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When jets pass through the hot dense QCD medium created in heavy ion collisions, some

exotic structures are observed. There is enhancement of jet-associated particle yields in the η

direction along trigger jets, known as ‘the ridge’. A double peak structure referred to as ’the

shoulder’. One possible explanation for the ridge and shoulder is triangular flow or v3. We

present the two particle ∆η-∆φ correlations at PHENIX. By analyzing the Fourier spectra

of the correlation function, we find significant enhancement in the third moment in central

Au+Au collisions. We also measured v3 directly, which enables us to study how v3 affects

unfolding the jet signal from the background.

When two heavy ions collide relativistically, a hot dense QCD matter is created in the
colliding area, which is known as the quark-gluon plasma (QGP). This new type of matter
has several interesting properties. A significant energy loss has been observed for fast partons
traversing the QCD medium 1. This matter also has strong collective motion, which is quantified
as v2

2.

When two nuclei collide, the colliding area has an almond-like shape. We can extract the
anisotropy, vn, by measuring the azimuthal distribution of particles with respect to the event
plane, ψn, as Eq. 1

dN

dφ
∝ (1 + Σ2vn cosn(φ− ψn)), (1)

where vn is the nth order Fourier coefficient, and ψn is the nth order event plane. If the two
nuclei are perfectly spherical, then all the vodd term will be zero due to the azimuthal symmetry.
In reality, the Au nuclear is not a perfect sphere, therefore the colliding area is no longer a
perfect almond. In this case, since the azimuthal symmetry is broken, there should be non-zero
vodd

3.

If there is a non-zero v3 in heavy ion collisions, one of the immediate possible applications
is in two-particle azimuthal correlations. The two particle azimuthal correlations measure the
relative azimuthal angle distribution between the trigger and associated particles. Previously, in
order to study the jet shape, the underlying v2 modulated background has been subtracted from
correlation functions. This background, FL(∆φ), is described by Eq. 2, where b0 is the level
of the underlying event, and vtrig

2
and vassoc

2 are the v2 of the trigger and associated particles
respectively.

FL(∆φ) = b0(1 + 2vtrig
2

vassoc
2 cos 2∆φ) (2)



In p+p collisions, in which there is no medium, we see a back to back di-jet structure which
peaks at ∆φ ≈ 0 (same side) and π (away-side). In Au+Au collisions, after the underlying event
described by Eq. 2 has been subtracted, the shape of the jet is significantly modified. In the
away-side there is a double-peak structure where there are two peaks sitting at ∆φ ≈ π± 1. At
∆φ ≈ π, there is a local minimum instead of a peak. This double-peak structure is known as
‘shoulder’ 5,6,7. In the near-side, the peak at ∆φ = 0 remains, but with an enhancement along
the ∆η direction known as the ’ridge’ 8,9. Since v3, which is the coefficient of cos 3∆φ, peaks at
0, π/3 and 2π/3, it is a natural candidate to explain the ridge and shoulder structure.

In order to answer if v3 can fully explain these structures, we need to have direct measurement
of v3. The PHENIX experiment at Relativistic Heavy Ion Collider in Brookhaven National
Laboratory has measured the v2, v3 and v4 with two different methods, the event plane method
and the two-particle correlation method. For the event plane method, PHENIX uses several
forward detectors such as the Reaction Plane Detector (RXN, 1.0 < |η| < 2.8), Muon Piston
Calorimeter (MPC, 3.1 < |η| < 3.7) and Beam Beam Counter (BBC, 3.1 < |η| < 3.9) to
reconstruct the nth event plane, ψn. We then measured the particle distribution along with ψn,
and extract vn according to Eq. 1. The v2, v3 and v4 are measured as a function of particle pT

and centrality and are shown in Fig. 1. Fig. 1 shows that there is a non-zero v3 which exists
in all centralities. v3 increases with pT but does not have a strong centrality dependence. In
previous PHENIX meausrements 2, we published the results of v4 measured with respect to ψ2.
The v4 shown here is measured with respect to ψ4, which should maximize the v4 value. The
value here (v4{ψ4}) is significantly large than (v4{ψ2}) 2.
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Figure 1: vn measured with event plane method in various centralities.

The second method we used to measure vn is via the two particle correlations. The two parti-
cle azimuthal correlation can be expanded as a Fourier series as Eq. 3, where cn = vtrig

n (ptrig
T )vassoc

n (passoc
T )

CF (∆φ) ∝ (1 + Σ2cn cosn(∆φ)) (3)



When both trigger and associated particles are in the same pT bin, vn =
√
cn. In PHENIX,

we use both trigger and partner particles detected by the central arm (|η| < 0.35). In order to
reduce the jet contribution while still keeping enough signal, we require the η difference between
the two particles to be 0.3 < |∆η| < 0.7. The result, v3{2P}, is compared with the event plane
method and is shown in Fig. 2. The v3 from both methods agrees very well. But v3{2P} is
generally larger than v3{ψ3}.This difference is likely due to some residual jet contribution in
the two particle correlation method, which makes the measured v3 larger than the event plane
method.

We also compared these results with hydrodynamical predictions with Glauber initial state
distribution and η/s = 0.08 10. The prediction agrees well with the data, which indicates that
v3, just like v2, can be well described by viscous hydrodynamical calculations.
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Figure 2: v3 measured in event plane method and two particle correlation methods comparing with predictions.

One of the most important questions in two particle correlations is whether the ridge and
shoulder can be described by v3. In order to study this, we study the jet function from Au+Au
with the underlying event shape described by Eq. 2 removed. With the v2 only background
removed, the jet function shows a clear ridge and shoulder structure. We expand the jet function
into a Fourier series via Eq. 4

JF (∆φ) = ΣCn cosn(∆φ) (4)

In order to compare with Au+Au jet functions, we use two p+p baseline jet functions. First
we consider the case of an unmodified jet, which is simply the p+p jet itself. Second we consider
the extreme case of a fully quenched away-side jet, which can be represented by manually setting
the away-side p+p jet to zero. If the Fourier spectra of Au+Au is beyond these two baseline,
then it indicates there is some possible jet-medium interaction happening.

Fig. 3 shows the Fourier spectra of the jet function from Au+Au in 4 different centralities.
The result is compared with the two baseline p+p references. If we look at the two p+p baselines
only, we see that for the n=0 term, which is equivalent to the total yield summed over ∆φ from
0 to 2π, the unmodified p+p case is higher than the fully quenched p+p case. When looking at
the n=3 term, we see, even without the existence of the medium, simply quenching the away-side
jet increases the contribution of the third harmonic.

For the most central Au+Au case, 0-20%, the C0 term in Au+Au is significantly larger than
p+p, which is due to the existence of the ridge and shoulder. For the C1 and C2 term, the
Au+Au point is roughly between the two p+p references. For the C3 term, we see that Au+Au



is significantly larger than both p+p cases, which is not surprising due to the clear ridge and
shoulder structure. This enhancement is much larger than simply quenching the away-side
jet can provide, which means there must be some other source which contributes to this strong
enhancement. At the current stage, we do not know what the main sources for this enhancement
is. Also notable is that the C4 term seems to have some excess compared to p+p.

In conclusion, PHENIX has measured the higher harmonics, v2, v3 and v4 in various cen-
trality and pT combinations with two different methods. The measured v3 is described well by
hydrodynamical calculations. When studying the Fourier spectra of the jet functions (with v2
shape background subtracted) in Au+Au compared to p+p, we see that the third harmonic, C3,
is significantly larger in Au+Au, which indicates some source other than the jet contributes to
this anomalous enhancement.
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Figure 3: Fourier spectra of Au+Au jet functions in different centralities and compare with p+p.
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