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Polarization of J/ψ at the Fermilab Tevatron

Polarization of J/ψ at RHIC

Summary



Polarization of prompt
at the Tevatron

J/ψ



        production channels

• Color-singlet (CS) gluon fusion disagrees in size and shape.
• CS gluon fragmentation describes shape only.

• Color-octet (CO) gluon fragmentation describes size and shape 
by fitting           matrix element (ME) to large-      data.
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• At large      , color-octet gluon 
fragmentation dominates.

• At large      , the gluon is nearly 
on mass shell, and, so, is 
transversely polarized.

• Heavy-quark spin symmetry 
makes the polarization of          in 

transverse.

• Independent test of color-octet 
gluon fragmentation.
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Polarization parameter

• The polarization of          can be measured from 
the angular distribution of the dilepton produced 
from the leptonic decay of        .

•  

               is completely transverse
               is unpolarized
               is completely longitudinal
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Polarization of prompt         at the Tevatron
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Kniehl and Lee, PRD62, 114027 (2000)that there is some important aspect of the production

mechanism that is not yet understood.
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FIG. 4 (color online). Prompt polarizations as functions of pT : (a) J= and (b)  #2S$. The band (line) is the prediction from NRQCD
[4] (the kT-factorization model [9]).

PRL 99, 132001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
28 SEPTEMBER 2007

132001-7

CDF, PRL99, 132001 (2007)

• NRQCD predicts transverse          at large  
• RUN I : Disagreed only at the highest       bin
• RUN II : Disagrees with both RUN I and NRQCD
• Problem still open

RUN I RUN II
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Radiative corrections to CS Model

• CS with NLO and 
partial N^2LO still 
underestimates the 
data 

P. Artoisenet, Proc. Sci., CONFINEMENT8 (2008) 098
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Radiative corrections to CS Model

Gong and Wang, PRL100, 232001 (2008);
Gong and Wang, PRD78,074011 (2008)

• LO : strong transverse 
       polarization

• NLO : longitudinal 
          over the whole 
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• Photon fragmentation (QED) :
transverse polarization

He, Li, and Wang, arXiv:0904.1477
See Zhi-Guo He’s talk yesterday

QED

pT

α
QCD+QED



Radiative corrections to CO

Gong, Li, and Wang, PLB673, 197(2009)
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• After including CO contributions at NLO, 
         becomes transverse again, 
which disagrees with CDF RUN II data
J/ψ

CS+CO NLO

pT

α

Polarization of prompt J/ψ in proton-proton collisions at RHIC Hee Sok Chung         QWG 2010



Polarization of prompt
at RHIC

J/ψ



     distribution of inclusive         at RHIC

• Polarization parameter      was also measured
• NRQCD prediction is necessary
• To make a fair comparison with Tevatron data, we provide 
with a prediction consistent with Tevatron experiment
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FIG. 3: Single electron identification efficiency estimated us-
ing full reconstructed Dalitz decays from real data (open cir-
cles) and simulation (full squares). Dotted line represents the
minimum pT for the electron used to reconstruct J/ψ decays.
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FIG. 4: Fit to J/ψ yield times dielectron branching ratio (B)
after detector acceptance and efficiency corrections for the
real data.

2) The J/ψ pT distribution obtained after applying the
efficiency and acceptance corrections agrees with the pre-
vious result [1]. A Kaplan function dσ

dydpT
= ApT

[1+(pT /b)2]n

was fit to the pT distribution (Fig. 4), and a Gaus-
sian function was fit to the rapidity dependence of the
J/ψ yield reported in [1] and to the collision Z vertex
distribution.

3) The fitted pT , rapidity and collision vertex
functions were then used to re-weight the simulated
J/ψ events. The top panel of Figs. 5, 6 and 7
show the cos θ∗ distributions in the HX, GJ and CS
frames of e+e− pairs in the J/ψ mass range obtained
in J/ψ simulation and real data [38] after combinato-
rial background subtraction. The simulated and real
data distributions are functions of the detector accep-
tance and efficiency and the original dNe+e−/dcos θ∗

in the J/ψ mass range. The bottom panels show the
ratio between the real data and simulated λ = 0 dis-
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FIG. 5: (top) cos θ∗ distributions of positrons decayed from
measured (solid points) and simulated (horizontal bars)
J/ψ mesons in the helicity frame. (bottom) Acceptance cor-
rected distribution obtained from the ratio between real and
simulated J/ψ distributions. Fits to Eq. (1) are represented
as solid lines, dashed lines correspond to one standard varia-
tion of the parameters in the fit.
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FIG. 6: Same as in Fig. 5 but now for the Gottfried-Jackson
frame. The uncertainties of the fits are larger given the
smaller cos θ∗ range compared to the HX frame.

tributions, corresponding to the acceptance corrected
cos θ∗ distributions.

Equation (1) was fitted to these acceptance corrected
cos θ∗ distributions with no constraints on the parame-
ters. Solid lines are the most likely fits and dashed lines
represent 68% confidence level interval. In the CS frame,
the fit returned a polarization which was out of the phys-
ical limits (λ ∈ [−1, 1]). This was a result of the small ac-
ceptance for the cos θ∗ distribution in the PHENIX cen-
tral arms for this frame, leading to a large statistical
uncertainty on its polarization measurements. Thus, the
CS frame is no longer considered in this article.

4) Any asymmetry in the electron decay distribution,
i.e. λ #= 0, can change the detector acceptance. Hence,
the fourth and final step of the simulation was to apply a
weight in cos θ∗ to the simulated J/ψ by using the λ ob-
tained in the third step. When using this realistic angu-
lar distribution for the pT dependent acceptance, and the
corresponding uncertainties, we obtained a variation in
the yield up to ±8% for pT < 5 GeV/c that corresponds

PHENIX, 2009
(arXiv:0912.2082)
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See Todd Kempel’s talk this morning



•         from      decay only ~4%           
- inclusive cross section essentially same as the 
prompt one

Strategy of calculation
•the same strategy employed in Tevatron case

•parton process : LO,                    with 

•PDF : MRST98LO and CTEQ5L

•Same ME used in Tevatron case

Oda, J.Phys.G35, 104134 (2008) (PHENIX Collaboration)
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ij → cc̄ + k i, j = g, q, q̄

J/ψ B
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     distribution of prompt         at RHIC

• NRQCD agrees with data.

• Errors mainly from scale 
dependence.

• LO CS severely 
underestimates.

• Cross section consistent 
with Cooper, Liu, and 
Nayak [PRL93, 171801 
(2004)]
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Chung, Yu, Kim, and Lee, PRD81, 014020 (2010)



• For lower      , order-  
2→1 processes, its 
NLO contribution, and 
soft-gluon emissions 
must be taken into 
account.

• For higher      , 
fragmentation evolution 
using DGLAP equation 
must be considered.

15

     distribution of prompt         at RHIC

pT

pT
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Polarization of prompt         at RHIC

•NRQCD agrees 
with data.

•LO CS does not.

•Dominant source 
of errors :
Large uncertainties 
in        and        ME

16

1S(8)
0

3P (8)
J
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Chung, Yu, Kim, and Lee, PRD81, 014020 (2010)



Brodsky and Lansberg, PRD81, 051502 (2010)

• CSM agrees in rapidity distribution of cross section

• Integrated over       - cannot be compared with our resultspT

Rapidity distribution of         at RHIC

17
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S-channel cut CSM predictions

• s-channel cut CSM agrees 
with polarization data.

Haberzettl and Lansberg, 
PRL100, 032006 (2009)

Artoisenet and Braaten, 
PRD80, 034018 (2009)

• s-channel cut contribution is a 
part of NNLO correction to CSM

• cross section overestimated by 
more than 2 orders of magnitude.

Artoisenet and Braaten
LO CSM

Haberzettl and Lansberg

18
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PHENIX, 2009 (arXiv:0912.2082)



Radiative corrections to CSM

Lansberg, 2010 (arXiv:1003.4319)

19

• Very recently, 
Lansberg computed 
the NLO and  
dominant NNLO 
contributions as well 
as the cg fusion 
contribution to the 
CSM. 

• The NLO CSM 
prediction for the 
polarization agrees 
with data.

Polarization of prompt J/ψ in proton-proton collisions at RHIC Hee Sok Chung         QWG 2010



Summary

• Both NRQCD and CSM predictions for polarization 
of        at the Tevatron disagree with data.

• NRQCD prediction agrees with PHENIX data for 
both cross section and polarization of        .

• FIRST NRQCD prediction of         polarization at 
RHIC.

• CO is still very important at NLO accuracies.

• Independent analysis by DØ is eagerly waited.

20
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Supplementary
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E866 Measurement of
     Polarization in p-Cu

VOLUME 86, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 19 MARCH 2001

FIG. 4. (a) a versus pT for the Drell-Yan sidebands
(8.1 , mm1m2 , 8.45 GeV and 11.1 , mm1m2 , 15.0 GeV),
Y!1S" (8.8 , mm1m2 , 10.0 GeV), and Y!2S 1 3S" (10.0 ,
mm1m2 , 11.1 GeV). (b) a versus xF for the same mass
regions. The errors shown are statistical; there is an additional
systematic error not shown of 0.02 in a for Drell-Yan polariza-
tions and 0.06 in a for onium polarizations.

sharply with what is seen in the charmonium system
[5]. Although an NRQCD calculation [7] predicts that
feed-down decays from higher S, P, and D upsilon states
dilute the polarization of the 1S state, we can find no
explicit calculation of the polarization expected for the
2S or 3S state.

In the kinematic range 0.0 , xF , 0.6 and pT ,
4.0 GeV#c, the fit to the data yields a ratio of Y!2S 1
3S"#Y!1S" events of 0.50 6 0.01. A separate 3-peak fit
(with the mass of the peaks fixed) yielded an overall ratio
of Y!3S" to Y!2S" events of 0.46 6 0.03 consistent with
previous high resolution measurements [14]. Note that
even if the Y!3S" were 100% polarized, the Y!2S" must
be at least 35% polarized to yield the observed polariza-
tions of the combined peaks. Likewise, if the Y!2S" were

100% polarized, the Y!3S" must have significant positive
polarization in most bins.

This work was supported in part by the U.S. Department
of Energy.

*Present address: University of Illinois at Urbana–Cham-
paign, Urbana, IL 61801.

†Present address: Florida State University, Tallahassee, FL
32306.

‡On leave from Kurchatov Institute, Moscow, 123182
Russia.
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Υ

• No fragmentation dominance
• Feeddown dilutes polarization
• Color-evaporation model 

disagrees with data

(∼ 100%)

Polarization of Prompt J/ψ
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Polarization of Upsilon at 
the Tevatron : RUN I (CDF)

Braaten, Lee, PRD (2001)
Vaia Papadimitriou, Physics in Collision 2003

• Prediction less dramatic as 
: no fragmentation dominance

• Large errors from uncertainties 
in NRQCD matrix elements

J/ψ

Polarization of Prompt J/ψ
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D0, arXiv:0804.2799
Braaten, Lee, PRD (2001)

Polarization of Upsilon at 
the Tevatron : RUN II (D0)

6

TABLE I: Systematic uncertainties on α for Υ(1S).

Source Uncertainty on αa pΥ
T

b [GeV/c]
Signal model 0.01 − 0.15 1 − 2

Background model 0.04 − 0.21 0 − 1
Muon momentum 0.00 − 0.06 0 − 1
Trigger simulation 0.00 − 0.06 >15

aFor all pΥ
T

intervals
bInterval with maximal uncertainty
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FIG. 3: [Color online] Dependence of α on pΥ
T for inclusive

Υ(1S) candidates. Black circles are data. The yellow band
is the NRQCD prediction [8]. Curves are two limit cases (see
text) of the kt-factorization model [11]. Green triangles are
the results of the CDF experiment [17].

reweighting the simulation using the observed pΥ
T depen-

dence of α. The final measured α is corrected by a factor
ranging between −0.03 and +0.06, depending on pΥ

T .
Figure 3 shows the measured α as a function of pΥ

T for
Υ(1S). Note that the bin for 14-20 GeV is not statis-
tically independent from the adjacent bins. The arrow
indicates that the highest pΥ

T interval considered, pΥ
T >

15GeV/c, does not have an upper limit. The uncertain-
ties are the systematic and statistical uncertainties added
in quadrature. Also shown are the NRQCD prediction [8]
(yellow band), and the two limits of the kt-factorization
model [11] (curves). The lower line corresponds to the
quark-spin conservation hypothesis, and the upper one
to the full quark-spin depolarization hypothesis. Also
shown (green triangles) is the previous measurement by
CDF for the Υ(1S) rapidity | yΥ |< 0.4 [17] (our data
contain events with |yΥ |< 1.8). The CDF measurements
are plotted at the average value of the pΥ

T distribution ob-
served by D0 for each of the pΥ

T intervals reported in [17]
.We expect the CDF and D0 results to be similar and we
have no explanation for the observed difference. We also
extracted the polarization of the Υ(2S), which is shown
in Fig. 4 along with the NRQCD predictions [8]. Values
of α for statistically-independent pΥ

T intervals, shown in
Fig. 3 and Fig. 4, are given in Table II.

In conclusion, we have presented measurements of the
polarization of the Υ(1S) and Υ(2S) as functions of pΥ

T

from 0GeV/c to 20GeV/c. Significant pT -dependent
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FIG. 4: [Color online] Dependence of α on pΥ
T for inclusive

Υ(2S) production. Blue circles are our data. The yellow band
is the NRQCD prediction [8].

TABLE II: Measurements of α for Υ(1S) and Υ(1S).

pΥ
T [GeV/c] α[Υ(1S)] α[Υ(2S)]

0 − 1 0.04 ± 0.27 −0.04 ± 0.54
1 − 2 −0.41 ± 0.20 0.28 ± 0.37
2 − 4 −0.54 ± 0.17 0.04 ± 0.18
4 − 7 −0.55 ± 0.10 −0.37 ± 0.21
7 − 10 −0.45 ± 0.14 0.09 ± 0.32
10 − 15 −0.34 ± 0.14 0.32 ± 0.27

>15 0.25 ± 0.19 0.55 ± 0.58

longitudinal polarization is observed for the Υ(1S) in-
consistent with NRQCD predictions. At pΥ

T >7GeV/c
the fraction of transversely polarized Υ(2S) particles is
higher than in Υ(1S) at the same value of pΥ

T , in agree-
ment with NRQCD predictions.
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TABLE I: Systematic uncertainties on α for Υ(1S).

Source Uncertainty on αa pΥ
T

b [GeV/c]
Signal model 0.01 − 0.15 1 − 2

Background model 0.04 − 0.21 0 − 1
Muon momentum 0.00 − 0.06 0 − 1
Trigger simulation 0.00 − 0.06 >15

aFor all pΥ
T

intervals
bInterval with maximal uncertainty
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FIG. 3: [Color online] Dependence of α on pΥ
T for inclusive

Υ(1S) candidates. Black circles are data. The yellow band
is the NRQCD prediction [8]. Curves are two limit cases (see
text) of the kt-factorization model [11]. Green triangles are
the results of the CDF experiment [17].

reweighting the simulation using the observed pΥ
T depen-

dence of α. The final measured α is corrected by a factor
ranging between −0.03 and +0.06, depending on pΥ

T .
Figure 3 shows the measured α as a function of pΥ

T for
Υ(1S). Note that the bin for 14-20 GeV is not statis-
tically independent from the adjacent bins. The arrow
indicates that the highest pΥ

T interval considered, pΥ
T >

15GeV/c, does not have an upper limit. The uncertain-
ties are the systematic and statistical uncertainties added
in quadrature. Also shown are the NRQCD prediction [8]
(yellow band), and the two limits of the kt-factorization
model [11] (curves). The lower line corresponds to the
quark-spin conservation hypothesis, and the upper one
to the full quark-spin depolarization hypothesis. Also
shown (green triangles) is the previous measurement by
CDF for the Υ(1S) rapidity | yΥ |< 0.4 [17] (our data
contain events with |yΥ |< 1.8). The CDF measurements
are plotted at the average value of the pΥ

T distribution ob-
served by D0 for each of the pΥ

T intervals reported in [17]
.We expect the CDF and D0 results to be similar and we
have no explanation for the observed difference. We also
extracted the polarization of the Υ(2S), which is shown
in Fig. 4 along with the NRQCD predictions [8]. Values
of α for statistically-independent pΥ

T intervals, shown in
Fig. 3 and Fig. 4, are given in Table II.

In conclusion, we have presented measurements of the
polarization of the Υ(1S) and Υ(2S) as functions of pΥ

T

from 0GeV/c to 20GeV/c. Significant pT -dependent
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FIG. 4: [Color online] Dependence of α on pΥ
T for inclusive

Υ(2S) production. Blue circles are our data. The yellow band
is the NRQCD prediction [8].

TABLE II: Measurements of α for Υ(1S) and Υ(1S).

pΥ
T [GeV/c] α[Υ(1S)] α[Υ(2S)]

0 − 1 0.04 ± 0.27 −0.04 ± 0.54
1 − 2 −0.41 ± 0.20 0.28 ± 0.37
2 − 4 −0.54 ± 0.17 0.04 ± 0.18
4 − 7 −0.55 ± 0.10 −0.37 ± 0.21
7 − 10 −0.45 ± 0.14 0.09 ± 0.32
10 − 15 −0.34 ± 0.14 0.32 ± 0.27

>15 0.25 ± 0.19 0.55 ± 0.58

longitudinal polarization is observed for the Υ(1S) in-
consistent with NRQCD predictions. At pΥ

T >7GeV/c
the fraction of transversely polarized Υ(2S) particles is
higher than in Υ(1S) at the same value of pΥ

T , in agree-
ment with NRQCD predictions.
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NRQCD

D0 Data Υ(2S)

• Strong longitudinal 
polarization at low      .

• As       increases, 
     increases, but not up to 
the NRQCD Predictions.

p
T

p
T

α

•     increases as       increases.
• Low       prediction not available.
•            is more transverse (less 

feeddown) : consistent with NRQCD
• D0 data disagree with CDF

p
T

α
p

T

Υ(2S)

Polarization of Prompt J/ψ
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Radiative corrections to CSM : 
Upsilon production

Polarization of Prompt J/ψ

• There is almost no room 
for color-octet production.

• Consistent with the fact 
that color-octet production 
is suppressed as     .

P. Artoisenet, Proc. Sci., CONFINEMENT8 (2008) 098
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Radiative corrections to CSM : 
Upsilon production

Polarization of Prompt J/ψ

• Color-singlet polarization changes from transverse 
to longitudinal by inclusion of NLO corrections.

Artoisenet, Campbell, Lansberg, Maltoni, Tramontano (2008)

• Artoisenet, Campbell, Lansberg, Maltoni, Tramontano (2008) find that color-singlet Υ polariza-

tion at the Tevatron changes from transverse to longitudinal when NLO and NNLO* corrections

are included.

• NLO result confirmed by Gong and Wang

(2008).
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Large rapidity region

• Cross section and polarization at large rapidity (1.0<|y|<1.2) 
have also been announced.

cross section 
(nb/GeV2)

Polarization

PHENIX 1.06±0.16 0.02±0.16

NRQCD 2.24±1.82 0.15±0.10

LO CSM 0.08±0.05 0.19±0.03

s-channel cut agree over-
estimated

pT = 1.6 GeV
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