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The spin alignment of the φ -meson is sensitive to different hadronization scenarios and the vortic-
ity of the colliding system. We present the STAR’s measurement of spin alignment for φ -mesons
produced at mid-rapidity with transverse momentum up to 5 GeV/c. The alignment is quantified
by the diagonal spin density matrix elements ρ00 with respect to the normal of the 1st order event
plane, which is reconstructed with the Zero Degree Calorimeters. The results are presented as a
function of the transverse momentum and collision centrality for the beam energies of 11.5, 19.6,
27, 39 and 200 GeV. The implications of our results are discussed.
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1. Introduction

Measurements of the particle polarization in relativistic heavy-ion collisions can provide in-
formation about the dynamics of the Quark Gluon Plasma (QGP) [1–4]. In particular, the initial
global angular momentum in non-central heavy-ion collisions may be transferred by baryon stop-
ping, in part, to the fireball, and lead to the global polarization of produced quarks [5–10]. Through
the hadronization process, the global polarization of quarks will be manifested as the global po-
larization of hyperons as well as the spin alignment of vector mesons. For example, it has been
argued [6] that the transverse dependence of the spin alignment of φ -meson is sensitive to different
hadronization scenarios and the vorticity of the colliding system.

With data taken in year 2004 at the Relativistic Heavy Ion Collider (RHIC), the STAR ex-
periment has published the global spin alignment of φ(1020) and K∗0(892) mesons in Au+Au
collisions at

√
sNN = 200 GeV [11]. The study was based on 20 M events and no significant result

was reported due to limited statistics at that time. In this analysis, we report STAR’s measure-
ment of φ -meson spin alignment with respect to the global angular momntum reconstructed with
the 1st-order and 2nd-order event planes, with larger data sets taken in year 2010 (100M Au+Au
events at

√
sNN = 39 GeV, 3M at

√
sNN = 11.5 GeV) and 2011 (500M at

√
sNN = 200 GeV, 30M

at
√

sNN = 27 GeV, 10M at
√

sNN = 19.6 GeV).
For spin-1 vector mesons like φ , the spin alignment can be described by a 3× 3 spin density

matrix ρ with unit trace [12]. The deviation of the diagonal elements of ρmm (m = −1,0,1) from
1/3 signals about nets spin alignment. Out of three diagonal elements, only ρ00 is independent of
the other two (ρ−1−1 and ρ11 are degenerate). For a two-body decay (φ → K++K− in our case),
the angular distribution of one of the decay products can be written as:

dN
d(cosθ ∗)

∝ (1−ρ00)+(3ρ00−1)cos2
θ
∗, (1.1)

where θ ∗ is the angle between the quantization axis (L) and the momentum direction of a daughter
particle (K+ in this case) in the rest frame of the parent vector meson. Here L is the direction of
global angular momentum and is perpendicular to the reaction plane [13]. Fitting the measured
cosθ ∗ distribution with the above equation will allow one to extract ρ00.

Possible hadronization scenarios of spin-1 vector mesons have been discussed in [6]. Based
on model calculations, the recombination of polarized quarks and anti-quarks in QGP, which likely
dominates at low pT and middle rapidity region, will result in ρ00 < 1/3, while the fragmentation
of polarized quarks, which likely happens at large pT and forward rapidity region, will result in
ρ00 > 1/3.

2. Data sets and analysis cuts

In our analysis, all data are taken by a minimum bias trigger. φ -mesons are reconstructed via
the φ → K+K− channel. Two daughter tracks are required to have more than 15 space points in
the Time Projection Chamber (TPC) [14], and their distances of closest approach (DCA) less than
2 cm from the primary vertex. Low-momentum (pT < 0.65GeV/c) K+ and K− are identified either
by the energy loss (〈dE/dx〉) inside the TPC, or together with the mass square (m2) measured by
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the Time-of-Flight (TOF) detector [15]. At larger momenta (pT > 0.65GeV/c), both the 〈dE/dx〉
and the m2 information are used for particle identification.

The 1st-order event plane is reconstructed by the Shower Maximum Detector at the Zero De-
gree Calorimeters (ZDC-SMD) [16] and flattened by the shifting method [13]. The flattening is
applied once every 10 runs (about 6×104 events in Au+Au collisions at 200 GeV). The 2nd-order
event plane is reconstructed by tracks inside TPC.

3. Results and discussions

In our analysis, we obtain the yield of φ -mesons by fitting the invariant mass distribution of
K+K− pairs. The background is obtained using the event mixing technique. Figure 1 shows a
typical K+K− distribution in the φ -meson mass region, which, after background subtraction, is
fitted with Briet-Wigner function:

BW (minv) =
1

2π

AΓ

(minv−mφ )2 +(Γ/2)2 , (3.1)

with the 2nd-order polynomial function for residual background to extract the raw φ -meson yield.
Here Γ is the width of the distribution. A is the area of the distribution, which equals to the raw
yield scaled by the bin width (= 0.001 GeV/c2).
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Figure 1: The K+K− invariant mass distribution in the φ -meson mass region and the corresponding fitting
for the centrality class of 40%−50%, with selection on φ -particle’s pT of 1.2 < pT < 1.8 GeV/c. The ρ00

was estimated from the fit to the data (line).

With the yield of φ -particle obtained for different cosθ ∗ bins, we can extract the observed
ρ00 by fitting the yield distribution with equation 1.1, as shown in Figure 2. The observed ρ00

needs to be corrected for finite event plane resolution. The correction factor on (ρ00− 1
3 ) is ( 4

1+3R),
where R = 〈cos2(ψobserved−ψreal)〉 is the event plane resolution which can be determined by the
correlation between two sub-events [13].

Figure 3 shows our measurement of ρ00 as a function of transverse momentum for Au+Au
collisions at

√
sNN = 200 GeV. Non-trivial pT dependence is seen in this plot. At pT ∼ 1.5 GeV/c,
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Figure 2: The cosθ ∗ distribution measured for 40%–50% central Au+Au collisions with selection on φ -
particle’s pT of 1.2 < pT < 1.8 GeV/c.
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Figure 3: ρ00 as a function of pT for Au+Au collisions at
√

sNN = 200 GeV.

ρ00 after event plane resolution correction is significantly larger than 1/3. However, the fragmen-
tation is not expected to dominate the production in this pT region (∼ 1.5 GeV/c), so the possible
reason for the large ρ00 requires further theoretical consideration. As a test, the values of ρ00 were
extracted after randomizing the direction of the quantization axis, L. Values of 1/3 were obtained
as expected.

To compare with the result reconstructed with the 2nd-order event plane, we need to take the
decorrelation between the 1st- and 2nd-order event planes into considerration:

ρ
2nd
00 −

1
3
=

1+3D12R1

1+3R2
(ρ1st

00 −
1
3
), (3.2)

where R1,2 = 〈cos2(ψ1,2−ψreal)〉 are the event plane resolution for 1st(2nd)-order event plane
(ψ1,2), and D12 = 〈cos2(ψ1−ψ2)〉. Figure 4 shows that, with decorrelation taken into account, the
result obtained with the 1st- and 2nd-order event plane are compatible.
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Figure 4: ρ00 as a function of pT for Au+Au collisions at
√

sNN = 200 GeV. In order to compare with the
result obtained with the 2nd-order event plane (presented as a poster by X. Sun at Quark Matter 2017, the
error was overestimate due to not fully understanding the effect of resolution correction.), the decorrelation
formula is used on the result obtained with the 1st-order event plane.
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Figure 5: The ρ00 as a function of centrality for Au+Au collisions at
√

sNN = 200 GeV.

Figure 5 shows our measurement of ρ00 as a function of centrality for Au+Au collisions at
√

sNN = 200 GeV. The upper and lower bounds of the systematic uncertainties in this plot (as well
as other plots in this paper) are determined by repeating the study with the combination of different
track quality cuts and fitting functions. The result was obtained by integrating the ρ00(pT ) over
pT > 1.2 GeV/c to avoid the large systematics associated with the lowest pT point in Fig. 3. ρ00 is
around 1/3 in most-central collisions, which is consistent with the small initial angular momentum
due to the symmetry. For mid-central collisions, the ρ00 is significantly larger than 1/3. The ρ00

goes back to around 1/3 in very peripheral collisions, and a possible explanation is that the large
initial orbital angular momentum is mostly carried away by spectators and little remains in particles
produced at middle rapidity.

In very peripheral collisions when two colliding nuclei just graze each other, although the ini-
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Figure 6: The ρ00 as a function of energy for Au+Au collisions.

tial orbital angular momentum is large it is mostly carried away by spectators, and little remains in
particles produced at midrapidity; to the other extend, in very central collisions, the initial angular
momentum is small due to the symmetry reason.

Figure 6 shows our measurement of ρ00 as a function of energy for Au+Au collisions. We
observe that ρ00 are significantly larger than 1/3 at

√
sNN = 39 and 200 GeV.

4. Summary

Non-trivial dependence of ρ00 as a function of pT and centrality has been observed with the
1st-order event plane for Au+Au collisions at

√
sNN = 200 GeV. The measured ρ00 is > 1/3 for

1.2 < pT < 1.5 GeV/c in non-central collisions. For ρ00 integrated from pT > 1.2 GeV/c, the
deviation from 1/3 is found to be significant at

√
sNN = 39 and 200 GeV.

This is the first observation of the spin alignment observable, ρ00, deviating significantly from
1/3. Vorticity induced by initial global angular momentum and particle production from quark
fragmentation are possible contributions to these observations.
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