢ (2S), respectively. The non-prompt polarizations agree with predictions
based on the hypothesis that, for pr 2 25GeV, the non-prompt J/i and ¢ (2S) are
predominantly produced in two-body B meson decays. The prompt results clearly
exclude strong transverse polarizations, even for pt exceeding 30 times the J/¢ mass,
where Ay tends to an asymptotic value around 0.3. Taken together with previous
measurements, by CMS and LHCb at /s = 7 TeV, the prompt polarizations show a
significant variation with pr, at low pr.
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1 Introduction

Charmonium and bottomonium production provides an ideal case study for the understand-
ing of hadron formation in quantum chromodynamics (QCD) [1, 2]. Its theoretical description
is based on the generally agreed assumption that the charm and beauty quarks (the heaviest
ones capable of forming bound states) are heavy enough to allow the factorization of short- and
long-distance effects. Within the non-relativistic QCD (NRQCD) framework [3], in particular,
perturbative QCD computations provide the production cross sections of the QQ heavy-quark
pair (the “short-distance coefficients”, SDCs), while the non-perturbative evolution of the QQ
state to the observed meson (hadronization) is described by phenomenological parameters (the
“long-distance matrix elements”, LDMEs), determined from fits to experimental data. Other
theoretical approaches have been considered, such as the colour-singlet model (CSM) [4, 5]
and the colour-evaporation model (CEM) [6, 7]. These theoretical models differ in the choice
and classification of the allowed pre-resonance states. The NRQCD approach foresees the con-
tribution of all possible spin, S, orbital angular momentum, L, total angular momentum, J,

and colour (c = 1 or 8) configurations, QQ(ZSHLEC} ), organized in an expansion in powers of

the relative QQ velocity so that only a small number of leading and sub-leading terms remain
quantitatively important. Instead, the CSM considers that the final-state hadron can only result
from a colour-neutral (singlet) pre-resonance state having the same quantum numbers, while
the CEM is built upon the assumption that the probability of forming a specific quarkonium
state is independent of its kinematics and spin, as well as of the production process.

According to the perturbative calculations of the relevant partonic processes, the observable
transverse momentum (pt) distributions of the produced quarkonium meson depend signifi-
cantly on the angular momentum quantum state of the unobservable QQ pre-resonance. More-
over, the contributing short-distance processes (one, few, or many, depending on the model)
are scaled by long-distance weights that further depend on the angular momentum quantum
numbers of each pre-resonance. Therefore, by foreseeing different pre-resonance mixtures, the
CSM, CEM, and NRQCD predict, in general, different distributions for pr and other kine-
matic variables. The polarization of the quarkonium state is, however, the observable that
most directly reflects the mixture of S, L, ] configurations (and polarizations) of the contribut-
ing pre-resonance states, as it can be understood independently of any perturbative calculation.
Consequently, polarization measurements provide particularly straightforward information re-
garding the details of the hadronization models. The polarizations of five vector (J’¢ = 177)
quarkonia, J/, ¥ (2S), Y(1S), Y(2S) and Y(3S), have been measured, as functions of pr, at the
Fermilab Tevatron [8, 9] and the CERN LHC [10-14]. These measurements have been consid-
ered in several phenomenological studies, including analyses based on the NRQCD [15-21]
and CEM [22] approaches. Measurements of inclusive J/i polarizations, where the contribu-
tion from decays of b hadrons is not subtracted, have been reported by the PHENIX, STAR,
and ALICE Collaborations [23-25].

Within the precision of the previous CMS measurements [10, 26], no significant deviation is
seen with respect to the “unpolarized scenario”, where the directly (i.e., excluding feed-down
decays) produced ]/ mesons have zero and pr-independent polarization [27]. The straightfor-
ward interpretation of that scenario would be that J/i production is dominated by the (unpo-

larized) 15([)8} colour-octet state, an option not naturally foreseen by NRQCD, where the LDMEs

of the strongly polarized 3S£8] and 3P][8] octet contributions and of the 1558] term are expected to

have similar magnitudes, leading to a significant pr dependence of the polarization. In princi-
ple, one might think that sufficiently precise pp-differential cross section measurements would

be able to discriminate between those two scenarios, one where the 15([)8} term dominates and



the other also including significant 35 58} and 3P 18] contributions. In practice, however, this is not

the case, because of two facts [28]. First, an accidental degeneracy makes the shape of a certain

combination of the 3558} and SPI[S] pr distributions indistinguishable from the 15([)8] one. Second,

both the shape of that combination and the shape of the 15([)8] term are very similar to the mea-
sured J/y pr distribution, indicating that reality is critically close to the degeneracy condition.
Therefore, the observed pr distribution has a weak resolving power on the participating pro-
cesses. In fact, fits trying to determine the relative process contributions, i.e. the LDMEs, using
only the measured differential cross sections as constraints can lead to ambiguous results [19].
The polarization measurement provides a completely independent and sensitive source of in-
formation: any 3S£8] + 3P combination leads to a recognizable pr-dependent polarization,
changing monotonically from longitudinal to transverse as pr increases. Therefore, a suffi-
ciently precise polarization measurement, performed over a wide-enough pt range, should be
able to reveal the relative contributions of the differently polarized colour octet terms.

This Letter reports a new measurement of the prompt J/¢ and ¢ (2S) polarizations, in proton-
proton (pp) collisions at a centre-of-mass energy of 13 TeV, based on data collected by the CMS
experiment in 2017 and 2018, corresponding to a total integrated luminosity of 103.3 fb~!. This
event sample is much larger than the one collected in 2011, at 7 TeV, which was used for the pre-
vious measurement [10]. The results are sufficiently accurate to provide the sensitivity needed
to evaluate the relative proportions of the three colour octet channels. We also present the first
LHC measurement of the polarizations of non-prompt J/¢ and 1 (2S) mesons, predominantly
produced in decays of B mesons, with a small contribution from decays of other b hadrons.
This result provides an independent probe of the charmonium formation mechanism and of its
composition in terms of singlet and octet contributions. Besides the directly produced compo-
nent, the prompt J/ yield includes fractions from “feed-down decays” of heavier charmonium
states: around 8% from 1 (2S) decays and 25% from y. decays [29].

The average polarizations of J’© = 17~ quarkonia are usually determined by measuring the
angular distributions of the positively charged muons emitted in the decay of the mesons,
which have the general observable form [30, 31]

W(cos®, ¢ | A) = (14 Aycos? 8 + Ay sin® ¥ cos 2¢ + Agpsin28cos @), (1)

471(3+ Ay)
where ¢ and ¢ are the polar and azimuthal angles of the muon in the quarkonium rest frame
with respect to, respectively, a suitably defined polarization axis z and the plane containing
the momenta of the colliding beams and of the quarkonium [32]. The shape of the decay an-
gular distribution is defined by the polarization parameters Ay, A,, and A4,. Depending on
the chosen polarization frame, not all three parameters contain equally significant and/or in-
dependent physical information, as is extensively discussed in Ref. [32]. In particular, in a
domain where the laboratory momentum is always much larger than the particle mass M, it
can be safely assumed (as seen, for example, in Drell-Yan and Z boson production measure-
ments in the limit of very high pt/M [33, 34]) that azimuthal anisotropies become negligible in
the centre-of-mass helicity frame (HX), where the z axis coincides with the particle momentum
direction in the centre-of-mass frame of the colliding hadrons [32]. Moreover, at mid-rapidity
and in the limit of high pr, relevant for the present measurement, the shape of the muon pair
acceptance as a function of cos d;x becomes essentially independent of @iy so that Eq. (1) can
be integrated over the azimuthal decay angle and the analysis can focus on the simpler one-
parameter distribution

W (cos Bgpx) o 1+ AEX cos? By, 2)



without the risk of being biased by neglected correlation effects. In this phase space window
(high pr and mid-rapidity) the perpendicular helicity frame [35] is indistinguishable from the
HX frame. On the other hand, the Collins—Soper (CS) frame [36] is unsuitable because it is
not possible to integrate the cos 95 vs. ¢cg acceptance map over the azimuthal decay angle
without including zero-acceptance domains, so that a two-dimensional analysis becomes nec-
essary [32].

2 Apparatus, event samples, and selection criteria

The CMS apparatus is a multipurpose detector [37] designed to trigger on and identify elec-
trons, muons, photons, and (charged and neutral) hadrons [38—40]. A superconducting solenoid
of 6 m internal diameter provides a magnetic field of 3.8 T. Within the solenoid volume are the
silicon pixel and strip tracker, a crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware processors, uses information from the
calorimeters and muon detectors to select events at a rate of 100 kHz within a fixed latency of
4 us [41]. The second level, consisting of a farm of processors running a faster version of the
full event reconstruction software, reduces the rate to around 1kHz, before data storage [42].

The event samples used in the analysis were collected in 2017 and 2018, with integrated lumi-
nosities of 42.0 and 61.3fb ™!, respectively [43, 44]. The events were selected by two dimuon
triggers, requiring an opposite-sigh muon pair with the invariant mass in the ranges 2.9 < M <
3.33 GeV for the J/¢ case and 3.35-4.05 GeV for the ¢(2S) case. The distance of closest approach
between the two muons must be smaller than 0.5cm and a fit of the positions and momenta
of the two muons to a common vertex (“dimuon vertex fit”) must have a x? probability larger
than 0.5%. In addition, to reduce the trigger rate, the dimuon py must be larger than 24.9 and
17.9GeV for the J/¢ and ¢(2S) events, respectively. No explicit pr requirement was imposed
on the individual muons at the trigger level. The dimuon rapidity is restricted to |y| < 1.25,
where the muon momentum is measured with the best resolution.

The reconstructed data were processed ensuring that both reconstructed muons must match,
in pseudorapidity () and azimuthal angle, those that triggered the detector readout. Both
muon tracks must have more than five hits in the silicon tracker, at least one of them being in a
pixel detector layer. They must also fulfill other (“soft-muon”) identification requirements [39],
which include the (loose) matching between the track reconstructed in the silicon tracker and
the one reconstructed in the muon detectors. The two muons of the selected events must each
have pr > 5.6GeV, || < 14, and a dimuon vertex fit x? probability larger than 1%. The
single muon pr requirement ensures that all selected muons are in the plateau region of the
detection efficiency, so that the efficiency variations are smaller than 5%. The polarizations are
measured in the p ranges 25-120 GeV (in 19 bins) and 20-100 GeV (in 8 bins) for the J/¢ and
¥ (2S) mesons, respectively. The results are obtained in the dimuon rapidity window |y| < 1.2.
The dimuon mass distributions, studied in the 2.92-3.28 and 3.4-4.0 GeV ranges for the J/i and
P (2S) cases, respectively, provide the information needed to separate the signal contributions
(dimuons from the J/ and 1 (2S) decays) from the underlying continuum background, com-
posed of muon pairs resulting from other processes, such as decays of heavy-flavour hadrons.

For each of the two charmonium states and each of the py bins, the |cos &y | distributions are
measured in six independent event samples, defined by three ranges in the dimuon mass (sig-
nal window and two sidebands) and two in the dimuon pseudo-proper decay length (prompt
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Figure 1: Measured dimuon decay length vs. mass distributions for the J/¢ (left) and ¢(2S)
(right) samples, showing the rectangular regions used in the analysis. The prompt and non-
prompt signal regions are labeled PRS and NPS, respectively, while the remaining regions are

non-signal (sideband) regions.

and non-prompt). The six windows are presented in Fig. 1, for the J/i and (2S) analyses.
The dimuon pseudo-proper decay length [45], abbreviated as “decay length” in the remainder
of this Letter, is defined as ¢ = szy - pr/ p>, where Exy is the displacement in the transverse
plane between the primary vertex and the dimuon production vertex; it is measured with a
resolution around 25 ym. The primary vertex is selected among all reconstructed pp collision
vertices in the event as the one closest to the line extrapolating the dimuon momentum back
to the beam line and its position is determined by fitting all tracks associated with the vertex
other than the two selected muons. In the following, we use the labels PRS (“prompt signal”)
and NPS (“non-prompt signal”) to identify the dimuon mass vs. decay length two-dimensional
windows used to measure the prompt (|¢| < 50 ym) and non-prompt (100 < ¢ < 800 um) J/¢
(3.0-3.2GeV) and ¢(2S) (3.57-3.81 GeV) meson polarizations. We also use PR and NP as sub-
scripts to denote the event samples with |¢| < 50 ym and 100 < ¢ < 800 pm, respectively. The
J/¢ analysis uses 14.7 M and 10.9 M events in the PRS and NPS windows, respectively; the
corresponding numbers for the (2S) analysis are 2.1 M and 1.4 M. The other four windows
are mass sidebands used for the subtraction of the continuum dimuon background: 2.92-2.95
and 3.21-3.28 GeV for the J/i analysis, and 3.4-3.52 and 3.82—4.0 GeV for the ¢(2S) analysis.

The detection acceptance and efficiency effects are evaluated through detailed Monte Carlo
(MC) simulations of the entire data collection and reconstruction chain, from the trigger step
to the offline event selection. The events are generated assuming unpolarized production, so
that any non-flat trends seen in the reconstructed distributions are caused by the convolution
of the detection effects. The J/¢ and 1 (2S) event samples are generated with the PYTHIA 8.240
event generator [46]. The emitted muons undergo final-state radiation, generated through the
PHOTOS 3.61 package [47]. The simulation includes effects from multiple pp interactions in the
same or nearby bunch crossings, with a multiplicity distribution tuned to match the data. The
simulated events are then processed through a detailed simulation of the CMS detector, based
on the GEANT4 package [48], using the same trigger and reconstruction algorithms as used to
collect and process the data; they also need to pass the same selection criteria. The simulated
samples are independently generated for each of the two data-taking years and several valida-
tion checks were performed to ensure that they reliably reproduce the running conditions of



the experiment during those periods. The polarization measurement is insensitive to the accep-
tance and efficiency magnitudes; only their variation with |cos 9|, in each pr bin, is relevant.
The detection acceptance and efficiency is approximately flat with cos 9y, except close to the
edge of the covered |cos 93| window, where it drops. The coverage in |cos x| is determined
by the pr > 5.6 GeV requirement on the individual muons and increases from |cos x| < 0.5
to |cos Oy | < 0.9, between the lowest and highest dimuon pr bins of the analysis.

3 Dimuon mass and decay length analysis
3.1 Analysis overview

The polarizations measured in this analysis are reported using the polar anisotropy parameter
AEX extracted by fitting the |cos 0| distributions with Eq. (2); in the following, for simplicity,
we drop the superscript HX. We start by describing the measurement of the polarizations of
the non-prompt J/i and ¢(2S) mesons. While a small fraction of those mesons is produced in
decays of b baryons, they are predominantly the daughters of B mesons and, hence, we denote
them as 1. The dimuons contributing to the |cos 9yx| distribution in the non-prompt signal
mass region for a given pr bin, NPS(|cos Oy |, pr), come either from decays of g mesons or

from non-prompt continuum background processes, Cyp,

NPS(|cos Oyx |, pr) = fNPS(PT) g (|cos Oyx|, pr)

(©)
+ f055(pr) Cup(|cos x|, pr),

with F5S (pr) =1 = A3 py).

Cnp

Similarly, the polarizations of the prompt J/¢ and 1 (2S) mesons, p, can also be measured,
in each pr bin, using the |cos Oy | distributions of the dimuons in the prompt signal region,
PRS(|cos Oyx|, pr). However, besides the dimuons from prompt charmonia and from contin-
uum background processes, Cpg, the PRS window also includes events from charmonia pro-
duced in decays of short-lived B mesons, of |¢| < 50 ym,

PRS(|cos Opx|, pr) = fPRS(pT>¢P(’COSl9HX|/pT)
+fg§:(m) Cpr(|cos Ouxl, pr) +f11;55(PT) g (|cos Ouxl, pr),

with fPRS( 1) =1— fERS(p) —fl?s(PT)-

CPR

(4)

The fractions of continuum muon pairs in the signal windows, f NPS and fe, PRS “are determined
from fits to the dimuon mass distributions, while the fractions of charmoma from B meson
decays in the prompt signal window, f, RS, are obtained by fitting the dimuon decay length

distributions, accounting for the existence of non-prompt continuum muon pairs. The contin-
uum dimuons in the PR region include prompt Drell-Yan dimuons and several combinations
of muons produced in decays of pions, kaons, D mesons, and B mesons. The remainder of this
section explains how the three fractions are measured, for each of the two charmonium states
and as functions of pr, and reports the results, which are then used in the measurement of the
polarizations.

3.2 Background fractions in the non-prompt charmonium signal regions

The fits of the non-prompt J/¢ and ¢ (2S) dimuon mass distributions, illustrated in the left and
right panels of Fig. 2, respectively, are conceptually identical except for the functions describing
the signal shape. We start with the simpler 1 (2S) case.



x10° x10°
3 | > [
= [ CMS Jhp = [ CMS Y(2S)
0 L o
2 50— V§=13Tefv_‘ e Data E L V§=13TeV1 e Data
c [ L=103.3fb 2 = )
[ — Total fit S 20— L=1033f — Total fit
i] - o L
. -- Signal w L -- Signal
“or -+ Background r Background
[ 100< ¢ <800 um grou F 100 < ¢ <800 um ackgroun
L 15—
L 37.5<pT<4OGeV r 30<pT<35GeV
30— r
r 10—
20 i
10— 5,
L fpgoet i R R T B 7\ L,\,,,\,,Jﬂ»r-r-‘\"'\"\ IR B \“.T\l.i I BRnAna
2.95 3 3.05 3.1 3.15 3.2 3.25 3.4 3.5 3.6 3.7 3.8 3.9 4
M (GeV) M (GeV)

Figure 2: Dimuon mass distributions measured for the non-prompt J/¢ (left) and 1 (2S) (right)
event samples, in the mentioned pt bins. The total fit function (blue), the sum of the two CB
functions and, only in the J/1 case, the Gaussian function (red), and the background continuum
(black) are also shown.

The eight dimuon mass distributions (corresponding to the eight ¢(2S) pt bins) are simulta-
neously fitted by the sum of two Crystal Ball (CB) functions [49], to describe the 1 (2S) line
shape, plus a decreasing exponential function, to describe the underlying continuum back-
ground. The two CB functions have common means (y; = ) and tail parameters n and «,
but independent widths (c; and 0,). A good description of all of the 1 (2S) dimuon mass dis-
tributions is obtained with a relatively small number of free shape parameters by constraining
their dependence on py following studies of the MC event samples validated on the measured
data. More specifically, the CB means and their relative proportions are independent of pr, as
is the value of a, while the two widths increase linearly with pt, with a common slope. The
tail parameter 7 is fixed to 2.5, a value based on studies of simulated events; given the strong
correlation between n and «, it is reasonable to leave only one of them as a free parameter in
the fit. Figure 2 (right) shows the measured non-prompt 1 (2S) dimuon mass distribution in
a typical pr bin. The lines represent the result of the fit, which is simultaneously made to the
eight mass distributions.

Since we have a much larger number of /i events than 1 (2S) events, we need to use a slightly
more complex J/1 signal fit model. First, we noticed that the description of the peak line shape
improves if we no longer impose that the two CB functions have a common mean; instead,
we constrain i to be independent of py and leave y, free in each pr bin. Second, we add a
Gaussian function, with y; as mean and a normalization fixed from studies of the MC event
samples, leading to a contribution of 3.5% of the total J/¢ yield. The Gaussian width, o, is
constrained to increase linearly with pt with the same slope as ¢; and 0,. Simultaneously fitting
all 19 J/¢ dimuon mass distributions provides a good description of the data. Figure 2 (left)
shows the non-prompt J/¢ dimuon mass distribution measured for one of the 19 pr bins.

The most important shape parameters obtained from the dimuon mass fits (left free in each pt
bin) are the amplitude and slope of the continuum exponential function because they determine
the fraction fCN;S, which is computed by integrating the fitted background function (in each py
bin) in the signal mass window (NPS) and dividing the result by the total number of events

counted in that region. Figure 3 shows the obtained fg\l;s fractions, as functions of pr.
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Figure 3: Fraction of events in the NPS region due to continuum muon pairs, versus pr, for the
non-prompt J/¢ and ¢ (2S) events.

3.3 Background fractions in the prompt charmonium signal regions

The fractions of continuum muon pairs in the prompt signal windows, fgIIfRS, for both the J/y
and (2S) cases, are determined by fitting the dimuon mass distributions in the PR region
(]| < 50 ym) using the same fit procedure and fit models as for the non-prompt cases; the only
exception is that, now also in the J/¢ case, the two CB functions have the same y parameter.
Figure 4 shows the dimuon mass distributions measured for the PR J/¢ and (2S) events, in
representative py bins, while Fig. 5 shows the pt dependence of the background fraction fa{f
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Figure 4: Dimuon mass distributions measured for the prompt J/y (left) and ¢ (2S) (right) event
samples, in the mentioned pr bins. The total fit function (blue), the sum of the two CB functions
and (only in the J/¢ case) the Gaussian function (red), and the background continuum (black)
are also shown.

The other source of background contributing to the PRS region corresponds to charmonia pro-
duced in decays of short-lived b hadrons. The fractions of events in the PRS windows due
to those non-prompt charmonia, flﬁgs, are obtained by fitting the decay length distributions

of the dimuons in the J/¢ or (2S) signal mass windows, while taking into consideration the
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existence of non-prompt continuum muon pairs. We simultaneously fit the 19 J/¢ or 8 ¥ (2S)
dimuon decay length distributions (one per pt bin), in the range from —50 to +500 ym, select-
ing the events with dimuon mass in the mass signal windows. The fit model is composed of
three contributions. First we have the prompt term, which is represented by the decay length
resolution function, parameterized by the sum of three Gaussian functions with a common
mean and independent widths, defined such that o3 > 05, > 05;. Studies of MC event sam-
ples show that the superposition of three Gaussian functions provides a good description of
the prompt decay length distributions. They also show that the relative contributions of the
three terms, their mean value y, as well as the ratios 0, /05, and o3/ 04, are independent of
pr- Therefore, we impose such constraints in the fit model, so that the pr-dependence of the
decay length resolution is fully described by the 05, parameter, which is seen to decrease as
pr increases. The second term represents the contribution of 1 mesons from B decays and is
parameterized by a decreasing exponential (for £ > 0) convolved with the resolution function.
The slope of this exponential function is left free in each pt bin.

The third term represents the non-prompt continuum muon pairs, parameterized by one (for
the J/¢) or two (for the (2S)) decreasing exponential functions convolved with the resolution
function. This term is fixed, both in shape and normalization, by interpolating to the signal
mass window the decay length distributions (in the 100-500 ym range) measured in the mass
sidebands. The two J/¢ mass sidebands have identical decay length distributions, as seen in
Fig. 6 (left), making the interpolation to the signal window a straightforward operation. In
the case of the ¢(2S) analysis, the decay length distributions of the sideband events vary with
dimuon mass. As shown in Fig. 6 (right), the highly populated and wide mass sidebands allow
us to study the variations of the decay length distribution with mass using four mass bins in
each of the two 1 (2S) sidebands. After finding that the shapes of the mass-sideband ¢ (2S)
decay length distributions do not show any pr dependence, we imposed that the functional
form representing the decay length distribution of this background term is independent of py.

Figure 7 shows the dimuon decay length distributions measured in representative py bins for

both charmonia, in the signal mass regions. The f};?s fractions are evaluated (in each pr bin)

by integrating the fitted 15 term in the prompt window and dividing the result by the total
number of events counted in that region. The obtained fractions are shown in Fig. 8, for the J/y
and ¢ (2S) cases.
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Figure 6: Dimuon decay length distributions, integrated in pt, measured for the sideband mass
ranges mentioned in the legends, in the J/i (left) and 1 (2S) (right) cases.
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Figure 7: Dimuon decay length distributions measured for the J/i (left) and ¢ (2S) (right) cases,
in their mass signal windows, in the mentioned py bins. The vertical dashed lines mark the
limits of the PR and NP ranges. The total fit function, as well as the individual contributions,
are also shown.

4 Polarization measurement

For each pr bin, the PRS and NPS |cos ¢y« | distributions are directly obtained from the data,
while the Cpr and Cyp distributions are evaluated as weighted averages of the continuum
background events falling in the low and high mass sidebands, with weights determined by
integrating the fitted dimuon mass background function in those sideband intervals (seen to
be essentially independent of pt and close to 50%, for both states). Figure 9 shows the |cos Oy |
distributions measured in each of the two sidebands, plus their weighted average, for two
representative pp bins of the prompt J/¢ and non-prompt ¢ (2S) samples.

The non-prompt J/¢ and 1 (2S) |cos Oyx| distributions are obtained, for each pr bin, by sub-
tracting from the NPS sample the non-prompt mass continuum background, as represented
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(2S) mesons.
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Figure 9: |cos Oy | distributions measured in the mass sidebands (shifted horizontally for better
visibility), and their weighted average, for the prompt J/¢ (left) and non-prompt ¢ (2S) (right)
samples, in the mentioned pt bins.

by Eq. (3), using the |cos dyx| distributions interpolated from the mass sidebands scaled by
the previously mentioned background fractions, fc, . An analogous procedure is followed to
measure the polarizations of the prompt J/i and 1 (2S) mesons, the only difference being the
extra subtraction of the charmonia produced in decays of B mesons that contaminate the PRS
window, as represented by Eq. (4).

Figure 10 (left) shows, for the J/i events and a representative pr bin, the |cos x| distributions
of the PRS sample (in black), the ¢g and Cpr contaminations (respectively in red and green,
scaled by their fractions), and their difference, the prompt J/y signal (in blue). Figure 10 (right)
shows, for the 1 (2S) case and an illustrative pt bin, the |cos 0| distributions of the NPS
events (in black), of the interpolated continuum background events (in green, scaled by its
fraction), and of their difference (in red), corresponding to the non-prompt 1 (2S) signal.

Figure 11 shows the ratios between the measured and the simulated |cos 84| distributions, for
the prompt and non-prompt J/¢ (left) and (2S) (right) events, in the same pr bins as used in
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Figure 10: |cos Oy | distributions measured in the PRS J/1 (left) and NPS (2S) (right) samples,
of the terms of Egs. (4) and (3), respectively, in the mentioned pt bins.
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Figure 11: Ratios between the measured and simulated |cos Oy | distributions for the prompt
and non-prompt J/i (left) and ¢ (2S) (right) events, in the pr bins mentioned in the legends.
The curves represent fits using Eq. (2) and excluding the largest |cos Oy | bins.

the previous figures. Fitting these spectra with Eq. (2) gives the corresponding A4 values, for
this specific pr bin. As indicated by the curves, the fits do not include the |cos 9| bins closest
to the edge of the covered range, corresponding to the ratio of two steeply falling distributions
and where the uncertainties are more than twice those of the fitted |cos 0y | bins. Repeating
the same procedure for all py bins provides the pr-dependence of the Ay parameters, for the
prompt and non-prompt J/¢ and ¢ (2S) states.

5 Systematic uncertainties

The analysis has been repeated with several variations in the procedure and input parameters,
in order to evaluate the systematic uncertainties reflecting several potential effects.

The impact of possible differences between the 2017 and 2018 event samples has been evaluated
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by independently measuring the polarizations in each of the two samples. Since the results are
compatible with each other, within their (independent) statistical uncertainties, no systematic
uncertainty has been assigned.

The 5.6 GeV muon p threshold has been chosen to ensure that the selected muons have de-
tection efficiencies in the plateau rather than in the low-pt “turn-on region”. In this way the
analysis is robust with respect to small differences between the muon efficiencies in the mea-
sured and simulated event samples. Nevertheless, some residual effects could affect the muons
in the |77| < 0.3 region. Such effects have been evaluated by redoing the analysis with several
independent variations: rejecting events with at least one muon in the 0.2 < |¢| < 0.3 region,
where the detection efficiency is lower because of the gap between the central muon detec-
tor wheel and its neighbours; increasing the pr threshold value to 6.7 GeV for muons with
|7| < 0.2, thereby completely avoiding the “turn-on region”; and applying very conservative
variations to the py dependence of the simulated muon efficiency in the || < 0.2 region. Only
the latter variation leads to a non-negligible variation (restricted to the lowest pt region) with
respect to the baseline analysis. We assign a (conservative) systematic uncertainty from this
source, computed as the average of the absolute differences between the varied and baseline
values, decreasing from £0.011 to zero as py increases from 25 to 50 GeV for the ]/ analysis
and from +0.014 to zero in the 20-40 GeV pr range for the 1 (2S) case.

For pr 2 50GeV, the two daughter muons might be emitted with almost parallel trajectories
and it can happen that, at the trigger level, they are detected as a single muon, in which case
the event may not be selected [50, 51]. While this effect is expected to be reproduced by the
detailed trigger emulation included in the MC simulation, it is important to see if our results are
sensitive to potential residual differences. By comparing the MC event distributions before and
after applying the dimuon trigger, we can evaluate the decrease in the dimuon trigger efficiency
as the two muon trajectories approach each other in angular space (especially when they also
have similar py values). Such MC studies allow us to define criteria that select events with
low dimuon trigger efficiency [52], which we have rejected from the data analysis to evaluate
the sensitivity of the measurement to a potentially inaccurate correction of this effect. We see
no differences (beyond fluctuations caused by the reduction in the size of the event sample)
between the baseline A4 values and those measured with the event sample obtained with the
extra selection that rejects events with low dimuon detection efficiency. Therefore, we assign
no systematic uncertainty to cover potential inaccuracies in the MC dimuon trigger emulation.

The J/¢ and 1 (2S) line shapes do not enter directly in the determination of the fractions of con-
tinuum muon pairs in the signal mass windows because we use, as denominator, the number
of counted events. Furthermore, the signal fit model function is empirically chosen such that
it describes well the simulated and measured peak shapes. Therefore, the dimuon mass signal
shape should not have a significant impact on the evaluation of the continuum background
fractions. This expectation has been confirmed through explicit tests, as those described in the
following. In the case of the 1 (2S) analysis, the continuum dimuon background has a relatively
high contribution, with respect to the ¢(2S) peak, so that it is important, for the polarization
measurement, to precisely evaluate the fraction of events in the signal mass window coming
from that background. The rather broad mass sideband ranges, both on the left and right sides
of the ¢(2S) peak, allow us to evaluate the background fraction using an alternative proce-
dure that completely avoids the necessity to describe the ¢(2S) peak: we simply count the
number of events in each of the two signal-free sideband windows and then compute the inter-
polated event yield in the signal mass window, assuming that the mass distribution follows a
decreasing exponential function. In other words, we only consider the mass ranges where the
signal peak has a negligible contribution, if any, so that the background level can be computed
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without the need to describe the peak line shape. The counting method and the baseline fit pro-
cedure lead to indistinguishable results, confirming that the functional form used to describe
the peak line shape does not bias the extraction of the background levels, so that we do not
assign a systematic uncertainty to the (2S) dimuon mass fit model.

In comparison with the (2S) case, the low-mass sideband in the J/¢ analysis is relatively nar-
row and rather close to the left tail of the J/i peak, so that a small level of signal events could
contaminate the sideband window, preventing the applicability of the counting method used
in the ¢(2S) case. Instead, we have redone the fits of the dimuon mass distributions with vari-
ations of the J/¢ line shape tail, to evaluate if it could significantly contribute to the low-mass
sideband window, thereby biasing the evaluation of the level of the continuum background.
More specifically, we have redone the Ay measurement fixing the CB tail « parameter [49] to
values equal to the baseline value plus or minus its fit uncertainty. The varied results are indis-
tinguishable from the baseline measurement, so that we do not assign a systematic uncertainty
reflecting the J/i dimuon mass fit model.

The fits of the decay length distributions include a term, corresponding to the non-prompt
continuum dimuon background, that is fixed, in shape and normalization. While the shape is
well parametrized by the selected functional form (a single exponential function for the ]/ case
and the sum of two exponential functions for the 1(2S) case), the normalization is obtained
with a certain statistical uncertainty. We have redone the prompt polarization measurement
varying this normalization by adding or subtracting its uncertainty. The difference between
the varied and baseline A4 values is compatible with zero, independently of pt, so that no
systematic uncertainty is assigned to this source.

In principle, measurements of quarkonium polarizations should be made by using Eq. (1) to
fit the measured two-dimensional distributions of the polar and azimuthal decay angles [53].
The one-dimensional analysis we have done, integrating over the gy angle and using Eq. (2),
assumes that there are no correlations between cos ¥ and @y in the two-dimensional ac-
ceptance maps. This assumption is expected to be valid in the helicity frame, for measure-
ments made at mid-rapidity and sufficiently high pr, as is the case of our analysis. To evaluate
the uncertainty in the A4 results resulting from potential residual correlations, the analysis
has been redone in exactly the same way but replacing |cos dx| by the @y azimuthal an-
gle and fitting the acceptance-corrected distributions with the function 1 4 B cos 2¢yx, where
B = (2A,)/ (3+ Ay). As anticipated, the fitted values of B are almost zero, oscillating within
the |B| < 0.02 range, for the prompt and non-prompt J/¢ and 1 (2S) mesons. It should be
noted that small non-zero B values are not direct evidence of less-than-perfect MC simulations;
even an ideal simulation can lead to acceptance-corrected distributions that exhibit small az-
imuthal anisotropies. The reason is that we are using the proton-proton HX frame and not
the parton-parton HX frame, which would be the most suitable to measure the prompt polar-
izations. Similarly, measurements of non-prompt polarizations would ideally be made in the
B meson rest frame, which is not known in our analysis. Since we must report the measure-
ments in the proton-proton HX frame, small azimuthal anisotropies cannot be excluded, even if
they are absent in the “natural frames”. Nevertheless, to be conservative, we have considered
that the residual non-flatness of the ¢ distributions is caused by a mismatch between the
simulated events and the measured ones. New |cos dyx| vs. pr acceptance maps have been ob-
tained, reweighting each MC event by the weight 1 4 B cos 2¢y;x, using conservative  ranges
compatible with the observed azimuthal anisotropies. Even though they are negligible with
respect to the statistical uncertainty of the baseline results, we use the differences between the
Ay values obtained with the alternative maps and those of the baseline analysis to assign a sys-
tematic uncertainty from this source, varying from —0.004 (+-0.005) to zero in the 25-37.5 GeV
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pr range for the prompt (non-prompt) J/¢ polarizations and from —0.010 (40.013) to zero in
the 20-35GeV pr range for the prompt (non-prompt) (2S) polarizations.

The systematic uncertainties, summed in quadrature, have a negligible contribution to the total
uncertainties for pr 2 35GeV in the J/ results and for py 2 30 GeV in the ¢(2S) case.

6 Polarization results and discussion

Figure 12 shows the Ay parameter measured for the non-prompt J/i and ¢(2S) mesons, as
a function of py. For pr > 30GeV, the measured values show a flat py dependence, with
Ay plateauing at around —0.2. No significant differences are seen between the J/¢ and (2S)
trends. The magenta and cyan bands represent the corresponding polarizations of J/i mesons
produced in B — J/i X decays, computed in Ref. [54] and briefly described in the following.
The J/i meson is intrinsically polarized along the direction of its emission in the B meson rest
frame (the cascade helicity axis, cHX), having, e.g., natural polarization Aj = —1 when X is a
] = 0 particle. But in our “inclusive” non-prompt measurements we only observe the muons
from the J/¢ decay, so that the dilepton distribution has to be referred to a direction (the HX
axis) mostly uncorrelated from the natural cHX axis.
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Figure 12: The Ay parameter measured, as a function of pr, for non-prompt J/¢ and ¥ (2S)
mesons. The vertical bars represent the total uncertainties. Predicted polarizations of J/y
mesons produced in B — ]/ X decays are shown for three calculations [54, 55], discussed
in the text. The low-pp CDF measurement [56] is also shown.

Since the J/i is emitted isotropically in the B meson rest frame, in the J/i rest frame the HX
and cHX directions are distributed in a spherically uniform way with respect to one another,
so that one could expect a fully smeared dilepton distribution (A4 = 0) in the HX frame. How-
ever, that spherical symmetry is disrupted by the measurement process. For example, in each
J/¢ pr bin, the cos ® distribution, where © is the /¢ emission angle in the B meson rest frame,
defined with respect to the direction of the B meson in the laboratory, loses its natural unifor-
mity and assumes a strongly modified shape, depending on the slope of the py distribution
within the bin and on the mass of X [54]. The predictions shown in Fig. 12 correspond to
two hypothetical cases. In the one concisely denoted by “two-body”, X is a kaon or another
J = 0 meson with similar or smaller mass: A; = —1 and X has the kaon mass. The dashed
and dotted curves reflect the requirement that the two J/¢ decay muons must have p values
larger than 5 and 10 GeV, respectively, while the solid curve represents the calculation without
any pr requirement. The second, labelled as “multi-body”, collectively considers all other sys-
tems of accompanying particles (including single particles of | = 1); the average A, (of much
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smaller magnitude) and the X mass distribution were derived from J/1 polarizations measured
in the B rest frame by CLEO [57] and BaBar [58]. Comparing the data points and the computed
curves indicates that non-prompt J/i production (at least for py > 25 GeV) is dominated by the
“two-body” topology, where, interestingly, the J/¢ is expected to be predominantly produced
through colour-singlet processes [59, 60].

The non-prompt J/¢ polarization measured by CDF [56] in pp collisions at /s = 1.8TeV,
in the |y| < 0.6 range, is also included, together with a computation, shown by the yellow
band, made for the CDF conditions, where NRQCD colour-octet contributions are found to
dominate [55, 61]. This prediction, leading to an almost vanishing non-prompt polarization, is
in disagreement with our measurement.

Figure 13 shows the Ay measurements obtained in this analysis for the prompt J/¢ (left) and
P (2