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We present measurements of three-particle correlations for various harmonics in Au+Au collisions
at energies ranging from /sy = 7.7 to 200 GeV using the STAR detector. The quantity (cos(m¢1+
ng2 — (m + n)¢3)), with ¢ being the azimuthal angles of the particles is evaluated as a function of
V/sNN, collision centrality, transverse momentum, pr, pseudo-rapidity difference, An, and harmonics
(m and n). These data provide detailed information on global event properties like the three
dimensional structure of the initial overlap region, the expansion dynamics of the matter produced
in the collisions, and the transport properties of the medium. A strong dependence on A7 is observed
for most harmonic combinations which is consistent with breaking of longitudinal boost invariance.
An interesting energy dependence is observed when one of the harmonics m, n, or m + n is equal to
two, for which the correlators are dominated by the two particle correlations relative to the second-
harmonic event-plane. These measurements can be used to constrain models of heavy-ion collisions
over a wide range of temperature and baryon chemical potential.



115 I. INTRODUCTION

us  Heavy nuclei are collided at facilities like the Relativis-
u7 tic Heavy Ion Collider (RHIC) and the Large Hadron
us Collider (LHC) in order to study the emergent proper-
1o ties of matter with quarks and gluons as the dominant
1o degrees-of-freedom: a quark-gluon plasma (QGP) [1-4].
121 The QGP is a form of matter that existed in the early
122 universe when its ambient temperature was more than
123 155 MeV or 200 thousand times hotter than the center
e of the sun [5, 6]. As temperatures drop, quarks and glu-
125 ons no longer possess the energy necessary to overcome
126 the confining forces of QCD and they become confined
127 into color neutral hadrons and the QGP transitions into a
s gas of hadrons [7]. This transition occurred in the early
10 Universe at about one microsecond after the big bang.
130 Heavy-ion collisions provide the only known method to
1 recreate and study that phase transition in a laboratory
132 setting.

133 To provide the clearest possible picture of this phase
134 transition, a beam energy scan was carried out at RHIC
15 with collision energies ranging from ,/snny=200 GeV
16 down to 7.7 GeV. Lowering the beam energy naturally
w7 reduces the initial temperature (T') of the matter cre-
s ated in the collisions, as well as increases the baryon
130 chemical potential pp, providing information on how the
1o transport properties and equilibrium of the matter vary
won the T and pp plane of the QCD phase diagram [§].
12 These heavy-ion collisions create systems that are both
13 very small and short-lived. The characteristic size of the
14 collision region is the size of a nucleus or approximately
us 10714 meter. After a collision, the system expands in
us the longitudinal and transverse directions so that the en-
w7 ergy density drops quickly. Any quark gluon plasma that
s exists will only survive for approximately 5 x 10723 sec-
1o onds. Given the smallness of the system and its very brief
150 lifetime, it is challenging to determine the nature of the
151 matter left behind after the initial collisions. Physicists
12 rely on indirect observations based on particles stream-
153 ing from the collision region which are observed long after
15« any QGP has ceased to exist. Correlations between these
155 produced particles have provided insight into the early
156 phases of the expansion as well as the characteristics of
157 the matter undergoing the expansion [9]. The depen-
155 dence of the correlations on the azimuthal angle between
150 particles A¢p = ¢1 — ¢o has proven to be particularly in-
10 formative. Data have revealed that even when particle
161 pairs are separated by large angles in the longitudinal di-
12 rection (large An), they remain strongly correlated in the
163 azimuthal direction. One example of these correlations is
164 & prominent ridge-like structure that can be seen in the
165 two-particle correlations; and this ridge is associated with
16 an enhanced correlation near A¢ ~ 0 and 7 and a long-
17 range structure in An [10]. The origin of this ridge has
168 been traced to the initial geometry of the collision region
10 where flux tubes are localized in the transverse direction
o but stretch over a long distance in the longitudinal direc-
wmn tion [11-14]. The degree to which these structures from

12 the initial geometry are translated into correlations be-
173 tween particles emitted from the collision region reveals
17s information about the medium’s viscosity. For example,
ws larger viscosity will result in weaker correlations [15]. To
s study these effects, it is convenient to examine the coef-
17 ficients of a Fourier transform of the A¢ dependence of
ws the two-particle correlation functions [16]. These coeffi-
170 cients have been variously labeled as a,, or v2{2} where
10 1 i the harmonic and the quantity in curly brackets in-
a1 dicates a two-particle correlation. Although the latter is
12 perhaps more cumbersome, we have maintained its usage
183 owing to its connection to the original terminology used
184 for two-particle cumulants which has been in use for more
165 than a decade [17]. The coefficients v2{2} = (cosn(Ag))
1 have previously been studied as a function of /sy, cen-
w7 trality, harmonic n, pr, and An [18]. In this paper,
188 we extend this analysis from two-particle correlations to
180 three-particle mixed harmonic correlations of the form
wo (cos(mepr + ngz2 — (m +n)es)) [19] where m and n are
101 positive integers.

12 Extending the analysis of azimuthal correlations from
103 two to three particles provides several benefits. First,
10s the three particle correlations provide greater sensitivity
15 to the three-dimensional structure of the initial state by
106 revealing information about the two-particle An — Ag¢
17 correlations with respect to the reaction plane. Many
s models of heavy-ion collisions make the simplifying as-
19 sumption that the initial geometry of the collision overlap
200 does not vary with rapidity and that a boost invariant
201 central rapidity plateau is expected [20]. It is likely how-
202 ever that this assumption is broken by the asymmetric
203 nature of the initial state in the longitudinal direction and
200 that precise comparisons between models and data will
205 Tequire a better understanding of the initial state fluc-
205 tuations in all three dimensions [21]. In addition, new
207 measurements can constrain the model parameters [22—
208 25]. While signals seen in two-particle correlations may
200 be driven by multiple effects, three-particle correlations
210 can break those ambiguities. This is important as models
a1 become more sophisticated by including bulk viscosity,
a2 shear viscosity, and their temperature dependence [26].
213 Also, three-particle correlations reveal information about
212 how two-particle correlations change as a function of their
215 angle with respect to the reaction plane. When one of
216 the harmonics m, n, or m + n is equal to two, that har-
217 monic will be dominated by the preference of particles to
218 be emitted in the direction of the reaction plane. This
210 feature has been exploited to study charge separation
220 relative to the reaction plane through measurements of
21 the charge dependence of (cos(¢1 + 2 — 2¢3)) [27, 28].
22 The motivation for those measurements was to search for
23 evidence of the chiral magnetic effect (CME) in heavy-
2 ion collisions [29-31]. By extending the measurements
25 to other harmonics we can ascertain more information
26 about the nature of the correlations interpreted as evi-
227 dence for CME. Finally, three-particle correlations reveal
2 information about how various harmonics are correlated
20 with each other. For example, Teaney and Yan [22] orig-



23 inally proposed the measurement of (cos(¢1 4 22— 3¢3))
2 because initial state models predict a strong correlation
212 between the first, second and third harmonics of the spa-
233 tial density distribution. That correlation can be traced
23 to collision geometries where a nucleon from one nucleus
235 fluctuates toward the edge of that nucleus and impinges
236 on the oncoming nucleus. This leads to something simi-
237 lar to a p + A collision and a high density near the edge
238 of the main collision region. That configuration increases
23 the predicted v by a factor of 2-3 in noncentral collisions
20 80 that vg deviates from the 1/y/Npart dependence one
2 would expect from random fluctuations in the positions
212 of the nucleons participating in the collision [15, 16, 18].
23 In analogy to a p + A collision, this configuration should
214 also be asymmetric in the forward and backward rapid-
us ity directions; again pointing to the importance of un-
s derstanding the three dimensional structure of the initial
27 state [32*35]

In this paper we present measurements of (cos(m¢, +
unda — (m + n)ds)) as a function of energy, centrality,
0 An, pr, and harmonics m and n. Our data confirm the
251 correlations between the first, second and third harmon-
2 ics predicted by Teaney and Yan, but the An depen-
253 dence points to the importance of including the three-
s dimensional structure of the initial state in the model
255 calculations.

248

6 Beyond the correlation of first and the third harmon-
257 ics discussed above, the study of three particle correla-
28 tions is also important in understanding the hydrody-
0 namic evolution of the system. If azimuthal correlations
x0 are dominated by hydrodynamic flow, one can expect
261 the three-particle correlator for higher order harmonics
x2 to be dominated by correlations of flow harmonics v,
%3 and the corresponding event planes ¥,. More specifi-
264 cally, one can expect the approximate relations to hold
265 (cos(map1 +nga — (M—+n)p3)) ~ (U UpUm4n cos(mV,, +
266 NV, — (m + n)W,,1,)), for higher order m,n > 1 har-
27 monics. For harmonics m,n = 1, factorization breaking
268 will lead to violation of these approximations [36]. For
20 example, in case of (m,n = 1,m 4+ n = 2), one expects
270 <COS(¢1 + (252 - 2¢3)> ~ <v2 COS(¢1 + (252 - 2\112», i.€. only
on the harmonic m + n = 2 associated with the third par-
o ticle can be replaced by vy and ¥y [31]. One can not
23 express (cos(¢1 + @2 —2¢3)) as (vV¥vy cos(2¥; —2Ws)) due
an to factorization breaking [36, 37]. As we discuss in the
a5 following sections, these correlators provide novel ways
o to study the initial state geometry [38] and non-linear
27 hydrodynamic response of the medium [23, 24]. One im-
278 portant point must be noted, the event planes ¥, are
279 distinet from the reaction plane ¥ip determined by the
20 plane of the impact parameter and the collision direc-
21 tion. However, due to the almond shape of the overlap
22 region of two nuclei in heavy ion collisions, vo becomes
283 the dominant flow coefficient and W5 may be used as a
2sa good proxy for Wgrp. Therefore, if either of m, n, or
s m + n is equal to two, the three particle correlations
286 should be dominated by two particle correlations with
aer respect to Wrp, i.e., (cos(2¢1 + meoa — (m + 2)¢3)) =

28 (V2 coS(2URp + Mmoo — (m + 2)¢3)). We explore these
280 correlations in detail.

In the next section of the paper, we describe the ex-
201 periment and the analysis of the data (Sec. IT).We then
202 present the results in Sec. III including the An depen-
203 dence (Sec. IIT A), the centrality dependence (Sec. 111 B),
20 the pr dependence (Sec. I C), and the beam energy de-
205 pendence (Sec. IIID). Our conclusions are presented in
26 Sec. IV. Finally, we discuss measurements of v2{2} for
27 n=1,2,4, and 5 in an appendix.

290

II. EXPERIMENT AND ANALYSIS

298

Our measurements make use of data collected from
Au+Au collisions with the STAR detector at RHIC in the
years 2004, 2010, 2011, 2012, and 2014. The charged par-
ticles used in this analysis are detected through their ion-
ization energy loss in the STAR Time Projection Cham-
ber [39]. The transverse momentum pr, 1, and charge are
determined from the trajectory of the track in STAR'’s
solenoidal magnetic field. With the 0.5 Tesla field used
during data taking, particles can be reliably tracked
for pr > 0.2 GeV/c. The efficiency for finding parti-
cles drops quickly as pr decreases below this value [40].
Weights have been used to correct the three-particle cor-
relation functions for the pr-dependent efficiency and for
imperfections in the detector acceptance. The quantity
analyzed and reported is

Om,n,ern - <COS(m¢1 + n¢2 - (m + n)¢3)> =
< <Zi,j,k wiw;wy cos(me; +ng; — (m + ”)¢k>> >

Zi,j,k Wi W5 Wk

(1)

200 where () represents an average over events and ), ., is
300 & sum over unique particle triplets within an event. Each
;0 event is weighted by the number of unique triplets in that
sz event. The weights w; ;1 are determined from the inverse
a03 of the ¢ distributions after they have been averaged over
s many events (which for a perfect detector should be flat)
s0s and by the pr dependent efficiency. The w; ;; depend
w6 on the particles’” pp, n, and charge and the collisions’
so7 centrality and z-vertex location. The correction proce-
w08 dure is verified by checking that the ¢ distributions are
s00 flat after the correction so that (cosn(¢)) and (sinn(¢))
a0 are near zero. With these corrections, the data repre-
au sent the Cy, p m+n that would be seen by a detector with
sz perfect acceptance for particles with pp > 0.2 GeV/c and
a3 || < 1. In practice, calculating all possible combinations
ais of three particles individually would be computationally
a1s too costly to be practical, particularly for the larger data
a6 sets at 200 GeV. In that case we use algebra based on
sz Q-vectors to reduce the computational challenge [41]. In
a1 this approach, one can avoid the three nested loops as
a1 required for sums over the three particles 4, j, k in Eq.1.
120 One can, instead, perform a single loop over the list of



sz particles, calculate @, Qn, Qm+yn and use the algebra
22 of Ref. [41] to calculate phase space (n,pr) integrated

323 U on,m+n as

(2)

Cm,n,m-{-n = N(

m X
(QananJrn - QmQ:n - QnQ* Qm+an+n )

s where Q,, = > j e and N is the total number of parti-
a5 cles. This is possible because for phase space integrated
226 quantities, the three particles i, j, k are treated as indis-
327 tinguishable and the information about all triplets can be
»s contained in the complex numbers @, Qn, Qmin [41].
20 Differential measurements like the An dependence of the
a0 correlations, however, need more computations. This is
su because for such calculations only one particle (k) is in-
322 tegrated over all phase space, which can be represented
a3 by a single Q-vector @,,. The information of the two
s3¢ other particles (4, 7) is to be determined at specific val-
335 ues of An = n; —n; which is possible only by performing
336 two additional nested loops. For standard mathemati-
s cal formulas to express different correlators in terms of
s Q—vectors, we refer the reader to Ref. [41].

Studying the An dependence of the correlations also
a0 allows us to correct for the effect of track-merging on
su the correlations. Track-merging leads to a large anti-
a2 correlation between particle pairs that are close to each
a3 other in the detector. The effect becomes large in central
aas collisions where the detector occupancy is largest. After
us weight corrections have been applied to correct for single
us particle acceptance effects, the effect of track-merging is
a7 the largest remaining correction.

339

us  We divide the data into standard centrality classes (0-
310 5%, 5-10%, 10-20%,... 70-80%) based on the number of
350 charged hadrons within |n| < 0.5 observed for a given
sstevent. In some figures, we will report the centrality in
sz terms of the number of participating nucleons (Npart)
353 estimated from a Monte Carlo Glauber calculations [40,
354 42] .

s The three-particle correlations presented in this pa-
36 per are related to the low-resolution limit of the event-
37 plane measurements that have been explored at the
sss LHC [43]. Corresponding results can be found by divid-
350 INg Chyy nomtn DY (UmUnVmn). Typically, however, v, is
w0 measured from a two-particle correlation function such
se1 as the two-particle cumulants v, = /v2{2} or a simi-
s lar measurement and the v2{2} are not positive-definite
ses quantities. As such, y/v2{2} can, and often does, become
s imaginary. This is particularly true for the first harmonic
ss and also at lower collision energies. For this reason we
366 report the pure three-particle correlations which, in any
w7 case, do not suffer from the ambiguities related to the
ss low- and high-resolution limits associated with reaction
30 plane analyses [19, 44] and are therefore easier to inter-
s pret theoretically.

IIT. RESULTS

371

In this section, we present the An dependence of the
a3 three-particle correlations for several harmonic combina-
sa tions corrected for track-merging. After removing the
ars effects of track merging and Hanbury Brown and Twiss
s (HBT) correlations [45], we integrate over the An de-
a7 pendence of the correlations and present the resulting
s integrated correlations as a function of centrality for the
s energies /snny=200, 62.4, 39, 27, 19.6, 14.5, 11.5, and
w0 7.7 GeV. We also investigate the pr dependence of the
s correlations by plotting them as a function of the pp of
a2 either the first or second particle used in the correlation,
;3 1.€. the ones associated with the two lower harmonics.
s Finally, we study the dependence on the beam energy.
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A. An Dependence
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FIG. 1. (color online) The An dependence of C1,1,2 scaled

by Ngart for 9 centrality intervals with the three most central
classes shown in the top panels and the three most peripheral
in the bottom. The Npart values used for the corresponding
centralities are 350.6, 298.6, 234.3, 167.6, 117.1, 78.3, 49.3,
28.2 and 15.7. In the panels on the left, An is taken between
particles 1 and 2 while on the right it is between particles 1
and 3 (which is identical to 2 and 3 since m = n = 1 for
C1,1,2). Data are from 200 GeV Au+Au collisions and for
charged hadrons with pr > 0.2 GeV/¢, |n| < 1.



386 Figure 1 shows the An dependence of Cf ;2 scaled by
w1 N2, for charged hadrons with pr > 0.2 GeV/c and
s || < 1. The scaling accounts for the natural dilution
0 Of correlations expected if the more central collisions can
30 be treated as a linear superposition of nucleon-nucleon
sa collisions. Results for nine different centrality intervals
s from 200 GeV Au+Au collisions are shown. We do not
303 include the uncertainty on Ny in our figures. The left
s panels show the correlations as a function of the differ-
s0s ence in 7 between the first and second particle. Note that
s the subscripts in Cyy,  m+n refer to the harmonic number
se7 while the subscripts for the 7 refers to the particle num-
38 ber. The right panels show the same but as a function
a9 of the difference between particles 1 and 3. The Cy 12
a0 correlation is similar to the correlation used in the search
w01 for the chiral magnetic effect except that we do not sep-
w2 arate out the cases when particles 1 and 2 have like-sign
a3 charges vs unlike-sign charges as is done when looking
s0s for charge separation with respect to the reaction plane.
s These measurements can be approximately related to the
w6 reaction-plane based measurements by scaling the three-
w7 particle correlations by 1/ve. We note that the difference
a8 in C 1,2 for different charge combinations is as large as
a0 the signal with C7 12 being nearly zero for unlike-sign
a0 combinations of particle 1 and 2. This correlation may
s also be influenced by momentum conservation effects as
a2 well. It’s not clear however how those effects would be
a3 distributed with respect to An.

aia  In the left panels of Fig. 1, we see a strong dependence
as for C 12 on |1 —n2|. In central collisions, the data start
a5 out negative at the smallest values of |n; — 12| but then
a7 begin to increase and become close to zero or even pos-
s itive near |m — n2| = 1.5. At small | — 72|, a narrow
a0 peak is seen in the correlation that is related to HBT.
w20 As we progress from central to peripheral collisions, the
a1 trends change with C'y 1 2 in peripheral collisions exhibit-
2 Ing a positive value at small |n; — 72|, perhaps signaling
23 the dominance of jets in the correlation function in the
a4 peripheral collisions.

The left panels share the same scales as the right panels
2 making it clear that the dependence of Cy 1 2 on |9 —ns]
«7 is much weaker than the dependence on |n; —72|. This is
w28 expected since the e~2i93 term in 0171,2=<ei¢1ei¢26_2i¢3)
29 will be dominated by the global preference of particles to
a0 be emitted in the direction of the reaction plane. For all
31 but the most central collisions, the almond shaped ge-
s ometry of the collision overlap region is approximately
a3 invariant with rapidity. This is not likely the case for
s other harmonics [32-35]. For example, in Ref [34] it
135 was demonstrated using AMPT calculations that in typ-
136 ical mid-central heavy ion collisions, the longitudinal de-
a7 correlation of the second order flow harmonics is about
s 2 — 3%, whereas for the third order harmonics it is about
0 15%, over two units of rapidity.

425

uo  Figure 2 shows C 23 scaled by N2, as a function of
a1 |n1 — n2| (left panels) and |n — 73| (right panels). In this
a2 case, C1 23 exhibits a stronger dependence on | — 73]

a3 than on | — 2], The dependence (both magnitude and
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FIG. 2. (color online). The An dependence of Ci 2 3 scaled

by Ngart for 9 centrality intervals with the three most central
classes shown in the top panels and the three most peripheral
in the bottom. In the panels on the left, An is taken between
particles 1 and 2 while on the right it is between particles
1 and 3. Data are from 200 GeV Au+Au collisions and for
charged hadrons with pr > 0.2 GeV/c, |n| < 1.

s variation) of Cy o 3 with |z —ns| is very similar to the de-
s pendence with |1 — 12| and is omitted from the figures to
s improve legibility. Again, the e2%2 component of C} 5 3 is
a7 dominated by the reaction plane which is largely invari-
ws ant within the n range covered by these measurements
a9 80 that Cq 23 depends very little on the 72, |m — n2l,
o or |n2 — n3|. However, C} 23 depends very strongly on
w1 |m1 — m3|. This dependence may arise from the longitu-
2 dinal asymmetry inherent in the fluctuations that lead
453 to predictions for large values of Cy 23 [24]. Aforemen-
ssa tioned, in models for the initial geometry, the correlations
sss are induced between the first, second, and third harmon-
w6 ics of the eccentricity by cases where a nucleon fluctuates
w57 towards the edge of the nucleus [46]. If that occurs in the
sss reaction plane direction and towards the other nucleus in
ss0 the collision, then that nucleon can collide with many nu-
w0 cleons from the other nucleus. This geometry will cause
se1 the first and third harmonics to become correlated with
ss2 the second harmonic. Since the collision of one nucleon
a3 from one nucleus with many nucleons in the other nucleus
w4 18 asymmetric along the rapidity axis, we argue that we



w5 can expect a strong dependence on | — n3]. Models
a6 that assume the initial energy density is symmetric with
s rapidity (boost invariant) will likely fail to describe this
w8 behavior. One may also speculate that the variation with
w0 |n1 — m3| could arise from sources like jets or resonances
a0 particularly if they interact with the medium so that they
an become correlated with the reaction plane. Making use
a2 of the full suite of measurements provided here will help
a3 discriminate between these two scenarios.
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FIG. 3. (color online) The An dependence of C3 24 scaled

by N,?m for 9 centrality intervals with the three most central
classes shown in the top panels and the three most peripheral
in the bottom. In the panels on the left, An is taken between
particles 1 and 2 while on the right it is between particles 1
and 3 (which is identical to 2 and 3 since m = n = 2 for
C2,2,4). Data are from 200 GeV Au+Au collisions and for
charged hadrons with pr > 0.2 GeV/c, |n| < 1.

wm In Fig. 3, we present the |n, — 12| and |y — 03| de-
s pendence of Cy 2 4. This correlation is more strongly in-
ars fluenced by the reaction plane correlations and exhibits
s much larger values than either Cy 12 or Ci23. The
ws dependence on |n; — 12| and | — 13| are also weaker
a9 with C22 4 in central and mid-central collisions show-
w0 ing little variation over the | — 72| range, consistent
w1 with a mostly n-independent reaction plane within the
w2 measured range. A larger variation is observed with
a3 |1 — n3| which in mid-central collisions amounts to an
4 approximately 20% variation. We also note that in mid-
a5 central collisions, the change in value of Cs 24 over the

s range 0 < |n1 — n3| < 2 is similar in magnitude to the
a7 change of C 12 over 0 < |my — 12| < 2 and C 2,3 over
a8 0 < |’I71 —773| < 2.
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FIG. 4. (color online) The An dependence of C3 35 scaled
by Ngart for 9 centrality intervals with the three most central
classes shown in the top panels and the three most peripheral
in the bottom. In the panels on the left, Az is taken between
particles 1 and 2 while on the right it is between particles
2 and 3. Data are from 200 GeV Au+Au collisions and for
charged hadrons with pr > 0.2 GeV/¢, |n| < 1.
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s In Fig. 4, we present the |n, — 12| and |ny — 03| de-
a0 pendence of Cy35. Again, Cs 35 only exhibits a weak
1 dependence on |n; — 12| but a stronger dependence on
w2 |n2 — n3|. The dependence of Ca35 with |mj1 — n3| is
w03 found to be very similar to that with |n; — 72|, we have
s0s therefore omitted it from the figures. In central and mid-
a5 central collisions, a strong short-range correlation peak at
a6 |2 — 3| < 0.4 is observed; it is consistent with HBT and
w7 Coulomb correlations that vary with respect to the re-
sss action plane. In addition to that peak, Cs 35 decreases
w0 as |ny — n3| increases. Although the relative variation
s0 of Co 35 is similar to C 2 4, the change in magnitude is
so0 much smaller than for 017172, 0172_’3, or 0272_’4.

The combination of the various C, 1, m+n can help elu-
s03 cidate the nature of the three-particle correlations. If
soe the |11 —n3| dependence of C 5 3 arises from correlations
sos between particles from jets correlated with the reaction
sos plane, we would expect the particles at small An to pre-
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sor dominantly come from the near-side jet (at A¢ &~ 0) and
sos particles at larger An to come from the away-side jet (at
s0 Ap ~ 7 radians). In that case, at small An, Ch, . min
si0 for all harmonics will have a positive contribution from
su the jets. The same is not true however for large An where
si2 we would expect the correlations to be dominated by the
si3 away-side jet separated by 7 radians. For this case at
sularge An, C112 and (2,3 would receive negative con-
s15 tributions from the away side jet while C 54 and Cy 35
sis would both receive positive contributions. The trends
si7 observed across the variety of Ci, pm+n Mmeasurements
s are inconsistent with this simple picture with Cs 24 de-
s creasing by nearly the same amount as C1 23 as An is
s increased. A more complicated picture of the effect of
sz1 jets would therefore be required to account for the ob-
s22 served data but it appears difficult to construct a non-
s23 flow scenario that can account for the long-range vari-
s2¢ ation of Oy, . myn. Breaking of boost-invariance in the
s2s initial density distributions may provide an explanation
s for the observed variations but we do not know of any
s27 specific model that has been shown to describe our data.

528

B. Centrality Dependence

s0 In Figs. 5 and 6 we show C)y, 1, m+n correlations scaled
530 by Ngart with (mvn) = (17 1)a (152)7 (153)7 (232)7 (273)3
sn (2,4), (3,3), and (3,4) for /5..=200, 62.4, 39, 27, 19.6,
s2 14.5, 11.5, and 7.7 GeV Au+Au collisions as a function
533 0f Npare. Data are for charged particles with || < 1
sw and pr > 0.2 GeV/c. The correlation Co 2 4, by far the
s3s largest of the measured correlations, has been scaled by a
s3 factor of 1/5. Otherwise, the scales on each of the three
ss7 panels are kept the same for each energy to make it eas-
s38 ier to compare the magnitudes of the different harmonic
s3 combinations.

At 200 GeV, C1 1 2 is negative for all centralities except
sa for the most peripheral where it is slightly positive but
s2 consistent with zero. (2 3 is consistent with zero in pe-
se3 ripheral collisions, positive in mid-central collisions but
s then becomes negative in central collisions. If the second
ses and third harmonic event planes are uncorrelated, then
ss6 C1,2,3 should be zero. The C) 53 correlation is non-zero
s deviating from that expectation. The magnitude is how-
s ever much smaller than originally anticipated based on
se0 @ linear hydrodynamic response to initial state geometry
ss0 fluctuations [22]. Non-linear coupling between harmon-
ss11cs, where the fifth harmonic for example is dominated
ss2 by a combination of the second and third harmonic, has
553 been shown to be very important [23, 47]. In the case of
s+ C1,2,3, the non-linear contribution has an opposite sign to
sss the linear contribution and similar magnitude canceling
sse out most of the expected strength of € 23. This sug-
ss7 gests that C 2.3 is very sensitive to the nonlinear nature
sss of the hydrodynamic model. € 34 is close to zero for all
sso centralities indicating little or no correlation between the
seo first, third, and fourth harmonics. The other Cp, n m4n
se1 correlations are positive for all centralities. When con-
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ss2 sidering the comparison of these data to hydrodynamic
sss models, it is important to also consider the strong An
sse dependence of the correlations as shown in the previous
ses section.

The correlations involving a second harmonic are
se7 largest with Cs 2 4 being approximately 5 times larger in
ses magnitude than the next largest correlator C5 3 5. The
s correlations decrease quickly as harmonics are increased
so beyond n=2. The higher harmonic correlations Cj3 3¢
sn and C'3 4 7 are both small but non-zero. The correlations
572 0171_’2, 0172_’3, 0272_’4, 0273_’5, and 03,3.,6 scaled by Nanrt all
s13 exhibit extrema in mid central collisions where the initial
s overlap geometry is predominantly elliptical. We note
s that the centrality at which NgarthgA reaches a maxi-
s mum is different than the centrality at which N2, (Ca 35
si7 reaches a maximum.

566

As the collision energy is reduced, the centrality de-
s pendence and ordering of the different correlators re-
ss main mostly the same although their magnitude becomes
sst sSmaller. The C 5 3 correlation however is an exception.
se2 It is mostly positive at 200 GeV but at 62.4 GeV it is con-
se3 sistent with zero or slightly negative. At lower energies
sss C1,2,3 becomes more and more negative. We speculate
sss that this behavior may be related to the increasing im-
sss portance of momentum conservation as the number of
se7 particles produced in the collision decreases although no
sss theoretical guidance exists for the energy dependence of
ss0 these correlations at energies below 200 GeV. In the fu-
so0 ture, these data will provide useful constraints for models
so1 being developed to describe low energy collisions associ-
se2 ated with the energy scan program at RHIC.

578

s Figure 6 shows the same correlations as Fig. 5 except
soa for lower energy data sets: (/5. = 19.6, 14.5, 11.5, and
sos 7.7 GeV. Trends similar to those seen in Fig. 5 are for the
so6 MOst part also exhibited in this figure. A second phase of
so7 the RHIC beam energy scan planned for 2019 and 2020
ss Will significantly increase the number of events available
so0 for analysis at these lower energies while expanding the
s00 7] acceptance from |n| < 1 to |n| < 1.5 [48] so that this
o1 intriguing observation can be further investigated. The
e02 increased acceptance will increase the number of three-
e03 particle combinations by approximately a factor of three
s and will make it possible to measure the An dependence
o0 Of the Chyy 1. m+n correlations to |An| ~ 3.

606 C. pr Dependence

If the three-particle correlations presented here are
dominated by correlations between event planes, then
one might expect that the pr dependence of the three-
particle correlations will simply track the pr dependence
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FIG. 5. (color online) The centrality dependence of the Ch n,m+n correlations scaled by Ngart for charged hadrons with pr > 0.2
GeV/c and |n| < 1 from 200, 62.4, 39, and 27 GeV Au+Au collisions for (m,n) = (1,1),(1,2), (1,3) (left) (2,2),(2,3),(2,4)
(center) and (3,3), (3,4) (right). Systematic errors are shown as bands. All panels in the same row share the same scale but
C5,2,4 has been divided by a factor of 5 to fit on the panel. The labels in the top panels apply to all the panels in same column.

of the relevant v,, [22]: e00 Of simplicity in this publication, we have scaled the cor-
s10 relations by Ngart /pr to account for the general increase

(cos(men(pr) + ng2 — (m +n)g3)) ~ e of vy, (pr) with pr [49]. That simple scaling is only valid
Vi (PT) Vn Vman y sz at lower pr and for n # 1. It does, however, aid in vi-

e13 sualizing trends in the data which would otherwise be
e14 visually dominated by the larger ppr range. Our primary
e1s reason for introducing Eq. 3 is to provide a context for
sor where &,, is the m'™ harmonic eccentricity and W, is the 61 understanding the pr dependence of Ciy, . m 4. The rela-
ss m'™ harmonic participant plane angle. For the purpose 67 tionship between Cy, 5,m+4r and harmonic planes in Eq. 3

Em En Em+n
(Emenemin cos(mUp, + W, — (m+n)Vp14)), (3)
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FIG. 6. (color online) The same quantities as Fig. 5 but for the lower energy Au+Au collisions 19.6, 14.5, 11.5, and 7.7 GeV.

618 1S not guaranteed to hold and is particularly likely to be
619 broken for correlations involving the first harmonic where
s20 momentum conservation effects will likely play an impor-
sz tant role [36] or where a strong charge sign dependence
s has been observed [27, 28].

In Fig. 7, we show NZ,.,C112/pr as a function of the
e p Of particle one. The top panel shows the more central
625 collisions while the bottom panel shows more peripheral
o2 collisions. In this and in the following figures related to
27 the pp dependence, we sometimes exclude centrality bins
e2s and slightly shift the positions of the points along the pr

623

6290 axis to make the figures more readable. For more central
s30 collisions, Cy 1,2/pr,1 is negative and slowly decreases in
s magnitude as pr,; increases. This indicates that Cy ;2
o2 is generally increasing with the pr of particle one but
s33 that for central collisions at high pr, Cy 1 2 starts to sat-
e3¢ urate. For the more peripheral 30-40% and 40-50% col-
e35 lision however, C 1 2 appears to be linear in py without
s3 an indication of saturation even up to pr ~ 10 GeV/ec.
s37 For the much more peripheral 60-70% and 70-80% cen-
e trality intervals, Cp 12 starts out at or above zero then
639 becomes more and more negative as pp is increased. The
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FIG. 7. (color online) Three-particle azimuthal correlations
C1,1,2 scaled by Ngm /pr,1 as a function of the first particles
pr for 200 GeV Au+Au collisions for charged hadrons with
pr > 0.2 GeV/c and |n| < 1. The top and bottom panels
show the same quantity but for a different set of centrality
intervals. Systematic errors are shown as solid lines enclosing
the respective data points.

&0 trends in the most peripheral centrality intervals, partic-
a1 ularly at high pp, are consistent with being dominated
62 by momentum conservation and jets. A pair of back-to-
&3 back particles aligned with the reaction plane will lead
s t0 a negative value for C; ;2. Although the data exhibit
65 & smooth transition from the trends in more central col-
ess lisions to the trends in more peripheral collisions, the
o7 trends are quite distinct and indicative of very different
s correlations in those different regions. In peripheral col-
o9 lisions, the correlations get stronger as pr is increased.
0 In central collisions, the opposite is observed.

For the case of C » 3 in Fig. 8, we show the pr depen-
s> dence of both particle one (left panels) and particle two
es3 (right panels). The dependence of Ci23/pr2 on pro
ese is quite weak indicating that where C 23 is non-zero,
es5 it increases roughly linearly with pr . The dependence
oss of C'y 2.3/pr,1 on pr 1, however, exhibits several notable

651

11

es7 trends. First we note that for the 20-30% centrality in-
oss terval, C1 2 3/pr,1 changes sign up to three times. In hy-
ss9 drodynamic models, the value of C] » 3 is very sensitive
o0 tO the interplay between linear and non-linear effects and
se1 to viscous effects [22]. The sign oscillations exhibited in
2 the data may be a consequence of subtle changes in the
o3 relevant sizes of those effects. If this is the case, then this
ses confirms that C 23 is a powerful measurement to help
ess tune those models. At intermediate pr1 (2-5 GeV/e),
sec C'1,2,3 is positive for central collisions but negative for pe-
so7 ripheral collisions. At pp > 7 GeV/¢, Cy 2.3 is strongly
s Negative, perhaps again, indicative of the contribution
o Of back-to-back jets to the correlations. Strong nega-
o0 tive correlations are absent in central collisions where
sn C'1 2.3 appears to remain positive, although with large
2 error bars. This is consistent with a scenario where di-
o3 jets have been quenched in central collisions. As with
14 C'1 1,2, the pr trends for C) 3 are very different in the
s most peripheral and most central collisions.

The C5 2 4 correlation is the largest of the Cyp, nmin
er7 correlations. In Fig. 9, we show NgartCQ)gA/pT)l as a
ers function of pr 1. At low pr 1, the centrality dependence
o0 of the correlations is as expected from Fig. 5 (top pan-
se0 els) where we saw that the integrated value of NgartCzQA
ee1 is largest for mid-central collisions. This is a natural
es2 consequence of the fact that the initial second harmonic
es3 eccentricity decreases as collisions become more central
ees while the efficiency of converting that eccentricity into
e85 omentum-space correlations increases (with multiplic-
s ity ). The competition of these two trends leads to a maxi-
es7 mum for second harmonic correlations in mid-central col-
ses lisions. This well-known [49] and generic trend does not
ss0 persist to higher values of pr ;. We see a clear change
o0 in trends at pr; > 5 GeV/c with the most peripheral
s collisions having the largest correlation strength while
602 NgartCzQA /pr,1 drops significantly as a function of pr
e03 for the mid-central collisions. We note that past mea-
sos surements of pr spectra and vs(pr) for identified parti-
os cles have indicated that the effects of flow may persist
sos up to 5 or 6 GeV/c [49]. This observation is consistent
so7 with model calculations that show in a parton cascade
s0s even up to pr & 5 GeV/c there are a significant number
e of partons whose final momenta have been increased by
70 interactions with the medium [50]. The pr; dependence
11 of Ca9.4/pr,1 supports that picture as well.

676

e In Fig. 10, we show the pr dependence of
703 Ngarth73,5 /pr where pr is either the pr of particle one

704 (left panels) or particle two (right panels). Again, the
705 top panels show more central collisions and the bottom
706 panels more peripheral. For pp < 5, Ca35/pr is mostly
o7 flat as a function of the pr of either particle one or par-
78 ticle two. Above that, the correlations seem to become
700 smaller but with large statistical errors. One can discern
n0 a slight difference between the trends in the left and right
m panels: Cs35/pr1 seems to decrease slightly as a func-
72 tion of pr 1, while Cs 3 5/pr.2 as a function of pr o seems
m3 to increase slightly. This is likely related to the different
na pr dependences of vy and v where vy has been found to
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FIG. 8. (color online) Three-particle azimuthal correlations C1 2,3 scaled by Ngart /pr as a function of the pr using the pr of
particle one (left panels) or of particle two (right panels) for 200 GeV Au+Au collisions. Data are for charged hadrons with
pr > 0.2 GeV/c and |n| < 1. The top and bottom panels show the same quantity but for a different set of centrality intervals.
Systematic errors are shown as solid lines enclosing the respective data points.

ns saturate at lower pr while vs is still growing. In central
716 collisions, it is even found that v3 becomes larger than vo
77 at intermediate pp [16].

We have tried to point out interesting features in the
79 pp dependence of the correlations. In particular, we note
70 that the ppr trends are very different when comparing
71 central collisions to peripheral collisions. We expect that
22 when these data are compared to model calculations,
723 they will provide even greater insights into the interplay
724 between the effects of hard scattering, shear viscosity,
225 bulk viscosity, the collision life-time and non-linear cou-
726 plings between harmonics.

718

D. Energy Dependence

727

While Figs. 5 and 6 show the centrality dependence
720 of eight different Cy, p m+n correlations for eight beam
70 energies, in this section we will investigate the energy
71 dependence in greater detail by showing the centrality
722 dependence of individual Ci,, 4, ym+n correlations for a va-
33 riety of energies. We will then show correlations at spe-
7 cific centrality intervals as a function of /5. scaled by

728

15 V2. Finally we will discuss implications of the energy
16 dependence of the correlations.

7w Figure 11 shows the centrality dependence of
738 NgartCLl,z (left) and Ngartcl72,3 (I‘ight) for 200, 62.4,

130 27, 14.5, and 7.7 or 11.5 GeV collisions. Some energies
no are omitted for clarity. For N2, C\ 12, the general cen-
a trality trend appears to remain the same at all energies
2 except 7.7 GeV, even though the magnitude slightly de-
743 creases. For mid-central collisions, C 1 2 is negative for
ns all the energies shown. The 7.7 GeV data may deviate
us from the trend observed for the other energeis as will be
us discussed later. For Ngarccl,2,3a the energy dependence
77 is quite different. The only positive values for C 5 3 are
ns for 200 GeV collisions. At 62.4 GeV, N2, C1 23 has a
9 slightly negative value that is within errors, independent
70 of centrality. As the energy decreases, Cj 23 becomes
751 more negative so that the centrality dependence of C 2 3
2 at 14.5 GeV is nearly the mirror reflection of the 200 GeV
753 data. As will be discussed below, the change in sign of
74 C1,2,3 has interesting implications for how two-particle
75 correlations relative to the reaction plane change as a
6 function of beam energy.

w7 Figure 12 shows the centrality dependence of
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FIG. 9. (color online) Three-particle azimuthal correlations
Ca,2,4 scaled by NZ../pr,. as a function of pr, for 200
GeV Au+Au collisions. Data are for charged hadrons with
pr > 0.2 GeV/c and || < 1. The top and bottom panels
show the same quantity but for a different set of centrality
intervals. Systematic errors are shown as solid lines enclosing
the respective data points.

76 N2, Ca 2,4 and N7, Ca 3 5 for a selection of collision en-
750 ergies. Both Cs,2.4 and Cy 3 5 remain positive for the cen-
o0 tralities and energies shown with no apparent changes in
7e1 the centrality trends. We note that although C 2 4 drops
72 significantly from 200 down to 19.6 GeV, we observe lit-
763 tle change with energy below 19.6 GeV. A similar lack of
s energy dependence between 7.7 and 19.6 GeV was also
75 observed in recent measurements of v3{2} [18]. This is
76 notable since one would naively expect either of these
77 correlation measurements to continuously increase as the
s density of the collision region increases.

To better view the energy trends, in Fig. 13, we show
part Crmn,m4n/V2 as a function of V/Sxx for three cen-
m trality intervals: 10-20%, 20-30%, and 30-40%. The vy
72 values are based on a two-particle cumulant analysis as
3 discussed in Appendix A. The scaling will be further
74 discussed in the next paragraph. For all centrality inter-
75 vals shown, C412/v2 is negative at the highest energy
76 but the magnitude of the correlation decreases as the
7 energy decreases and becomes consistent with zero, al-

769

770
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78 though with large errors, at 7.7 GeV. This behavior was
779 also observed in the charge dependence of this correlator
750 which has been studied to search for the charge separa-
71 tion predicted to be a consequence of the chiral magnetic
72 effect [51]. As noted above, both C 2 4 and Cy 3 5 are pos-
783 itive for all energies. The energy dependence of C 2 3/v9
7s 1s unique in that it is positive at 200 GeV but then drops
785 below zero near 62.4 GeV and continues to become more
78 negative at lower energies.

The correlations 017112, 017213, 021274, and 021375 pre-
s sented in Fig. 13 have either m =2, n =2, or m+n = 2.
780 When v is large, as it is for the 10-20%, 20-30% and 30-
790 40% centrality intervals, then (cos(1¢1+1¢pa—2¢3))/v2 =
o1 (cos(lgpy + 1¢a — 2URp)) and (cos(2¢1 + meo — (m +
192 2)3)) /v2 = (cos(2Urp +mapa — (m+2)p3)) where Urp is
793 the reaction plane angle. Correlations including a second
74 harmonic should then provide information about two-
705 particle correlations with respect to the second harmonic
796 Teaction plane:

cos(1lpy + 1oz — 2¢2)) Jv2 =

787

( ) (cos( 2))
(cos(11 + 2¢3 — 3¢2)) /v2 ~ <COS(1¢1 —35)),
(cos(2¢1 + 2¢3 — 4¢2)) /v ~ (cos(2¢) — 4¢dh)),
(cos(2¢3 + 31 — 5p2)) /va = (cos(3d7 — 5¢5)), (4)

77 where ¢’ = ¢ — Upp. Since we are integrating over all
8 particles in these correlations, the subscript label for the
790 particles is arbitrary so we have reassigned them so that
so0 particle 3 is always associated with the second harmonic.
sor For illustration, Table I shows values for Cp, 5 mtn/v2
s02 for specific values of ¢} and ¢,. At 200 GeV, all mea-
s03 sured correlations are positive except (cos(¢) +¢5)). This
s points to an enhanced probability for a pair of particles in
s0s one of two possible configurations: either ¢} ~ /3 and
ss Oy &2 27/3 or ¢} &~ —w/3 and ¢, =~ —27/3 (these corre-
sor spond to the right-most column of Table I). This result
sos 1S surprising since it implies a preference for both of the
a0 correlated particles to either be in the upper hemisphere,
s10 Or both in the lower hemisphere. We note however, that
su hydrodynamic models with fluctuating initial conditions
a1z correctly predict this trend [52] which could arise from
s13 increased density fluctuations at either the top or the bot-
s1a tom of the almond shaped overlap region. A high density
a1s fluctuation in the lower half of the almond zone naturally
s16 leads to particles moving upward and away from that
a1z density fluctuation so that they both end up in the up-
ais per hemisphere. This response was described in Ref. [22]
s and was illustrated as “Position B” in Fig. 5 of that
s0 reference. For energies below 200 GeV, (23 changes
e sign so that (cos(¢) + ¢5)) and (cos(1¢) — 3¢,)) are both
s negative while (cos(2¢) — 4¢5)) and (cos(3¢) — 5¢5%)) are
g3 both positive. This condition does not match any of the
g2 scenarios in the table but it could indicate an increased
o preference for particle pairs with ¢] ~ 0 and ¢, ~ .
a6 A preference for back-to-back particle pairs aligned with
g7 the reaction plane would be consistent with an increased
@28 importance for momentum conservation at lower ener-
&0 gies. Momentum conservation naturally leads to a ten-
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FIG. 10. (color online) Three-particle azimuthal correlations Ca 35 scaled by Ngart/p’r as a function of pr where the pr is taken
for either particle one (left panels) or particle two (right panels) for 200 GeV Au+Au collisions. Data are for charged hadrons
with pr > 0.2 GeV/c and || < 1. The top and bottom panels show the same quantity but for a different set of centrality
intervals. Systematic errors are shown as solid lines enclosing the respective data points.
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a0 dency for particles to be emitted with back-to-back az-
en imuth angles [53]. As the beam energy is decreased, the
s22 multiplicity decreases and we should expect the effects of
s momentum conservation to become more prominent (in
s the case that only two particles are emitted, they must
s be back-to-back). The implications of this change in the
a3 configuration of two-particle correlations with respect to
s the reaction plane deserves further theoretical investiga-
838 tion.

TABLE 1. Values for Cyn,m+n/v2 for specific cases of o
and ¢4 where ¢’ = ¢ — Urp (see Eq. 4). The first column
(91 = ¢5 = 0) corresponds to a particle pair with A¢ = 0
emitted in the direction of the reaction plane (in-plane). The
second column corresponds to back-to-back (A¢ = 7) parti-
cles emitted in-plane. The third and fourth columns corre-
spond to pairs of particles emitted perpendicular to the re-
action plane (out-of-plane) with either A¢ = 0 or A¢p = =«
respectively. The right-most column is a scenario consis-
tent with the correlations observed in mid-central collisions

at v/snn = 200 GeV.

(61, ¢5) [rad]
0.0 0.0 =53 G- G %
Cii2/va +1 -1 -1 41 -1
Cio3/va  +1 -1 -1 41 +%
Capafva  +1 +1 -1 -1 +1
Cass/va  +1 -1 -1 +1 +1

839
840
s The discussion in the above paragraph illustrates how
sz measurements of Cp, ,, myrn reveal information about
a3 two-particle correlations with respect to the reaction
s plane and we pointed out two specific conclusions based
ws on the pp- and An-integrated measurements. The value
sss of C'1 2.3 changes sign as a function of centrality, An and
a7 pr suggesting that further specific configurations may
ws arise when triggering on a particular pp or investigating
sao particles separated by an n-gap. We have not examined
ss0 the charge dependence of Cy, 1, 4 but future work plac-
ss1 ing a like-sign or unlike-sign requirement on ¢} and ¢}
ss2 may be useful for interpreting charge separation measure-
ss3 ments and determining whether they should be taken as
ssa evidence for the chiral magnetic effect. One caveat of this
sss approach is that we have only used the sign of the cor-
sse relators, as listed in Table I, to determine the preference
ss7 of pair emission. Depending on the statistical and sys-
s tematic uncertainties discussed in this paper, it will be
ss0 interesting to develop a more robust method by utilizing
s both the sign and the magnitude of the correlators.

IV. CONCLUSIONS

861

We presented measurements of the energy, centrality,
3 pr, and An dependence of three-particle azimuthal cor-

862
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ses Telations Cp, 5 myn for a variety of combinations of m
sss and n. We find a strong dependence of C 12 on g — 32|
ses and a strong dependence of Cy 23 on | — n3|. Mean-
s7 while, C' 2 4 and C 3 5 exhibit a smaller but still appre-
sss ciable dependence on |n; — n3]. This may indicate either
a0 the presence of short-range non-flow correlations or a ra-
so pidity dependence to the initial energy density signaling
enn & breaking of longitudinal invariance. Simple pictures
a2 of non-flow however, appear to be inconsistent with the
s overall trends observed in the data. The integrated cor-
s7s relations with m = 1 are generally negative or consistent
e7s with zero except for C 2.3 which, at 200 GeV, is positive
a7 for mid-central collisions while it is negative for all cen-
s77 tralities at all of the lower energies. Nonzero values for
ss C1,2,3 imply correlations between the second and third
7o harmonic event plane that are predicted from models of
a0 the initial overlap geometry. The pr dependence of the
se1 correlations exhibits trends suggesting significant differ-
ss2 ences between the correlations in peripheral collisions and
ss3 more central collisions as well as differences for pp > 5
sse GeV/c and pr < 5 GeV/c. The quantity C1 2,3 as a func-
sss tion of pr ;1 changes sign as many as three times. While
6 C1,1,2 is negative for higher energies, it becomes posi-
g7 tive or consistent with zero at 7.7 GeV. By examining
sss the energy dependence of 017172, 017273, 0272_’4, and 027375
sso divided by ve we are able to infer that in mid-central
so0 collisions at 200 GeV, there is a preference for particle
so1 pairs to be emitted with angles relative to the reaction
s plane of either ¢1 ~ 7/3 and ¢o ~ 27/3 or ¢1 =~ —7/3
s and ¢ ~ —27/3. At 62.4 GeV and below, this appears
sa to change due to a possible preference for back-to-back
sos pairs (¢1 ~ 0 and ¢2 =~ ) aligned with the reaction
s plane. It must be noted that such conclusion are based
sor on only the signs of the correlators; a more robust ap-
sos proach utilizing the magnitude of the correlators is left
so0 for future studies. These data will be useful for constrain-
o0 ing hydrodynamic models [52]. In order to facilitate such
o future data-model comparisons we also include the mea-
oo surements of v2{2},n = 1,2,4,5, over a wide range of
w3 energy, in the appendix of this paper. Measurements of
s the charge dependence of the correlations presented here,
ws by revealing information about the preferred directions
a0 Of correlated particles with respect to the reaction plane,
o7 should provide valuable insights into whether or not the
s charge separation observed in heavy-ion collisions is re-
o lated to the chiral magnetic effect.

V. SUMMARY

910

The very first measurement of charge inclusive three-
o2 particle azimuthal correlations from the RHIC beam en-
o3 ergy scan program, presented in this paper, can provide
ois several new insights into the initial state and transport
o5 in heavy ion collisions. These observables go beyond con-
a6 ventional flow harmonics and provide the most efficient
a7 way of studying the correlation between harmonic am-
ais plitudes and their phases over a wide range of multiplic-

911



a0 ities. These observables are well defined and of general
o0 interests even when the azimuthal correlations are not
o1 dominated by hydrodynamic flow. The major finding of
o this analysis is the strong relative pseudorapidity (An)
o3 dependence between the particles associated with differ-
¢ ent harmonics, observed up to about two units (An ~ 2)
s of separation. Non-flow based expectations such as frag-
os mentation (An ~ 1) or momentum conservation (flat in
or An) can not provide a simple explanation for this result.
s If the observed correlations are dominated by flow, the
a9 current results strongly hint at a breaking of longitudi-
o0 nal invariance of the initial state geometry at RHIC. The
on1 comprehensive study of momentum and centrality depen-
a2 dence of three-particle correlations over a wide range of
o3 energy (7.7-200 GeV), presented here, will help reduce
o the large uncertainties in the transport parameters in-
o35 volved in hydrodynamic modeling of heavy ion collisions
a6 over a wide range of temperature and net-baryon densi-
o7 ties. In addition, the charge inclusive three-particle cor-
o38 relations will provide baselines for the measurements of
a9 the chiral magnetic effect.
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960 Appendix A: Two-particle Cumulants v2{2}

o In this appendix we present the measurements of v2 {2}

o for n=1, 2, 4 and 5. The second harmonic v3{2} was used
o3 to scale Cy, pom+n in Fig. 13. Under the assumption that

(cos(map1 +nga — (m +n)g3)) ~ (A1)
(U Vn U cOS(MW py + 00, — (M 4+ 1) Whin))

os where W, is the event plane angle for harmonic m,
o5 one can convert the Cy, . m+n correlations into reaction
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ss plane correlations in the low-resolution limit by divid-
v2 {2}v2{2}vZ , {2}. The relationship of the
'mon,m+n t0 Uy and ¥, assumes that non-flow correla-
oo tions are minimal. The analysis of v2 {2} was performed
o0 in a similar manner to that of v3{2} presented in Ref. [18].
on The An dependence of (cos2(¢1 — ¢2)) is analyzed for
o2 pp > 0.2 GeV/cand |n| < 1. Short-range correlations are
o3 parameterized with a narrow Gaussian peak centered at
ora A1 = 0 and the remaining longer-range correlations are
ors integrated (weighting by the number of pairs at each An)
o7 to obtain the An-integrated v2{2} results. The quantity
or7 labeled vy in Fig. 13 is \/v3{2}.

os  Figure 14 shows the results for v2{2} (left) and v3{2}
oo (right) as a function of centrality for 200, 62.4, 39, 27,
w0 19.6, 14.5, 11.5, and 7.7 GeV Au+Au collisions. The
o1 data are scaled by Npar¢ and plotted verses Npap for
o convenience. At 200 GeV, v?{2} is positive for central
o3 collisions but becomes negative for Ny, < 150. The neg-
s ative values are expected from momentum conservation
oes and present a conceptual challenge for dividing Cy, nm+4n

o by /v?{2}. The values of v?{2} become more negative
7 at lower energies. This is consistent again with momen-
ws tum conservation effects which are expected to become
a9 stronger as multiplicity decreases. In the limit of a colli-
a0 sion that produces only two particles, momentum conser-
o1 vation would require that v?{2} = —1. The v?{2} results
o2 follow a monotonic energy trend except for peripheral
o03 collisions at 19.6 GeV which appear to be elevated with
s Tespect to the trends.

The right panel of Fig. 14 shows the results for
partV5 {2} which remain positive for all energies and col-
o7 lision centralities. While it is unusual to scale v3{2} by
part, We keep this format for consistency. The scaled re-
oo sults exhibit a strong peak for mid-central collisions due
100 to the elliptic geometry of those collisions.

Figure 15 shows the data for Npucvi{2} (left) and
w02 Npartv2{2} (right) for a more limited energy range. Re-
w03 sults for Nparv3{2} are available in Ref. [18]. At the
004 lower energies the relative uncertainties on these data
100s become too large to be useful. This result presents an-
wos other challenge to recasting C, 5 m4n i terms of re-

967 ing by

968

995

996

998

1001

o7 action plane correlations because scaling by \/vi{2} or

wos \/v2{2} leads to a large uncertainty on the resulting ra-
1000 ti08.
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FIG. 14. The \/syy dependence and centrality dependence of Npartv7{2} (left) and Nparv3{2} (right) after short-range
correlations, predominantly from quantum and Coulomb effects, have been subtracted. For more details see Ref. [18]. The
centrality intervals correspond to 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70% and 70-80%. The Npart
values used for the corresponding centralities are 350.6, 298.6, 234.3, 167.6, 117.1, 78.3, 49.3, 28.2 and 15.7 independent of

energy.
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