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Abstract

The ALICE Collaboration has studied ) production in pp collisions a{/s= 7 TeV at the LHC
through its muon pair decay. The polar and azimuthal angigillitions of the decay muons were
measured, and results on theydpolarization parameterdg and A, were obtained. The study
was performed in the kinematic regiorbX y < 4, 2< p; < 8 GeVk, in the helicity and Collins-
Soper reference frames. In both frames, the polarizaticempeters are compatible with zero, within
uncertainties.
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Almost forty years after its discovery, heavy quarkoniuili stpresents a challenging testing ground
for models [1] based on Quantum Chromodynamics (QCD). Resbtained for charmonium produc-
tion at the Tevatron collider in the ninetied [2] led theooyrécognize the role of intermediate quark-
antiquark color octet states in the production processhénftamework of the Non-Relativistic QCD
model (NRQCD)([3]. This approach brought the calculatiohgspectra to agree rather well with the
data [4] (p; is the transvere momentum, i.e. the momentum componenepeigular to the colliding
beam direction). However, the same calculations were rettalreproduce satisfactorily the polariza-
tion results for the @ obtained by the CDF experiment @fs = 1.96 TeV [B]. In particular NRQCD
at leading order (LO) predicts for high-J/iy (p > my,y) a significant transverse polarization, i.e. a
dominant angular momentum componént= +1, thez-axis being defined by the/own momentum
direction in the center of mass frame of the pp)(pollision. Contrary to this expectation, CDF data [5]
rather exhibit a mild longitudinal polarizatiod,(= 0). In a recent renaissance of quarkonium studies,
also related to the publication of results from RHIC,& = 0.2 TeV [6], next-to-leading order (NLO)
corrections for both color singlet and color octet intermatsl states were calculated, and their impact
on the p; spectra was found to be quite important[[7| B, 9]. The infleeot.these corrections on the
polarization calculations is expected to be significant [llf] and still has not been completely worked
out. The start-up of the LHC provides the possibility to pemnf charmonium measurements in a new
energy domain, over large rangesgnand rapidity ¢ = 0.5In[(E + p,)/(E — p,)], whereE is the en-
ergy andp; is the momentum component parallel to the colliding bearaation). Various theoretical
approaches [8, 12, 13] proved to be rather successful imideggrthe first LHC experimental results on
the JIp p; spectral[14, 15, 16, 17]. The measurement of polarizatiearly represents a more stringent
test of the theoretical calculations, offering therefdre possibility of confirming/ruling out the current
QCD approach to charmonium production.

In this Letter we present the results of a study gf pblarization at the LHC, carried out by the ALICE
experiment in pp collisions ay/s= 7 TeV. The ALICE experimen{[18] is based on a central barrel,
covering the pseudorapidity region| < 0.9 [19] and a muon spectrometer, wittb2< n < 4 coverage.
The polarization results presented in this Letter refentdusive Jiy, measured via the/§ — pu*u~
decay in the muon spectrometer. The spectrometer [17] stsnaf a 10 interaction length\() thick
front absorber, to remove hadrons, followed by a-81™ipole magnet. Charged particles which exit
the front absorber are tracked in a detector system made fiyeaftations, each one with two planes of
Cathode Pad Chambers. The tracking system is followed b¥ & Tron wall, which absorbs secondary
hadrons escaping the front absorber and low-momentum muBimally, a trigger system, based on
Resistive Plate Chambers, is used to select candidate miithna transverse momentum larger than a
given programmable threshold.

The analysis presented in this Letter was carried out onréfigignt fraction of the 2010 sample of muon-
triggered events, corresponding to an integrated lumipdgi; ~ 100 nb . The usual event selection
cuts, already applied to previous analysis af Jproduction [[17], were also used for the polarization
study. Events with at least one vertex reconstructed inrtherl Tracker System (ITS) [20] are retained
for the following analysis if they contain at least two tradkeconstructed in the muon spectrometer, out
of which at least one has to satisfy the trigger condition &V p; threshold). We note that with this
requirement the acceptance of the spectrometer foedfends down tg; = 0. The tracks must satisfy
the condition 55 < n < 4 and must also have < Ryps< 88.9 cm, whereR,ps is the radial distance
of the track from the beam axis at the exit of the front abso(be- 503 cm). The latter requirement
eliminates forward tracks which, due to the high-Z mateuséd in the absorber in that region, are
strongly affected by multiple scattering. Finally, a rapiccut 25 <y < 4 is applied to the selected
muon pairs.
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The distribution of the @ decay products can be expressed in its general forin [21] as

1 .
W(0,9) O 37 (14 AgCOS 6 + AgsSin? 0 cos 2p

+Aggsin20 cosy) (1)

where 6 (@) are the polar (azimuthal) angles in a given reference framehis analysis, the Collins-
Soper (CS) and helicity (HE) frames were considered. In thér@me the-axis is defined as the bisector
of the angle between the direction of one beam and the ogpofihe direction of the other one, in the
rest frame of the decaying particle. In the HE reference é&réimez-axis is given by the direction of the
decaying particle in the center of mass frame of the collisi®he ¢ = 0 plane is the one containing
the two beams, in the /rest frame. Equationl 1 contains the three parametgrd, andAgy, which
qguantify the degree of polarization. In particulag > 0 values indicate transverse polarization, while
a longitudinal polarization givedg < 0. In principle the values of the parameters could be exdact
by means of a fit to the acceptance-corrected 2-D distribstfor cod vs ¢. However, the limited 3
statistics (about 8- 10° signal events in they, range under study) makes a 2-D binning impossible.
Therefore the study of the angular distributions was seglgrperformed on the polar and azimuthal
variables. In particulardg andA, were obtained by studying the distributions

1
W(cosh) O EH (1+Agcos6)

2)\‘/»’

obtained by integrating EQJ 1 in thgand co® variables, respectively.

The distributions of the angular variables for thgy Hecay products were obtained starting from the
study of the dimuon invariant mass spectra. The study wdernpeed in five bins for thecosf| variable
(the angular distribution is symmetric with respect to €es 0), in the range 6< |cosf| < 0.8. For the
azimuthal variable four bins ifp| were defined, in the range<Q|¢| < 11/2 (values betweemn/2 andm
were mirrored arounglp| = 11/2, due to the period of the cogZunction). The analysis was carried out
in three transverse momentum intervals<(x < 3 GeVk, 3< py < 4 GeVk and 4< p; < 8 GeVk).
The limits of the exploregy range are related to the strong decrease of the acceptarieeg®| coso|
values at lowp; and to the limited statistics at high.

The number of Jp signal events for the various bins inosf| and|¢@| were obtained by means of fits
to the corresponding dimuon invariant mass spectra peddrmthe range .5 < my, <5 GeVk?, and

in Fig.[d we show one of them as an example. Theslignal was described by a Crystal Ball function
(CB) [22] while for the background an empirical function,n@sponding to a Gaussian with a width
linearly depending on mass, was adopted. The position dEBipeak was left as a free parameter in the
fits, and was found to correspond to the nomingl gble mass within at most 1%. The width of the CB
function obtained from the data (between 72 and 120 M&\depending on the kinematics) was found
to be in agreement with the Monte Carlo (MC) within8 — 10 MeV/c2. In the fits, the width of the CB
function for each bin (wherei represents a certajicos6| or |@| interval for the 3@ p; bin under study)
was fixed tooJi/w = 0yy- (GJ"/%C/GJ“;'E), i.e. by scaling the measured width for the angle-integrate
spectrum with the MC ratio between the widths for theikamd for the integrated spectrum. The quality
of all the fits is satisfactory, witly?/ndf in a range between 0.63 and 1.34. Signal over backgroatius

in a+30 mass window around the CB peak vary between 0.5 and 3.5. Thbemof signal events per
bin ranges from~100 (for 2< p; < 3 GeVk, 0.6 < |cosbcg| < 0.8) to ~1000 (for 2< p; < 3 GeVk,

0 < |cosfcs| < 0.15).

The polarization parameters for the/Jdere obtained by correcting the number of signal evhlj\ﬁ for
each bin for the produd; x & of acceptance times detection efficiency, calculated viadib@lation,
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Fig. 1: The dimuon invariant mass spectrum fox 2y < 3 GeVk, 0 < |cosfye| < 0.15, together with the result
of the fit. The contributions of the signal and backgroundsdse shown as dashed lines.

and then fitting the corrected angular distributions with thinctions shown in Eq.]2. The simulation
includes, for the tracking chambers, a map of dead chanmnelshe residual misalignment of the de-
tection elements and, for the trigger chambers, an evaluati their efficiency based on data. It also
includes a random misalignment of the tracking detectomelds, of the same size of the resolution
obtained by the offline alignment procedurel[17]. For bo#dtking and triggering detectors, the time
variation of the efficiencies during the data taking periabwccounted for (see [17] for details). Since
the co$9- andg-acceptances are strongly correlated, the acceptancesvadua function of one variable
strongly depend on the input distribution used for the otfagiable. Given the fact that the correct input
distributions are not known a priori, but rather represéstdautcome of the data analysis, an iterative
procedure was followed in order to determine them. In theifiegation a flat distribution of the angular
variables (equivalent to a totally unpolarizeqy distribution) was adopted to calculate the acceptances.
After correcting the signal with those acceptances, a fiegtrhination of the polarization parameters
is performed, and the results are then used in a second died¢ion of the acceptance values. The
procedure is then repeated until convergence is reachedthie extracted polarization parameters do
not vary by more than 0.005 between two successive itemtidhis occurs, for this analysis, after at
most three steps. It was also checked that using polarizedhBpI@ distributions in the first iteration the
procedure converges towards the same results as in thdtdafgaolarized, case. Typicé x & values
vary between-0.22 (0.05) at lowp; and largel cosf| and~0.41 (0.63) at larggx and small cos8| for

the HE (CS) frame.

A simultaneous study of the /polarization variables in several reference frames, asdinsied out

in hadroproduction studies by the HERA-B experimént [28harticularly interesting since consistency
checks on the results can be performed, using combinatibtie @olarization parameters which are
frame-invariant. In particular we made use of the invarfart (Ag +3A4)/(1— Ay) [21], performing a
simultaneous fit of thécosO| and| | distributions in the two reference systems and further ttamsng
the fit by imposingr to be the same in the CS and HE frames. In Eig. 2 we present, esaample, the
result of such a fit relative to the last iteration of thex & calculation, for < p; < 3 GeVk. Thexz/ndf
values (df = 10) are 1.08, 1.00, 1.32 for2 p; < 3, 3< pt < 4 and 4< p; < 8 GeVk, respectively,
showing that the quality of the fits is good. Compatible ressate obtained when the constraintms
released.

In the analysis described so far, thg, parameter was implicitly assumed to be zero in the iterative
acceptance calculation. In the one-dimensional appradiciwied in this analysid g, could be estimated
from the data, defining an ad-hoc varialgevhich is a function of co8 and ¢ and contains\gy as a
parameter (see [21] for details). In principle, the itemfprocedure applied % andA, determination
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Fig. 2: The acceptance corrected angular distributions for tiied#cay muons, for Z p; < 3 GeVk. The
simultaneous fit to the results in the CS and HE frames is &lgais. The plotted errors are purely statistical. The
horizontal bars represent the bin width.

could be extended to includg; however, in some cases, relatively small statistical fiatbns in the
distributions of the measured variables tend to induceslaagiations of the fitted values in the following
iterations, leading to convergence problems. A check oAghe= 0 assumption was done a posteriori for
eachp bin, by fitting theg distributions, corrected with an acceptance which make®fithe measured
Ag and Ay, values as inputs. In this way we get for all thebins Ag, values compatible with zero for
both CS and HE reference frames. We also note that all theomeexperiments assumeég, = 0 in
their analysis, with the exception of HERA-B[23] who measiit in pA collisions at,/s= 416 GeV
and found values ranging from 0 to 0.05.

Various sources of systematic uncertainty on the measunteofi¢he polarization parameters have been
investigated. The uncertainty on the signal extraction stadied by leaving in the fits the width of the
CB function as a free parameter. This choice leads to anatiesadriation of the polarization parameters
between 0.02 and 0.10. Another sizeable source of systemiatiertainty is the choice of the input
distributions forp; andy in the simulation. It was evaluated by comparing the resaliteined with a
parameterization of our 7 TeV results on differentiap #ross sections [17] with those obtained using
an extrapolation of lower energy results [24]. The absofiftect on the polarization parameters varies
between 0.01 and 0.07. For the lowesbin, the acceptance in the HE frame drops by about 40% in the
highest| cosB| bin used in the analysis @< | cosf| < 0.8), and has also a strong variation inside the bin
itself. We therefore followed an alternative approachnfitthe angular spectrum in the restricted interval
0 < |cosB| < 0.6 (instead of the default choice<Q|cos6| < 0.8) and we conservatively considered the
variation in the result of the fit (0.15) as an additional eysitic uncertainty oig. For consistency, the
same evaluation was performed in the CS frame. The role afythimatic uncertainties on the trigger
and tracking efficiency [17] was also studied. The first wadieated by varying the efficiency values for
each detector element by 2% with respect to the default safukie simulation. This choice is related to
the estimated uncertainty on the detector efficiency calimr. For the second we have used the rather
conservative choice of comparing the reference resultsjradd with realistic dead channel maps, with
those relative to an ideal detector set-up. The result ik@jlp 0.03-0.04. Finally, by quadratically
combining the results for the various sources, values liv@e04 and 0.21 are obtained for the global
systematic uncertainties.



J/Y polarization in pp collisions ay/s=7 TeV 7

In Fig.[3 we show the results oy andA,, for inclusive Jip production. In both frames all the parameters
are compatible with zero, with a possible hint for a longimad polarization at lowp; (at a 1.@ level)
in the HE frame. The numerical values are given in Table 1.
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Fig. 3: Ag andA,, as a function of for inclusive J{, measured in the HE (closed squares) and CS (open circles)
frames. The error bars represent statistical errors, slifeematic uncertainties are shown as boxes.

Table 1: The values of\g andA, in the two reference frames. Statistical and systematiemainties are quoted
separately.

pr ((Pr))
(GeVk) Ae Ap

2-3(2.5) —0.36+0.09+0.21 005+0.04+0.04
HE 3-4(3.4) —0.20+£0.11+0.13 001+0.05+0.05
4-8 (5.1) 000+0.10+0.10 000+0.04+0.04
2-3(2.5) —0.10+0.14+0.13 —0.04+0.08+0.07
CS 3-4(3.4) —-006+0.14+0.07 —0.03+0.08+0.05
4-8 (5.1) —0.09+£0.10+£0.08 003+0.06+0.07

The inclusive I yield is composed of a “prompt” component (direciyJ4+ decay of they(2S) and

Xc resonances) and of a component from B-meson decays. Ip;ttenge accessed in this analysis
the B-meson decay component accounts for 10% (& < 3 GeVk), 12% (3< pr < 4 GeVk) and
15% (4< pr < 8 GeVk) of the inclusive yield, according to the LHCb measuremeastsied out in
our same kinematical domain_[15]. The polarization of the-poompt component is expected to be
quite small. In fact, even if a sizeable polarization werseslied when the polarization axis refers to the
B-meson direction [25], it would be strongly smeared whea @alculated with respect to the direction
of the decay Jp [15], as observed by CDF, who measured in this wayJ/y < B) ~ —0.1 in the
HE frame [5]. Assuming conservative|yig(J/ < B)| < 0.2 for both frames, and taking into account
the fraction of the inclusive yield coming from B-meson decfl5], the difference between prompt and
inclusive JIY polarization was estimated and found to be at most 0.05 ug&xhaller than the systematic
uncertainties of our measurements. Concerning highesctzmonia, thg:. — J/@ + y decay cannot
be reconstructed in the muon spectrometer, ang/l2S) — pu statistics is currently too low. Values of
the feed-down ratios measured mainly by lower energy exygaris range from-10% for they (2S) [26]
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to 25-30% for thex. [27], implying that there could be a sizeable differencenaein direct and prompt
J/y polarization.

The results presented in F[g. 3 extend the study of tigepdlarization to LHC energies and therefore
open up a new testing ground for theoretical models. At el O calculations for direct {/ po-
larization at the LHC via the color-singlet channell[12] pdédict a large longitudinal polarization in
the HE frame f¢ ~ —0.6) at p; ~ 5 GeVk, which is in contrast with the vanishing polarization that
we observe in such a transverse momentum region. The aatiribof the S-wave color-octet channels
was also worked out [9] and indicates a significantly differieend (large transverse polarization) with
respect to the color-singlet contribution, but again intcast with our result. In this situation, a rigorous
treatment on the theory side of all the color-octet termslyiding P-wave contributions) is mandatory,
as well as a study of the contribution gf and(2S) feed-down which, as outlined before, is important
for a quantitative comparison with our result [28]. Suchd#s are presently in progress and the com-
parison of their outcome with the results presented in tligdr will allow a very significant test of the
understanding of the heavy-quarkonium production meahasin QCD-based models.

In summary, we have measured the polarization paramateend A, for inclusive J{y production

in v/s=7 TeV pp collisions at the LHC. The measurement was carrigdnothe kinematical region
25 <y<4,2< p <8 GeVk. The polarization parametedg andA,, are consistent with zero, in both
the helicity and Collins-Soper reference frames. Thesalteesan be used as a stringent constraint on
the commonly adopted QCD framewaork for heavy quarkoniundpetion.
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