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1. Introduction

While the overly successful experiments at the LHC are ekmothe Higgs sector and are
systematically searching for signals of physics beyondstiamdard model (SM), we must not
be carried away losing track of a longstanding, unresolvezizle in quantum chromodynamics
(QCD), the otherwise well-established SU(3) gauge thebdth® strong interactions, right in the
core of the SM. In fact, despite concerted experimental ardretical efforts ever since the dis-
covery of theJ/¢ meson in the November revolution of 1974 (The Nobel Prizehpsits 1976),
the genuine mechanism underlying the production and defchgavy quarkonia, which are QCD
bound states of a heavy quagk= c,b and its antiparticl&, has remained mysterious.

Nonrelativistic QCD (NRQCD) [1] endowed with an appropeidctorization theorem, which
was conjectured in a seminal work by Bodwin, Braaten, andabep[2] and explicitly proven
through next-to-next-to-leading order [3], arguably diinges the most probable candidate theory
at the present time. This implies a separation of proceps+tent short-distance coefficients, to
be calculated perturbatively as expansions in the strangling constantrs, from supposedly
universal long-distance matrix elements (LDMES), to beawsted from experiment. The relative
importance of the latter can be estimated by means of vglecidling rules [4], which predict each
of the LDMEs to scale with a definite power of the heavy-quaglority v in the limitv <« 1. In
this way, the theoretical predictions are organized as lgoakpansions irog andv. A crucial
feature of this formalism is that th@Q pair can at short distances be produced in any Fock state
n= 23+1L[Ja] with definite spinS, orbital angular momenturn, total angular momentud and color
multiplicity a= 1, 8. In particular, this formalism predicts the existencendérmediate color-octet
(CO) states in nature, which subsequently evolve into giaystolor-singlet (CS) quarkonia by the
nonperturbative emission of soft gluons. In the limit» 0, the traditional CS model (CSM) is
recovered in the case &wave quarkonia. In the case &f ¢ production, the CSM prediction is
based just on th%ll] CS state, while the leading relativistic corrections, détige orderd (V*),
are built up by thés®, 3§18], and3PJ[8] (J=0,1,2) CO states.

The CSM is not a complete theory, as may be understood byimpticat the next-to-leading-
order (NLO) treatment oP-wave quarkonia is plagued by uncanceled infrared singigsy which
are, however, properly removed in NRQCD. This conceptualblem cannot be cured from within
the CSM, neither by proceeding to higher orders nor by invQlkr factorizationetc. In a way,
NRQCD factorization [2], appropriately improved at largartsverse momentgr by systematic
expansion in powers M%/p% [5], is the only game in town, which makes its experimentaifive
cation such a matter of paramount importance and geneeaksit[6].

The experimental test of NRQCD factorization [2] has beerom@gnthe most urgent tasks
on the agenda of the international quarkonium communityfg6jalmost two decades and, with
high-quality data being so copiously harvested at the LHadw more tantalizing than ever.
In the following, we discuss the present status of testingQEIR factorization in charmonium
production.

2. Global fit to measurements of unpolarized]/( yields

We consider the inclusive production &f ¢ mesons in collisions of two particles and B.
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set A: unsubtracted set B: subtracted

(00 (8%)) | (497+044)x102GeV® | (3.04+0.35) x 102 Ge\®

(ST | (2244059 %103 GeV® | (1.68+0.46) x 102 Ge\A

(00 (RP)) | (~1.61+£0.20) x 1072 GeV | (—9.08+1.61) x 1073 Ge\®
X3os 4.42 3.74

Table 1: NLO NRQCD fit results for thel/¢y CO LDMEs [9]. Subtracting from the data the estimated
contributions from the feed-down of heavier charmonia,chitdare not included in the calculations, improves
the quality of the fit.

Owing to the factorization theorems of the QCD parton model HRQCD [2], the cross section
is calculated as

do(AB—I/y+X) = ¥ / dxadodyrdys fi/a(x1) figi (v2) T8 02) 1 (v2) (677 )
I 1,51n
x do(kl — cc[n] + X), (2.1)

where f a(x1) is the parton distribution function (PDF) of partor= g,q,q in hadronA = p,p

or the flux function of photon = y in charged leptorA = €™, e", fi/i(y1) is kd(1—y1) or the
PDF of partork in the resolved photon do(kl — ct]n| + X) are the partonic cross sections, and
(0%/¥n)) are the LDMESs. In the fixed-flavor-number scheme, we h@veu,d,s. In the case of
e"e  annihilation, all distribution functions in Eq. (2.1) arelth functions. The hadronic system
X always contains one hard parton at leading order (LO) anakisnt to be void of heavy flavors,
which may be tagged and vetoed experimentally. The partnoiss sections appropriate for the
direct production of unpolarized/ ¢ mesons were calculated at NLO in NRQCD in Ref. [7] for di-
rect photoproduction, in Ref. [8] for hadroproduction, améRef. [9] for resolved photoproduction,
two-photon scattering involving both direct and resolvédtons, ande~ annihilation.

In our numerical analysis, we set. = 1.5 GeV, adopt the values of, o, and the branch-
ing ratiosB(J/y — e*e”) andB(J/ — ut ) from Ref. [10], and use the one-loop (two-loop)
formula foras(nf>(u), with ny = 4 active quark flavors, at LO (NLO). As for the proton PDFs, we
use set CTEQ6L1 (CTEQ6M) [11] at LO (NLO), which comes witheslymptotic scale parameter
of Ap = 215 MeV (326 MeV). As for the photon PDFs, we employ the bdsteft AFGO4_BF
of Ref. [12]. We evaluate the photon flux function using Eq.dqbRef. [13], with the upper cut-
off on the photon virtualityQ? chosen as in the considered data set. As for the CS LDME, we
adopt the vaIuQﬁJ/w(%ll]» — 1.32 Ge\? from Ref. [14]. Our default choices for the renormal-

ization, factorization, and NRQCD scales are= ui = my and up = mg, respectively, where

my = \/p% +4mgZ is theJ/y transverse mass. The bulk of the theoretical uncertaindyésto the
lack of knowledge of corrections beyond NLO, which are eatied by varyingu;, L, andua by
a factor 2 up and down relative to their default values.

In Ref. [9], we performed a global fit to high-quality data otlusive unpolarized/y pro-
duction, comprising a total of 194 data points from 26 data.s8pecifically, these includegk
distributions in hadroproduction from PHENIX [15] at RHICDF at Tevatron | [16] and Il [17],
ATLAS [18], CMS [19], ALICE [20], and LHCb [21] at the LHCp?, W, andz distributions in
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photoproduction from H1 [22] and ZEUS [23] at HERA | and H1J24HERA II; ap? distribution

in two-photon scattering from DELPHI [25] at LEP II; and adbtross section ie"e~ annihila-
tion from Belle [26] at KEKB. Denoting the photon, protondaly y four-momenta byp,, pp, and
Py, respectivelyW = /(p, + pp)? is theyp center-of-mass energy ame= (P, - Pp)/(Py - Pp)

is the inelasticity variable measuring the fraction of the{on energy passed on ti¢y meson

in the proton rest frame. We excluded from our fit all data f®iof two-photon scattering with
pr < 1 GeV and of hadroproduction withy < 3 GeV, which cannot be successfully described
by our fixed-order calculations as expected. The fit resoitsfe CO LDMESs obtained at NLO
in NRQCD with default scale choices are collected in Tablelhey depend only feebly on the
precise locations of thpr cuts. Our calculations refer to diregf s production, while some of the
data sets include contributions from the feed-down of le¥asiharmonia. The fit results obtained
neglecting the effects due to these admixtures are listédeirsecond column of Table 1 (set A).
Refitting the data with the estimated feed-down contrimgisubtracted yields the values listed in
the third column of Table 1 (set B). The? values per data point achieved by the two fits, which
are specified a;zjo_f_ in Table 1, are to be taken with a grain of salt, since they daale into
accout the theoretical uncertainties, which exceed mateoéxperimental errors.

The fact that the global fit [9] successfully pins down theeth€O LDMES as it does is quite
nontrivial by itself and establishes their universalityg imore so as the long-standing difficulty of
NRQCD to describe the photoproduction data at large valtigssoovercome. Furthermore, their
values are of orde@’(V*) with respect to the CS LDM Eﬁj/‘l’(%[ll]» [14], in compliance with the
velocity scaling rules [4]. Both observations consolidtite validity of NRQCD factorization as
far as the unpolarized/ yield is concerned.

In Fig. 1, all data sets fitted to are compared with our defBll©O NRQCD results (solid
lines). For comparison, also the default results at LO (dddmes) as well as those of the CSM
at NLO (dot-dashed lines) and LO (dotted lines) are showre yiéllow and blue (shaded) bands
indicate the theoretical errors on the NLO NRQCD and CSMItsesMVe observe from Fig. 1 that
the experimental data are nicely described by NLO NRQCdeaimost exclusively contained
within its error bands, while they overshoot the NLO CSM pec&dns typically by 1-2 orders
of magnitude for hadroproduction and a factor of 3-5 for ppabduction. In contrast to the LO
analysis of Ref. [27], the DELPHI data [25] tend to systemaly overshoot the NLO NRQCD
result, albeit the deviation is by no means significant inwad the sizable experimental errors.
This may be attributed to the destructive interference eflﬁﬂ and3PJ[8] contributions, which is
a genuine NLO phenomenon. We have to bear in mind, howe\adrtilk DELPHI measurement
comprises only 16 events withr > 1 GeV and has not been confirmed by any of the other three
LEP Il experiments. The Belle measuremente e — J/ + X) = (0.43+0.13) pb [26], is
compatible both with the NLO NRQCD and CSM resul(§,7053>) pb and(0.24702%) pb,
respectively. However, the measured cross section waalbctabtained from a data sample with
the multiplicity of charged tracks in the events being lardpan four, and corrections for the effect
of this requirement were not performed, so that the valugeghon Ref. [26] just gives a lower
bound on the cross section.



Testing nonrelativistic-QCD factorization in charmoniymoduction at next-to-leading ordé&ernd Kniehl

[T T T T

« ALICE data ©  ATLAS data

= PHENIX data §

+  CDF data: Run 13 107 +  CDFdata:Run2 |
10%
10 L s CS,LO ] 0 cs,Lo cs, Lo cs Lo 107 cs Lo
=== CS, NLO === CS, NLO €S, NLO ) == CS, NLO
CS+CO, LO CS+CO, L0 Cs+CO, LO 10 CS+CO, L0 3

—— cs+Co,NLO —— Cs+CO, NLO —— cs+Co,NLO ——— CS+CO,NLO

i ]

2 L
10 F 0L 1
)

01 . 1 0L

doldp,(pp ~ I+X) x ;(J/w ~.e¢) [nbiGeV]
doldp, (PP~ IW+X) * B~ ) [nbiGeV]
doldp,(pp— J+X) x B - ) [nb/GeV]
doidp,(pp - I+X) x BEI —py) [nbiGeV]
oldp, (PP IW+X) * B~ p) [nbiGeV]

J Vs=200Gev J Vs=18Tev V5=1.96 TeV of ¥s=7Tev T = af Vs=7Tev
10 F |y|<035 S| 10 Iyl <06 10 [ <06 10 '} 25<y<4 e 1 10 F yi<o7s
4 5 6 1 8 9 6 8 10 4 6 8 10 12 14 16 18 20 4 5 6 7 8 9 4 6 8 10 12 14 16 18 20
Pr[Gev] Py [GeV] Py [GeV] Py [Gev]
P e AN A s R e Aans s aaan B i e A JAadacaas nasaoosans hasinan A anas e A
©  ATLAS data ©  ATLAS data 10 .+ cMsdaa 0% .+ cMsdaa 3 .+ CcMsdaa

CS+CO,LO ]
—— CS4CO,NLO

dofdp,(pp - I+X) % i(w ) [nb/GeV]
doldp, (pp~ I+X) * BIY— p) [nbiGeV]
doldp,(pp - JI+X) x BEIY—p) [nb/GeV]
daldp.(pp — JI+X) x E?iw ) [nb/GeV]
doldp, (pp~ I+X) * B p) [nbiGeV]

3 V8 =7Tev Vs=7TeV 10 F E=7Tev
10 F or5<l|<1s 15<ly| <2.25 § 12<ly|<16 . 16<lyl<2.4 .
4 6 8 10 12 14 16 18 X 4 6 8 10 12 14 16 18 2 T e e e e B S R RS TR TR AT
prlGev] prlGev] p;[Gev] prlGev]
- LHCb data - LHCbdata A + LHCbdata 2 * LHCbdata
107 ] 0%
cs,L0 cs,Lo

cs,NO ]
CS+CO, LO

3 3 3 3 3
Q Q Q 9 Q
3 3 3 3 3
I 3 3 3 3
2 2 2 FONE ——csicono] 3
& & & R &
5 5 H gOF H
ES ES Ee EGR: 2
7 7 3 70 f 3
& & & g e
& of vE=TTev F Vs=7Tev £ Vs=7Tev £10F vs=7Tev £ Vs=7Tev
510 | 2<y<25 3 510 | 25<y<3 3 fcy<ss 5 35<y<s B o aev<as
4 6 8 10 12 14 4 6 8 10 12 14 10 4 6 8 10 12 14 10 4 6 8 10 12 14 4 6 8 10 12 14
prlGev] prlGev] pr[Gev] pr[Gev] prlGev]
60 GeV <W <240 GeV/ V=314 GeV, @ <1 GeV? 107 v Hidaia HERAL N 60 Gev <W <240 Gev ] V5 =310 GeV, Q <2.5 GeV?
1 03<2<09 § 03<2<09 03<2z<09 03<2<09
< QP <1GeV? = pi>1GeV? Cs,Lo < Q¥ <25GeV? s pe>1GeV?
8§17 v=aacev | z g V5=319Gev § §
2 £ N 2.1 £
2 H 2 o 3 H
g = £ £ g
g 5 E TR £
10 H 5 o d 05 4 1
= g 3 vs-acey | g1 F B
350 8 : Q<1cev ] F 3
5 p}>1GeV? 10 F
J ¢ HidamHERAL + H1data HERAL 60 GeV < W <240 GeV | + H1data HERA2
10 . L . . . . . 10 TN
1 10 60 80 100 120 140 160 180 200 220 240 03 04 05 06 07 08 09 1 60 80 100 120 140 160 180 200 220 240
P} [GeV?] W [GeV] z W [GeV]
F + H1data: HERA2 1 50 GeV <W <180 GeV 5 =300 GeV, Q° <1 GeV* 2+ ZEUSdata ] +  DELPHI data
0% E| 10
04<2<09 04<2<09 -
- €S, 10 < QP <1Gev? < i p?>1GeV? cs.Lo <
= g1 VE=300GeV 3§ = g
3 5 s1 310 &
S 10 10 é S 5
E 2 % > K
3 S i s §
7 ES 2 ? 8
a 5 3| 3 e Ee
2 e 110 F 4 L, 1 3
3 V5= 319 Gev 8 & - 2 Vs =300 GeV PO Y R T
N Q*<25Gev 1§ | 8 3 —— cs:co,No Q@ <1GeV? 10 Y weascev
pi>1GeV? 10k 4 10 pi>1GeV? B 6, <32 mrad
60 GeV <W <240 GeV. .+ ZEUSdata . ZEUS data 1 50 GeV <W <180 GeV/ S| ¥5=197 Gev
. L . , . . , , I 10 L L 10 TN
02 04 05 06 07 08 09 5 10 15 20 25 30 6 80 100 120 140 160 180 02 03 04 05 06 07 08 09 23 4 5 6 7 8 9 10
z pi[GeVd] W [GeV] z pf[GeVd|
+  BELLEdata: 0= (0.43£0.13) pb
25 (Jy+cc contribution subtracted)

=0
= (02435 pb

o=
5 2 o
= 6=023pb
% 0= (0.70%) pb
ESCA
"‘ Vs =10.6 GeV'
©
@ 1p
5
05 [
o

Figure 1. NLO NRQCD fit [9] compared to RHIC [15], Tevatron [16,17], LHT8-21], HERA [22-24],
LEP I1[25], and KEKB [26] data.
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Figure 2: ATLAS data onJ/y inclusive hadroproduction [28] and FTPS dataly inclusive photopro-
duction in the fixed-target mode [29] compared to NLO NRQCBPdictions evaluated using set A of CO
LDMEs from Table 1.

3. Further tests of NRQCD factorization in unpolarized J/ ¢ production

Three data sets not included in the global fit [9], from hadpdpction and from photopro-
duction in the fixed-target and colliding-beam modes, atelgireproduced by our NLO NRQCD
predictions, as may be seen from Figs. 2 and 3. They were takére ATLAS Collaboration [28]
at the LHC, by Denby et al. [29] at the Fermilab Tagged-Ph@pectrometer, and by the ZEUS
Collaboration [30] at HERA II. We conclude that NRQCD fadtation passes this nontrivial test,
which, in the case of Refs. [28,29], probes kinematic regjfanoutside those covered by the global
fit [9].

4. J/y polarization

The polarization of thel /¢y meson is conveniently analyzed experimentally by meagurin
the angular distribution of its leptonic decays, which istomarily parametrized using the three
polarization observablekg, Ay, andAgy, as [31]

W(8, @) 01+ AgcoS 0 + AySin? 6.cog2¢) + AgySin(20) cosy, (4.1)

where 6 and ¢ are respectively the polar the azimuthal angles$*oin the J/y rest frame. This
definition depends on the choice of coordinate frame. In Xpegmental analyses [24,32-35], the
helicity (recoil), Collins-Soper, and target frames wenepdoyed, in which the polar axes point in
the directions of-(Pp+ Pp), Bp/|Pp| — Pp/| Ppl, and—Pp, respectively. The valuely =0,+1, -1
correspond to unpolarized, fully transversely polarizadd fully longitudinally polarized)/y
mesons, respectively. The alternative notatlor:= Ag, 1t = Agy, andv = 2A, is frequently en-
countered in the literature. In Refs. [33,34}, is calleda.

Working in the spin density matrix formalism and denoting thcomponent ofSby i, | =
0,+1, we have

~ do1;—dooo dop 1 V2Redoig

A — 1~ | A~ = T a4 = 3= a4
%~ oy + dono ?™ dop1+ dogo 9™ da11+ dago

(4.2)
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Figure 3: ZEUS data o/ inclusive photoproduction [30] compared to NLO NRQCD potidins evalu-
ated using set A of CO LDMEs from Table 1.

wheredaj; is theij component of the differential cross section. An expressibdo;; in terms of
PDFs and partonic spin density matrix elements may be foukdi (3) of Ref. [36].

Our results for direct photoproduction [36] are shown in.Fg We compare our NLO pre-
dictions for the parameters andv as functions ofpr andz with measurements by the H1 Col-
laboration [24] in the helicity and Collins-Soper framesldny the ZEUS Collaboration [32] in the
target frame. Unfortunately, the H1 [24] and ZEUS [32] dadendt yet allow us to distinguish the
production mechanisms clearly. However, kinematicalargican be identified in which a clear
distinction could be possible in more precise experimen#sfatureepcollider, such as the CERN
LHeC. At higher values opr, NRQCD predicts thd /@ meson to be largely unpolarized, in con-
trast to the CSM. In the distributions, the scale uncertainties are sizable, aacethor bands of
the CSM and NRQCD predictions largely overlap.

Our results for direct hadroproduction [37] are shown in.FEgWe compare our predictions
for the parameterdg andAy, as functions ofor in the helicity and Collins-Soper frames with the
measurements by CDF [33,34] and ALICE [35]. In the helicignfie, the CSM predicts the ¢
polarization to be strongly longitudinal at NLO, while NR@@redicts it to be strongly transverse.
In the Collins-Soper frame, the situation is inverted. Thecge CDF measurement at Tevatron
run 1l [34], which is partially in disagreement with the oneran | [33], found theJ/(/ mesons
to be largely unpolarized in the helicity frame, which is iontradiction with both the CSM and
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Figure 4: The polarization parametefs andv for direct photoproduction at HERA evaluated at NLO in
the CSM and in NRQCD [36] using set B of CO LDME from Table 1 aoenpared to H1 [24] and ZEUS
[32] data. The theoretical uncertainties are due to scalati@ns in the CSM (blue bands) and include also
the errors on the CO LDMEs (yellow bands) in NRQCD.

NRQCD predictions at NLO. The early ALICE data [35] is, howewompatible with NRQCD at
NLO, favoring NRQCD over the CSM.

5. Comparisons with the literature

After our NLO NRQCD studies of /¢ polarization [36,37], two others appeared, which are,
however, limited to hadroproduction. In Ref. [38], it wasam that the measured hadroproduc-
tion cross sections and the CDF Il polarization measurero@ntbe simultaneously described by
NRQCD at NLO with one of the three CO LDME sets listed in therfbwcolumn of Table 2.

In Ref. [39], the polarization of promptly producelfy mesons was studied by also including
the feed-down from polarizeg.; and ¢/ mesons as described in Ref. [40]. To this end, the CO
LDMEs of the xc; andy/ mesons were fitted to LHCb (and CDF) unpolarized productata,dand

the resulting cascade decay rates ihtg mesons were then used as feed-down contributions to de-
termine thel /¢ CO LDMEs in a fit to unpolarized/ production data from LHCb and CDF with
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Figure 5: The polarization parametelg andA,, for hadroproduction evaluated at NLO in the CSM and in
NRQCD [37] using set B of CO LDME from Table 1 are compared toFQiata from Tevatron runs | [33]
and 1l [34] and to ALICE data [35]. The theoretical uncertan are due to scale variations in the CSM
(blue bands) and include also the errors on the CO LDMEsdyetlands) in NRQCD.

pr > 7 GeV. The resulting LDMEs may be found in the third column able 2. Reference [39]
predicts thel/ polarization to be moderately transverse in the helicignfe.

In Fig. 6, we systematically compare the analyses of Refs-39] as represented by the
CO LDME sets in Table 2 with regard to their performances isatiding the unpolarized/y
yields measured i®"e~ annihilation by Belle [26], in photoproduction by H1 [22]24nd in
hadroproduction by CDF Il [17] and ATLAS [28], as well as thap polarization observabl&g in
the helicity frame as measured by CDF Il [34]. We observertbat of the LDME sets can describe
all the data sets. While the CO LDMEs of Ref. [9] yield a gooddtion of the unpolarized/y
yields, there is a strong disagreement with the CDF Il measent. On the other hand, the CO
LDMEs of Ref. [38] can describe all hadroproduction datd,lead to overshoots by factors of 4—6
for e"e~ annihilation and photoproduction. Finally, the CO LDMESR#{. [39] yield predictions
which, in all cases, fall between those of the other two aystio

6. Conclusions

As for the unpolarized / yield, NRQCD factorization was consolidated at NLO by a glob
fit to the world’s data of hadroproduction, photoproductitwo-photon scattering, aref e~ anni-
hilation [9], which successfully pinned down the three CONLBEs in compliance with the velocity
scaling rules and impressively supported their univergdin a second step, NLO NRQCD predic-
tions of J/ Y polarization observables in various reference frames wendronted with measure-
ments in photoproduction at HERA and hadroproduction affthatron and the LHC. In the case
of hadroproduction at the Tevatron, the prediction of sgigriransversel/{ polarization in the
helicity frame stands in severe contrast to the precise GDkehsurement [34], which found the
J/@ mesons to be unpolarized. Using the CO LDME sets recentlpebed from hadroproduc-
tion data by two other groups [38,39] does not help us to reesdtisfactory description of all the
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Butenschoen,
Kniehl [9]

Gong, Wang,
Wan, Zhang [3

9]

Chao, Ma, Shao, Wang, Zhang [38]

default set

set 2

set 3

1.32 Ge\?
0.0497 GeV?
0.0022 GeV?

—0.0161 GeV

1.16 Ge\?
0.097 Ge\?
—0.0046 GeV
—0.0214 GeV

1.16 Ge\?
0.089 Ge\?

1.16 Ge\?
0

0.0030 Ge\? 0.014 Ge\?
0.0126 GeV? 0.054 Ge\?

1.16 Ge\?
011 Ge\?
0
0

0.758 Ge\?
—0.0001 GeV
0.0034 GeV?
0.0095 Ge\?

0.107 Ge\?
0.0022 GeV?

Table 2: LDME sets determined in Refs. [9,38,39] and used in Fig. (Réf [38], two alternative sets are
provided besides the default one. The analyses of Ref38Ba@nly refer to directl/ production.
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Figure 6: The unpolarized/y yields measured ie"e~ annihilation by Belle [26], in photoproduction
by H1 [22,24], and in hadroproduction by CDF 1l [17] and ATLAZ8], as well as thel/y polarization
observablerg in the helicity frame as measured by CDF Il [34] are comparétth the NLO NRQCD
predictions evaluated using the CO LDME sets of Refs. [83fisted in Table 2. The theoretical errors in
graphs a—g refer to scale variations, and those in graph dl#egned by also adding in quadrature the fit
errors on the CO LDMEs according to Table 1. Graph h is takesr fom Fig. 4 of Ref. [39]. In graphs
i—l, the central lines refer to the default CO LDME set of H8B], and the theoretical errors are evaluated
using the alternative CO LDME sets of Ref. [38].

10



Testing nonrelativistic-QCD factorization in charmoniymoduction at next-to-leading ordé&ernd Kniehl

available precision data. Thus, we conclude that the useigy of theJ/( production LDMEs is
challenged. Possible remedies include the following:

1. The eagerly awaited/y polarization measurements at the LHC might not confirm the
CDF Il results.

2. Although unlikely, measurements at a fut@p collider, such as the LHeC, might reveal
that thepr distribution ofJ/y photoproduction exhibits a drastically weaker slope beyon
pr = 10 GeV, the reach of HERA, so that the LDME sets of Refs. [33dght yield better
agreement with the data there.

3. The assumption that thveexpansion is convergent might not be valid for charmoniwgay4
ing the possibility that the LDME universality is intact.
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