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Motivation

3

‣ Currently, various models with different assumptions regarding the J/ψ production mechanism 
describe the measured    J/ψ production cross section rather well; other observables are needed

‣ J/ψ polarization measurement at higher pT is expected to have discrimination power between 
different models of  the J/ψ production mechanism

CHAPTER 1. THEORETICAL MOTIVATION

Figure 1.12: PHENIX J/ψ pT spectrum mea-

surements for mid and forward rapidity at
√
s = 200 GeV [33] compared with different

model predictions.

Figure 1.13: STAR J/ψ pT spectrum measure-

ments for mid-rapidity at
√
s = 200 GeV

[34, 18] compared with different model pre-

dictions.

The J/ψ polarization measurement is a crucial test for the NRQCD factorization and the

color-octet mechanism. At high pT , the model predicts strong transverse polarization in the

helicity frame (Jz = ±1, with respect to the J/ψ momentum direction), increasing with pT

[48, 49, 50, 51, 52]. It is in contrary to CSM calculations at next-to-leading and higher orders,

which predict longitudinal J/ψ polarization. Gluon fragmentation is the dominant process in

the production of a quarkonium with pT much larger than the quarkonium mass. When pT "

mJ/ψ, the fragmenting gluon is almost on its mass shell, and is therefore transversely polarized.

The cc̄ pair inherits this polarization, and NRQCD predicts that the polarization is preserve

during the non-perturbative transition via a soft-gluon emission to the final physical state. This

prediction is in disagreement with CDF polarization measurement [35]. CDF observes that the

J/ψ becomes slightly longitudinal with increasing pT , as it can be seen in Fig. 1.14.

At lower pT the situation is different. The prediction for the CDF energies (
√
s = 1.96

TeV) shows almost no polarization at pT ≈ 5 GeV/c, and according to calculation for lower

energy (
√
s = 200 GeV) [47] the polarization may even become slightly longitudinal at low pT

(1.5 GeV/c < pT < 5 GeV/c). The strong transverse polarization is not expected because the

fragmentation dominance does not occur at this pT region [47]. Figure 1.15 shows the polar-

36

‣ J/ψ analysis in p+p collisions serves not only as a baseline for the J/ψ production in heavy 
ion collisions, it is very important tool for understanding the J/ψ production mechanism
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‣ Color-singlet process: J/ψ is produced via intermediate color-neutral ccbar state with the 
same quantum number as the final state. 

‣ Color-octet process: J/ψ is produced via intermediate colored ccbar state of  any possible 
quantum numbers.

Example: formation of ʗ�and b 3/34 

We want to know the relative contributions of the following processes, 

differing for how/when the observed Q-Qbar bound state acquires its quantum numbers 

• Colour-singlet processes: 

quarkonia produced 

directly as observable 

colour-neutral Q-Qbar pairs 

+ analogous colour 

combinations 
• Colour-octet processes: 

quarkonia are produced 

through coloured Q-Qbar 

pairs of any possible 
quantum numbers 

Transition to the 

observable state. 

Quantum numbers change! 
J can change! o polarization! 
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1.4. J/ψ PRODUCTION

ization measurement from PHENIX [32] at
√
s = 200 GeV/c and at mid-rapidity, compared to

COM prediction for prompt J/ψ [47]. The NRQCD prediction agrees with the two PHENIX

data points. However, the measurement is limited to small pT , where the data are not able to

distinguish between the COM and CSM predictions regarding the J/ψ polarization.

Figure 1.14: CDF prompt J/ψ polarization at

mid-rapidity at
√
s = 1.96 TeV in helicity

frame [35] compared to NRQCD [48][46] and

kT -factorization [36] models.

Figure 1.15: PHENIX inclusive J/ψ polariza-

tion at mid-rapidity at
√
s = 200 GeV in he-

licity frame [32] compared to CSM [25] and

COM [47] predictions.

1.4.3 Color Evaporation Model

The Color Evaporation Model (CEM) was first proposed in 1977 [37, 38][39]. The model does

not assume that the heavy quark pair produced by the perturbative interaction is in a color-

singlet state. It is considered that the color and the spin of the asymptotic cc̄ state is randomized

by soft interactions occurring after its production. As a consequence, the quantum numbers of

the cc̄ pair are not correlated with the quantum numbers of the final meson. The fraction of the

cc̄ pairs that form a particular chamonium state is assumend to be independent of the production

process. The total cross section for the charmonium production is calculated as the total cross

section for quark pair production multiply by the probability that cc̄ is in a color-singlet state

(1/9):

σonium =
1

9

∫ 2mD

2mc

dm
dσcc̄
dm

(1.24)
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CHAPTER 1. THEORETICAL MOTIVATION

Figure 1.10: Comparison between the extrapolation of α (λθ) for prompt J/ψ in p+p collisions

at
√
s = 200 GeV (blue band), the range of α for the direct NLO+ (two dashed lines) [27] and

the PHENIX measurements at mid-rapidity [32].

1.4.2 Non-Relativistic QCD calculations with color-octet mechanism

Non-Relativistic Quantum Chromodynamic (QCD) [40, 41, 42, 43, 44, 45] is an effective field

theory. In this formalism intermediate cc̄ color-octet states, in addition to color-singlet states,

can bind to form the charmonium. The transition from the intermediate color-octet state to the

final color-singlet state is possible by emitting a low energy gluon. The theory is based on a

systematic expansion in both αs and v (v is a quark velocity within the bound state, v2c ≈ 0.23).

The important quantity of the formalism, is the factorization between the short-distance, pertur-

bative contributions and the hadronization of cc̄ described by non-perturbative matrix elements

defined within NRQCD [20]. J/ψ production cross section associated with some hadron X is

[20, 21]:

dσ(J/ψ +X) =
∑

n

dσ̂(cc̄[n] +X)〈OJ/ψ
n 〉, (1.22)

where dσ̂ is the inclusive cross section for producing the cc̄ pair in the color and angular mo-

mentum state n. 〈OJ/ψ
n 〉 are the long distance matrix elements (LDME), which take account of

the transition between the cc̄ pair and the final physical state of J/ψ. The 〈OJ/ψ
n 〉 parameters

are determined in powers of v. In principal, there is unlimited number of the matrix elements

with various values of n, but in calculations only the matrix elements at small powers of v are

considered. The Fock-state decomposition of the J/ψ state, in powers of v is:

|J/ψ〉 = O(1)|cc̄[3S(1)
1 ]〉+O(v)|cc̄[3P (8)

J ]g〉+O(v2)|cc̄[3S(8)
0 ]g〉

+O(v2)|cc̄[3S(1,8)
1 ]gg〉+O(v2)|cc̄[3D(1,8)

J ]gg〉+ · · · 7
(1.23)

34

Model predictions

4

Predictions at mid-rapidity:

‣ NRQCD calculations with color octet contributions (Color Octet Model) - transverse polarization 
at higher pT,  above 5 GeV/c,  slightly longitudinal for lower pT  1.5 < pT < 5 GeV/c [1,2]

‣ NLO Color Singlet Model - longitudinal polarization at low and mid pT [3]

‣ Color Evaporation Model - has no prediction power regarding polarization [4]

Various models have different, pT dependent predictions regarding the 
J/ψ polarization
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“Transverse” and “longitudinal” 
10/34 

y 

x 

z 

_ J/ʗ ²  =  _ 1, 0 ² 

    v   1  –  cos2ɽ dN 
dɏ 

“Transverse” polarization, 
like for real photons. 
The word refers to the 
alignment of the field vector, 
not to the spin alignment! 

“Longitudinal” polarization 

y 

x 

z 

_ J/ʗ ²  =  _ 1, +1 ² 
or  _ 1, �1 ² 

    v   1  +  cos2ɽ dN 
dɏ 

(parity-conserving case) 
“Transverse” and “longitudinal” 
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Figure 1.4: Representation of the coordinate system for the J/ψ polarization measurement, in

the J/ψ rest frame. [19]

Figure 1.5: Definition of the production plane (left) and definitions of the polarization axis z in

helicity (HX), Collins-Soper (CS) and Gottfried-Jackson (GJ) reference frames (right). [19]

In the helicity frame (HX) the z axis is along the J/ψ momentum in the center of mass frame.

The Collins-Soper frame (CS) defines the z axis as a bisector of the angle formed by one beam

direction and the opposite direction of the other beam, in the J/ψ rest frame:

z =

−→
Pb

|Pb|
−

−→
Pa

|Pa|
, (1.3)

where
−→
Pa and

−→
Pb are the 3-momenta of each beam boosted into the J/ψ rest frame. In the

Gottfried-Jackson frame (GJ), the polarization axis is chosen along the momentum vector of

one beam boosted into the J/ψ rest frame.

In collider experiments, HX frame is usually used. Recently, also the CS3 frame has been

used in some collider experiments. The GJ frame is mostly applied in the fixed target experi-
3the CS frame was initially motived by Drell-Yan production

26

Decay angular distribution

5

‣ J/ψ polarization can analyzed via the angular distribution of  
the decay lepton pair

“Natural” frame (λΦ=0)z is the polarization axis

The probability of the lepton 
emission in one direction is 
represented by the distance of 
the corresponding surface 
point from the origin

‣ For the J/ψ polarization study in an experiment 
the coordinate system has to be chosen

1.3. J/ψ POLARIZATION

Decay angular coefficients

The angular distribution can be written as:

dσ

d(cosθ)dφ
∝ 1 + λθcos

2θ + λθφsin(2θ)cosφ+ λφsin
2θcos(2φ), (1.15)

where

λθ ≡
WT −WL

WT +WL
= −

1− 3ρ11
1− ρ11

λθφ ≡
√
2W!

WT +WL
=

√
2Re(ρ10)

1− ρ11

λφ ≡
2W!!

WT +WL
=

2ρ1−1

1− ρ11

(1.16)

the λθ parameter is often called the polarization parameter. Following constraints can be put on

the parameters: |λθ| < 1, |λθφ| <
√
2
2 , |λφ| < 0.5 for λθ = 0 and λφ → 0 for λθ → −1 [65].

The angular distribution coefficients can be extracted form 1-dimensional distributions. The

angular distribution integrated over φ:

W (cosθ) ∝ 1 + λθcos
2θ (1.17)

And the distribution integrated over θ:

W (φ) ∝ 1 +
2λψ

3 + λθ
cos(2φ) (1.18)

The diagonal term, λθφ, vanishes in both integrations, but can be extracted by defining variable

φ̃:

φ̃ =






φ− 3
4π for cosθ < 0

φ− 1
4π for cosθ > 0

(1.19)

TheW (φ̃) distribution is:

W (φ̃) ∝ 1 +

√
2λθφ

3 + λθ
cosφ̃ (1.20)

In general, λθ = −1 means full longitudinal polarization and λθ = 1 full transverse polar-

ization.

Frame invariant approach

In an experiment, the natural polarization axis is unknown, and a measured polarization depends

on the observable frame. As is was argued by P. Faccioli et al. [19, 62, 63, 64, 65], the chosen

29
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Polarization parameter λθ

6

‣ The angular distribution, integrated over the azimuthal angle, can 
be parametrized:

‣ The polarization parameter λθ contains both the longitudinal and 
the transverse component of  the J/ψ cross section:

✓ λθ = -1- full longitudinal polarization

✓ λθ = 0 - no polarization

✓ λθ = 1 - full transverse polarization
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λθ extraction in the analysis

7

‣ The polar angle θ is an angle between the positron momentum vector 
in the J/ψ rest frame and J/ψ momentum vector in the lab frame

‣ norm(1+λθ cos2θ)  function is fitted to corrected cosθ distributions

‣ J/ψ polarization is measured in the helicity frame - polarization axis z is 
along the J/ψ direction in the center of  mass frame   
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J/ψ reconstruction

8

J/ψ→ e+e- (BR 5.9%)

pT ≥ 1.4 GeV/c
|η| < 1
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J/ψ reconstruction

9

J/ψ→ e+e- (BR 5.9%)

pT ≥ 1.4 GeV/c
|η| < 1

|1/β-1| < 0.03
E/p > 0.5

eID
‣ TPC - dE/dx - used for whole p range

-1 < nσe < 2
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J/ψ reconstruction

10

J/ψ→ e+e- (BR 5.9%)

pT ≥ 1.4 GeV/c
|η| < 1

‣ TOF (72% of  full TOF in 2009) - β       

|1/β -1| < 0.03, for p < 1.4 GeV/c                     
 (β = pathLength/TimeOfFlight/c)

|1/β-1| < 0.03
E/p > 0.5 p [GeV/c]
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J/ψ reconstruction

11

J/ψ→ e+e- (BR 5.9%)

pT ≥ 1.4 GeV/c
|η| < 1

‣ TOF (72% of  full TOF in 2009) - β       

|1/β -1| < 0.03, for p < 1.4 GeV/c                     
 (β = pathLength/TimeOfFlight/c)

|1/β-1| < 0.03
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J/ψ reconstruction

12

J/ψ→ e+e- (BR 5.9%)

‣ BEMC - E, energy deposited in a tower  -  for e E/p ~ 1

 E/p > 0.5,  for p ≥ 1.4 GeV/c

pT ≥ 1.4 GeV/c
|η| < 1

‣ TOF (72% of  full TOF in 2009) - β       

|1/β -1| < 0.03, for p < 1.4 GeV/c                     
 (β = pathLength/TimeOfFlight/c)
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3.3. J/ψ SIGNAL AND COSθ DISTRIBUTIONS
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Figure 3.19: Invariant mass distributions of electron/positron pairs for 2 < pT < 6 GeV/c and

|y| < 1. Plot (a) shows unlike-sign pairs in black (filled circles) and like-sign pairs that represent

a combinatorial background in red (open circles). J/ψ signal to background ratio is ∼15 and

the signal significance is ∼26 σ. Plot (b) shows J/ψ signal after the combinatorial background

subtraction (blue filled circles), the red line is a MC simulation. Number of J/ψ in the mass

range 2.9 < me+e− < 3.3 GeV/c2 is ∼790.

– sig = 15.7σ

• 3 < pT < 4 GeV/c:

– NJ/ψ = 272± 18

– S/B = 13.6

– sig = 15.4σ

• 4 < pT < 6 GeV/c:

– NJ/ψ = 236± 16

– S/B = 16.9

– sig = 14.5σ

63

J/ψ signal

13

~ 790 J/ψ

S/dS ~ 26σ

background obtained using like-sign technique:

Ne-e- + Ne+e+ 

‣ Clear J/ψ signal with high significance of  26σ  in 
J/ψ pT range: 2 - 6 GeV/c and rapidity: |y|<1

‣ Obtained number of  J/ψs ~ 790 allow to split the 
signal into 3 pT bins for polarization analysis

3.3. J/ψ SIGNAL AND COSθ DISTRIBUTIONS
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|y| < 1. Plot (a) shows unlike-sign pairs in black (filled circles) and like-sign pairs that represent

a combinatorial background in red (open circles). J/ψ signal to background ratio is ∼15 and

the signal significance is ∼26 σ. Plot (b) shows J/ψ signal after the combinatorial background

subtraction (blue filled circles), the red line is a MC simulation. Number of J/ψ in the mass

range 2.9 < me+e− < 3.3 GeV/c2 is ∼790.

– sig = 15.7σ

• 3 < pT < 4 GeV/c:

– NJ/ψ = 272± 18

– S/B = 13.6

– sig = 15.4σ

• 4 < pT < 6 GeV/c:

– NJ/ψ = 236± 16

– S/B = 16.9

– sig = 14.5σ
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dataset:
‣ p+p collisions at √s = 200 GeV from year 2009

‣ ~ 33 M events with HT trigger:
2.6 GeV < ET ≤ 4.3 GeV

‣ Integrated luminosity ~ 1.6 pb-1

‣ At least one electron from the J/ψ decay has to fire the 
HT trigger

J/ψ mass window: 
2.9 - 3.3 GeV/c2

significance: S/dS = S/√(S+2B) 

after background 

subtraction
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Corrections

14

corrections include:

‣ acceptance correction
‣ tracking efficiency
‣ electron identification efficiency
‣ HT trigger efficiency 

‣ cosθ corrections are obtained from the 
simulation:

✦ MC J/ψs with uniform pT and y 
distributions were embedded into real 
events and the detector response was 
simulated

✦ simulated J/ψ are also unpolarized - 
input cosθ distribution is flat

‣ In the simulation analysis the same cuts (or 
corresponding weights) as in the data analysis, 
are used

‣ Distributions are also re-weighted  according 
to pT and y distributions from experiments



3 September 2013

ecos
-1 -0.5 0 0.5 1

ef
f

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08  pT < 3 GeV/cs2 < J/

STAR Preliminary

corrections

ecos
-1 -0.5 0 0.5 1

ef
f

0

0.02

0.04

0.06

0.08

0.1

 pT < 4 GeV/cs3 < J/

STAR Preliminary

ecos
-1 -0.5 0 0.5 1

ef
f

0

0.02
0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22  pT < 6 GeV/cs4 < J/

STAR Preliminary

ecos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

 [a
.u

.]
e

dN
/d

co
s

0

10

20

30

40

50

60

70

80  pT < 3 GeV/cs2 < J/

STAR Preliminary

raw cosθ

ecos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

 [a
.u

.]
e

dN
/d

co
s

5

10

15

20

25

30

35

40

45  pT < 4 GeV/cs3 < J/

STAR Preliminary

ecos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

 [a
.u

.]
e

dN
/d

co
s

5

10

15

20

25

30

35

40

45

50  pT < 6 GeV/cs4 < J/

STAR Preliminary

2 < J/ψ  pT < 3 GeV/c 3 < J/ψ  pT < 4 GeV/c 4 < J/ψ  pT < 6 GeV/c

15

Uncorrected cosθ

‣ Uncorrected cosθ distributions are divided by the total 
efficiency in order to obtain corrected cosθ distributions
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λ = -0.17 ± 0.29(stat.)

λ = 0.46 ± 0.40(stat.)

Corrected cosθ distributions

16

‣ Polarization parameter λ is extracted in 3 J/ψ pT bins:
2-3 GeV/c, 3-4 GeV/c and 4-6 GeV/c

‣ J/ψ polarization parameter is obtained by fitting 
norm(1+λθ cos2θ) 

function to corrected cosθ without constraints on the 
fit parameters

‣ Lines represent the most likely fit
‣ Combinatorial background subtracted

λθ = -0.48±0.16±0.14

λ = -0.32 ± 0.20(stat.)
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J/ψ polarization result

17

‣ STAR preliminary result is consistent with the NLO+  CSM and 
COM predictions

‣ RHIC J/ψ polarization measurement extended to ~5GeV/c
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Dominant sources of  
systematic uncertainties 
are: cosθ binning and 
acceptance, J/ψ mass 
range, electron 
identification cut, trigger 
efficiency.
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Summary

18

‣ First STAR J/ψ polarization measurement in p+p collisions, at mid-
rapidity and for 2 < pT < 6 GeV/c

‣ Polarization parameter λθ  is extracted in the helicity frame, in 3 J/ψ 
pT bins

‣ Obtained preliminary pT dependent polarization parameter λθ is 
consistent with NLO+ CSM and COM models predictions and with 
no polarization within uncertainties

‣ RHIC J/ψ  polarization measurement extended to ~5GeV/c

‣ Stay tuned - final STAR polarization result coming soon



Thank you !


