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Large vs Small Colliding Systems

• PbPb ~ 15 fm 

• AuAu ~ 14 fm 

• dAu, pAu, pPb ~ a few fm 

• pp ~ 1 fm
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B. Alver and G. Roland PRC 81, 054905 (2010) PHENIX, PRC 90, 034902 (2014)
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Large vs Small Colliding Systems

• Charged particle multiplicity  
in high-multiplicity p+A ~ peripheral heavy ion 
collisions
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Ridge in Small Systems
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Ridge in Small Systems

• Near-side ridge in pPb 
• Double-ridge in high-mult. – low-multiplicity (for jets) 
• Near-side jetlike yield multiplicity dependence?

6

 Li Yi, IS2014 3

Motivation

● Near-side ridge in pPb

● Double-ridge in high-mult. – low-multiplicity (for jets)

● Near-side jetlike yield multiplicity dependence? 

CMS pPb PLB 718 (2013) 795 ALICE pPb 1307.3237

DfDh DfDh

Near-side Ridge
Double Ridge Double Ridge

h-proton h-p
Jetlike correlation residue



Li Yi, RHIC & AGS 2015 Users’ Meeting 

Event Selection Effect on Jet

• High-multiplicity selects on jet with larger yield
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ALICE, PLB 741 (2015) 38–50 5

in Fig. 1(d). The shape of the near-side di↵erence is the1

result of subtracting a narrow Gaussian from a wide one2

of equal area o↵set by a pedestal. On the away side,3

once the low-activity data are scaled up, the correlated4

yields are consistent between high- and low-activity col-5

lisions as shown by the open circles in Fig. 1(d). This6

suggests that the away-side di↵erence between high- and7

low-activity events may be primarily due to a di↵erence8

in jetlike correlations.9

As seen in Table I, the fit pedestal values of C also10

shows dependence on event activity. Finite correlated11

yields above ZYAM exist on the near side at large �⌘,12

where the near-side jet contribution should be minimal.13

This large �⌘ correlation data will be studied elsewhere14

[28].15

To investigate further the influence of event selection16

on jetlike correlations, Fig. 2(a) shows Y
jetlike

as a func-17

tion of the event activity, represented by the uncor-18

rected charged hadron multiplicity dN/d⌘ at midrapid-19

ity, in events selected according to the FTPC-Au multi-20

plicity (solid squares) and ZDC-Au neutral energy (open21

squares), respectively. Five event samples are selected22

by each measure, corresponding to 60-100%, 40-60%, 20-23

40%, 10-20%, and 0-10% events. The systematic uncer-24

tainties are obtained from Gaussian fits to the �⌘ cor-25

relations, as in Fig. 1, varied by the ZYAM systematic26

uncertainties. Figure 2 (a) shows that the near-side jet-27

like correlated yield has a smooth linear dependence on28

event activity. Qualitatively similar behaviour is also ob-29

served at the LHC [29]. Such a dependence is not ob-30

served in the HIJING [30] simulation of d+Au collisions31

at RHIC as illustrated by the curve in Fig. 2(a). The HI-32

JING calculations are scaled down such that the lowest33

multiplicity bin matches the real data. The multiplicity34

dependence of the jetlike yield is clearly di↵erent for the35

HIJING simulations.36

The jetlike ratio ↵ parameter can quantify the e↵ect37

of the event selection on jetlike correlations. Figure 2(b)38

shows the pT dependence of the ↵ parameter. The sys-39

tematic uncertainties are given by ZYAM uncertainties as40

in Fig. 2(a). Two sets of data points are shown: one (solid41

circles) has the trigger pT fixed to 0.5 < p(t)T < 1 GeV/c42

and shows the ↵ parameter as a function of the associ-43

ated particle p(a)T with bin of 0.5 GeV/c. This trigger44

pT range is similar to 0.5 < p(t)T < 0.75 GeV/c used by45

PHENIX [13]. The ↵ parameter is larger than unity and46

relatively insensitive to p(a)T for this particular p(t)T choice.47

The other set of points (solid triangles) shows ↵ as func-48

tion of p(t)T with a fixed p(a)T of 0.5 < p(a)T < 1 GeV/c. In49

this case the ↵ parameter decreases with p(t)T .50

There could be multiple reasons for the event-selection51

e↵ects on jetlike correlations. One could be a simple52

selection bias due to auto-correlation: if the away-side53

jet contributes to the total FTPC-Au multiplicity, high54

FTPC-Au multiplicity events would preferentially select55
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FIG. 2: (a) The near-side jetlike correlated yield obtained
from Gaussian fit as in Fig. 1 as function of the uncorrected
dN/d⌘ at midrapidity measured in the TPC. Two event se-
lections are used: FTPC-Au multiplicity (filled squares) and
ZDC-Au energy (open squares). The curve is the result from
a HIJING calculation. (b) The ratio of the correlated yields
in high over low FTPC-Au multiplicity events as a function of
p(a)T (p(t)T ) where p(t)T (p(a)T ) is fixed. Error bars are statistical
and caps show the systematic uncertainties.

jets either of larger energy or happening to fragment into56

more particles. However, such an auto-correlation bias57

is not observed in the HIJING model implementation58

as clearly shown in Fig. 2(a). Event-activity dependent59

sampling of jet energies could also be caused by other60

physics origins; for example, there could be positive cor-61

relations between particle production from jets and from62

underlying events. The dependence of jetlike correla-63

tions at midrapidity on forward event activity could be64

driven by such mechanisms as initial-state kT e↵ects or65

final-state jet modifications by possible medium forma-66

tion [3, 4] in the small d+Au collision system.67

The PHENIX experiment reported a double-ridge dif-68

ference in the dihadron �� correlations between high-69

and low-activity events in the acceptance range 0.48 <70

|�⌘| < 0.7 with event activity defined by total charge71

in the BBC at �3.9 < ⌘ < �3 [13]. Figure 3(a)72

shows the STAR data analyzed in a similar acceptance73

STAR, PLB 743 (2015) 333 p+Pb d+Au
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Near-side Jetlike Correlation Subtraction

• High-mult. – jet in low-mult. → Double Ridge 
• High-mult. – scaled jet in low-mult. → Away-side diminished

8

6

of 0.5 < |�⌘| < 0.7 for high and low-activity events de-1

fined by the FTPC-Au which has similar ⌘ coverage as2

PHENIX’s BBC. The systematic uncertainties shown by3

the histograms are the quadratic sum of those due to4

e�ciency and ZYAM, as well as the ZYAM statistical5

error, because it is common for all �� bins. The corre-6

lated yields are larger in high- than in low-activity colli-7

sions on both the near and away side as previously dis-8

cussed. The di↵erence of the raw associated yield (i.e. no9

ZYAM subtraction) in high-activity events minus the jet-10

like correlated yield (i.e. with ZYAM subtraction) in low-11

activity events is shown in Fig. 3(b) by the open points.12

The systematic uncertainties are the quadratic sum of13

the statistical and systematic uncertainties on ZYAM of14

the low-activity data. The additional 5% e�ciency un-15

certainty is not shown because it is an overall scale not16

a↵ecting the shape of the dihadron correlation, there-17

fore not a↵ecting the physics conclusions. Back-to-back18

double ridges are apparent and are qualitatively consis-19

tent with the PHENIX observation [13]. However, the20

double-ridge structure is largely due to the residual jet-21

like correlation di↵erence as demonstrated by our data22

above. Interpreting the double ridges as solely due to23

non-jet contributions in high-activity data is therefore24

premature.25

Again, to account for the jetlike correlation di↵erence,26

one may multiply the ZYAM-subtracted low-activity27

data by the jetlike ratio ↵ parameter before subtraction.28

Figure 3(b) shows, as the solid points, the raw associ-29

ated particle yield (i.e. no ZYAM subtraction) in the30

high FTPC-Au multiplicity data after subtracting the ↵-31

scaled jetlike correlated yield (i.e. with ZYAM subtrac-32

tion) in the low-multiplicity data. The systematic uncer-33

tainties include the propagated total error from ZYAM34

as well as the fit error on ↵. The near-side di↵erence is35

non-zero above the underlying event baseline for the �⌘36

range used. This is because this simple ↵ scaling does not37

account for the observed broadening of the near-side jet-38

like peak from low- to high-activity collisions, although39

the jetlike yield di↵erence has been taken care of. This40

causes a significantly larger di↵erence in the intermedi-41

ate range of 0.5 < |�⌘| < 0.7. When �⌘ range closer42

to zero is used, e.g. |�⌘| < 0.3, the jetlike di↵erence is43

dipped (below the baseline) on the near side after ↵ scal-44

ing. This is shown by the negative solid data points at45

�⌘ ⇠ 0 in Fig. 1(d). Barring from the di↵erence caused46

by the broadening, there is a finite pedestal value from47

the near-side Gaussian+pedestal fit that increases with48

event activity as aforementioned. This pedestal di↵er-49

ence remains in the near-side peak in Fig. 3(b).50

After the jetlike contribution is removed by the scaled51

subtraction, the away-side di↵erence is significantly di-52

minished. The results are similar using the ZDC-Au53

event activity. This suggests that any possible contri-54

bution from non-jetlike long-range correlations, such as55

the back-to-back ridge, is small. Although it does a bet-56
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FIG. 3: (a) The dihadron correlated yield normalized per ra-
dian per unit of pseudorapidity as a function of �� in d+Au
collisions at low (40-100%, open circles) and high (0-20%,
closed circles) FTPC-Au multiplicities. Trigger and associ-
ated particles are 1 < pT < 3 GeV/c within 0.5 < |�⌘| < 0.7.
ZYAM positions are indicated with arrows. (b) The raw asso-
ciated yield at high FTPC-Au multiplicity minus the unscaled
(open circles) and scaled (closed circles) ZYAM-subtracted
correlated yields at low FTPC-Au multiplicity versus ��.
Error bars are statistical and boxes indicate the systematic
uncertainties.

ter job of removing jetlike contributions than a simple57

subtraction of low-activity from high-activity data, the58

scaled subtraction may not completely remove the jetlike59

contributions. This is so for two reasons. One, the away-60

side jetlike yield in a given pT range may not strictly scale61

with the near-side one between high- and low-activity col-62

lisions, depending on the details of dijet production and63

fragmentation. Two, the jetlike correlation shapes, be-64

ing di↵erent on the near side, can also be di↵erent on65

the away side, e.g. due to increasing kT broadening (or66

acoplanarity) with event activity.67

In summary, dihadron correlations are measured at68

midrapidity using the STAR TPC as function of the69

forward rapidity event activity in d+Au collisions at70 p
sNN = 200 GeV. The event activity is classified by the71

measured FTPC-Au forward charged particle multiplic-72

ity or the ZDC-Au zero-degree neutral energy. The cor-73

related yields are extracted by subtracting the estimated74

background using ZYAM. It is found that the correlated75

d+Au STAR, PLB 743 (2015) 333 
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by the broadening, there is a finite pedestal value from47
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Error bars are statistical and boxes indicate the systematic
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measured FTPC-Au forward charged particle multiplic-72

ity or the ZDC-Au zero-degree neutral energy. The cor-73

related yields are extracted by subtracting the estimated74

background using ZYAM. It is found that the correlated75
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scaled jetlike correlated yield (i.e. with ZYAM subtrac-32

tion) in the low-multiplicity data. The systematic uncer-33

tainties include the propagated total error from ZYAM34

as well as the fit error on ↵. The near-side di↵erence is35

non-zero above the underlying event baseline for the �⌘36

range used. This is because this simple ↵ scaling does not37

account for the observed broadening of the near-side jet-38

like peak from low- to high-activity collisions, although39

the jetlike yield di↵erence has been taken care of. This40

causes a significantly larger di↵erence in the intermedi-41

ate range of 0.5 < |�⌘| < 0.7. When �⌘ range closer42

to zero is used, e.g. |�⌘| < 0.3, the jetlike di↵erence is43

dipped (below the baseline) on the near side after ↵ scal-44

ing. This is shown by the negative solid data points at45

�⌘ ⇠ 0 in Fig. 1(d). Barring from the di↵erence caused46

by the broadening, there is a finite pedestal value from47

the near-side Gaussian+pedestal fit that increases with48

event activity as aforementioned. This pedestal di↵er-49

ence remains in the near-side peak in Fig. 3(b).50

After the jetlike contribution is removed by the scaled51

subtraction, the away-side di↵erence is significantly di-52

minished. The results are similar using the ZDC-Au53

event activity. This suggests that any possible contri-54

bution from non-jetlike long-range correlations, such as55

the back-to-back ridge, is small. Although it does a bet-56
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FIG. 3: (a) The dihadron correlated yield normalized per ra-
dian per unit of pseudorapidity as a function of �� in d+Au
collisions at low (40-100%, open circles) and high (0-20%,
closed circles) FTPC-Au multiplicities. Trigger and associ-
ated particles are 1 < pT < 3 GeV/c within 0.5 < |�⌘| < 0.7.
ZYAM positions are indicated with arrows. (b) The raw asso-
ciated yield at high FTPC-Au multiplicity minus the unscaled
(open circles) and scaled (closed circles) ZYAM-subtracted
correlated yields at low FTPC-Au multiplicity versus ��.
Error bars are statistical and boxes indicate the systematic
uncertainties.

ter job of removing jetlike contributions than a simple57

subtraction of low-activity from high-activity data, the58

scaled subtraction may not completely remove the jetlike59

contributions. This is so for two reasons. One, the away-60

side jetlike yield in a given pT range may not strictly scale61

with the near-side one between high- and low-activity col-62

lisions, depending on the details of dijet production and63

fragmentation. Two, the jetlike correlation shapes, be-64

ing di↵erent on the near side, can also be di↵erent on65

the away side, e.g. due to increasing kT broadening (or66

acoplanarity) with event activity.67

In summary, dihadron correlations are measured at68

midrapidity using the STAR TPC as function of the69

forward rapidity event activity in d+Au collisions at70 p
sNN = 200 GeV. The event activity is classified by the71

measured FTPC-Au forward charged particle multiplic-72

ity or the ZDC-Au zero-degree neutral energy. The cor-73

related yields are extracted by subtracting the estimated74

background using ZYAM. It is found that the correlated75
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Ridge and Jet Multiplicity Dependence

• Ridge and jet have different multiplicity dependence in p+Pb

9

MEASUREMENT OF LONG-RANGE PSEUDORAPIDITY . . . PHYSICAL REVIEW C 90, 044906 (2014)
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FIG. 7. (Color online) The integrated per-trigger yield, Yint, on the near side (circles), the away side (squares), and their difference
(diamonds) as functions of (a) N rec

ch and (b) EPb
T for pairs in 2 < |!η| < 5 and 1 < pa,b

T < 3 GeV. The yield difference is compared to the
estimated recoil contribution in the away side (solid lines). The error bars or the shaded bands represent the combined statistical and systematic
uncertainties.

To quantify the !φ dependence of the measured long-
range correlations, the first five harmonics of the correlation
functions, v1 to v5, are extracted via the procedure described
in Sec. III E. The following section summarizes the results for
v2-v5, and the results for v1 are discussed in Sec. IV C.

B. Fourier coefficients v2-v5

Figure 8 shows the v2, v3, and v4 obtained using the 2PC
method described in Sec. III E for 1 < pb

T < 3 GeV. The
results are shown both before (denoted by vunsub

n ) and after
the subtraction of the recoil component [Eq. (6)]. The recoil
contribution affects slightly the vn values for trigger pT < 3
GeV, but becomes increasingly important for higher trigger

pT and higher-order harmonics. This behavior is expected as
the dijet contributions, the dominant contribution to the recoil
component, increase rapidly with pT (for example, see Fig. 5
or Ref. [9]). At high pT, the contribution of dijets appears as
a narrow peak at the away side, leading to vunsub

n coefficients
with alternating sign: (−1)n [9]. In contrast, the vn values
after recoil subtraction are positive across the full measured
pT range. Hence, the recoil subtraction is necessary for the
reliable extraction of the long-range correlations, especially at
high pT.

Figure 9 shows the trigger pT dependence of the v2-v5 in
several N rec

ch event classes. The v5 measurement is available
only for three event-activity classes in a limited pT range. All
flow harmonics show similar trends; i.e., they increase with
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FIG. 8. The Fourier coefficients v2, v3, and v4 as functions of pa
T extracted from the correlation functions for events with N rec

ch ! 220, before
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n ) and after (denoted by vn) the subtraction of the recoil component. Each panel shows the results for one harmonic. The pairs
are formed from charged particles with 1 < pb
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Ridge in d+Au

• Near-side ridge yield depends on rapidity

10
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FIG. 1: Correlated dihadron yield, per radian per unit of pseudorapidity, as a function of �� in three ranges of �⌘ in d+Au
collisions. Shown are both low and high ZDC-Au activity data. Both the trigger and associated particles have 1 < pT < 3 GeV/c.
The arrows indicate ZYAM normalization positions. The error bars are statistical and histograms indicate the systematic
uncertainties.

TABLE I: Near- (|��| < ⇡/3) and away-side (|���⇡| < ⇡/3) correlated yields and ZYAM background magnitude, per radian
per unit of pseudorapidity, at large �⌘ in low- and high-activity d+Au collisions. Positive(negative) ⌘ corresponds to d(Au)-
going direction. Both the trigger and associated particles have 1 < pT < 3 GeV/c. All numbers have been multiplied by 104.
Errors are statistical except the second error of each ZYAM value which is systematic and applies also to the corresponding
near- and away-side yields. An additional 5% e�ciency uncertainty applies.

Event Event 1.2 < |�⌘| < 1.8 Event �4.5 < �⌘ < �2 2 < �⌘ < 4.5

activity selection ZYAM near away selection ZYAM near away ZYAM near away

40-100% ZDC 1896±7+1
�13 10±4 346±5 ZDC 978±2+1

�2 2±1 55±1 361±1+1
�2 1±1 38±1

0-20% 3043±11+15
�26 53±7 456±7 1776±4+2

�1 10±2 70±2 438±2+1
�2 1±1 31±1

40-100% FTPC 1324±7+2
�6 7±4 347±5 TPC 636±2+1

�2 6±1 59±1 309±2+1
�1 3±1 45±1

0-20% 3468±10+7
�5 43±6 429±7 1899±3+2

�5 15±2 75±2 445±1+1
�3 2±1 27±1

the ridge is via Fourier coe�cients of the azimuthal cor-1

relation functions without background subtraction. Fig-2

ure 3 shows the second harmonic Fourier coe�cient (V
2

)3

as a function of�⌘ for both high and low ZDC-Au energy4

collisions. The V
2

values are approximately the same in5

high- and low-activity collisions at large �⌘. Both de-6

crease with increasing |�⌘| from the small �⌘, jet dom-7

inated, region to the large �⌘, ridge, region by nearly8

one order of magnitude. The �⌘ behavior of V
2

, a mea-9

sure of modulation relative to the average, is qualitatively10

consistent with the �⌘-dependent ratio of the near-side11

correlated yield over ZYAM. One motivation to analyze12

correlation data using Fourier coe�cients is their inde-13

pendence of a ZYAM subtraction procedure. One way for14

V
2

to develop is through final-state interactions which, if15

prevalent enough, may be described in terms of hydro-16

dynamic flow. If V
2

is strictly of a hydrodynamic elliptic17

flow origin, the data would imply a decreasing collective18

e↵ect at backward/forward rapidities that is somehow19

independent of the activity level of the events.20

To gain further insights, the multiplicity dependencies21

of the first, second and third Fourier coe�cients V
1

, V
2

22

and V
3

are shown in Fig. 4. Three �⌘ ranges are pre-23

sented for FTPC-Au, TPC, and FTPC-d correlations, re-24

spectively. Results by both the ZDC-Au and FTPC-Au25

event selections are shown, plotted as a function of the26

corresponding measured charged particle pseudorapidity27

density at mid-rapidity dN
ch

/d⌘. The absolute value of28

the V
1

parameter in each �⌘ range varies approximately29

as (dN
ch

/d⌘)�1 (see the superimposed fits in Fig. 4(a)).30

This is consistent with jet contributions and/or global31

statistical momentum conservation. On the other hand,32

the V
2

parameter in each�⌘ range is approximately inde-33

pendent of dN
ch

/d⌘ over the entire measured range (see34

the fitted constant in Fig. 4(b)). Similar behavior of V
2

is35

also observed in p+Pb collisions at the LHC [13, 40, 41].36

Figure 4 shows that the V
3

values are small and mostly37

consistent with zero, except for TPC-TPC correlation at38

the lowest multiplicity.39

In d+Au collisions, dihadron correlations are domi-40

nated by jets, even at large �⌘, where the away-side41

jet contributes [38]. The behavior of V
1

suggests that42

the jet contribution to Vn is diluted by the multiplicity.43

The similar V
2

values and �⌘ dependencies in di↵erent44

multiplicity collisions are, therefore, rather surprising.45

In order to accommodate a hydrodynamic contribution,46

there must be a coincidental compensation of the reduced47

jet contribution with increasing multiplicity, over the en-48

PHOBOS, PRC 72, 031901 (2005)

25

STAR, PLB 

PHENIX, PRL 114, 192301 (2015)

Au-side d-side

Au-side d-side



Li Yi, RHIC & AGS 2015 Users’ Meeting 

Ridge Yields Pseudorapidity Dependence

• Ridge proportional to away-side (ratio independent of Δη) 
• Away-side yield dominated by jets

11

6

-4 -2 0 2 4

-310

-210

-110

1

Near-side Away-side
<3 GeV/c

T
(a)   ZDC 0-20%, 1<p

φ
∆dη

∆
N

/d
2

) d
tr

ig
(1

/N

-4 -2 0 2 4

-110

1

ZDC 0-20%<3 GeV/c
T

(b)   1<p

N
ea

r/A
w

ay
 y

ie
ld

 ra
tio

η∆

FIG. 2: The �⌘ dependence of (a) the near- (|��| < ⇡/3)
and away-side (|�� � ⇡| < ⇡/3) correlated yields, and (b)
the ratio of the near- to away-side correlated yields in d+Au
collisions. Positive(negative) ⌘ corresponds to d(Au)-going
direction. Only high ZDC-Au activity data are shown. The
error bars are statistical and histograms indicate the system-
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outside the plot). The dashed curve in (b) is a linear fit to
the �⌘ < �1 data points.
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FIG. 3: The �⌘ dependence of the second harmonic Fourier
coe�cient, V2, in low and high ZDC-Au activity d+Au colli-
sions. The error bars are statistical. Systematic uncertainties
are 10% and are shown by the histograms, for clarity, only for
the high-activity data.

tire measured multiplicity range, by an emerging, non-jet1

contribution, such as elliptic flow.2

Whether or not a finite correlated yield appears on3

the near side depends on the interplay between V
1

and4

V
2

(higher order terms are negligible). Although the V
2

5

parameters are similar, the significantly more negative6

V
1

in low- versus high-multiplicity events eliminates the7

near-side V
2

peak in ��. The same applies also to the8

TPC-FTPC correlation comparison between the Au- and9

d-going directions. The V
2

values are rather similar for10

FTPC-d (forward rapidity) and FTPC-Au (backward ra-11

pidity) correlations, but the more negative V
1

for d-going12

direction eliminates the near-side V
2

peak. If the relevant13

physics in d+Au collisions is governed by hydrodynam-14

ics, then it may not carry significance whether or not15

there exists a finite near-side long-range correlated yield,16

which would be a simple manifestation of the relative V
1

17

and V
2

strengths.18

Our V
2

data are qualitatively consistent with that from19

PHENIX [30]. While PHENIX focused on the pT depen-20

dence, we study the Fourier coe�cients as a function of21

�⌘ a↵orded by the large STAR acceptance, as well as the22

event multiplicity. Hydrodynamic e↵ects, if they exist in23

d+Au collisions, should naively di↵er over the measured24

multiplicity range and between Au- and d-going direc-25

tions. However, the V
2

parameters are approximately26

constant over multiplicity, and quantitatively similar be-27

tween the Au- and d-going directions. On the other28

hand, the correlation comparisons between low- and high-29

activity data reveal di↵erent trends for the Au- and d-30

going directions. The high- and low-activity di↵erence in31

the FTPC-Au correlation in Fig. 1(b) may resemble ellip-32

tic flow, but that in the FTPC-d correlation in Fig. 1(c)33

is far from an elliptic flow shape. In combination, these34

data suggest that the finite values of Vn cannot be ex-35

clusively explained by hydrodynamic anisotropic flow in36

d+Au collisions at RHIC.37

In summary, dihadron angular correlations are re-38

ported for d+Au collisions at
p
sNN = 200 GeV as a39

function of the event activity from the STAR experi-40

ment. The event activity is classified by the measured41

zero-degree neutral energy in ZDC, the charged hadron42

multiplicity in FTPC, both in the Au-going direction,43

or the multiplicity in TPC. In a recent paper we have44

shown that the short-range jet-like correlated yield in-45

creases with the event activity [29]. In this paper we46

focus on long-range correlations at large |�⌘|, where jet-47

like contributions are minimal on the near side, although48

the away side is still dominated by jet production. Two49

approaches are taken, one to extract the correlated yields50

above a uniform background estimated by the ZYAM51

method, and the other to calculate the Fourier coe�-52

cients, Vn = hcosn��i, of the dihadron �� correlations.53

The following points are observed: (i) The away-side cor-54

related yields are larger in high- than in low-activity col-55

lisions in the TPC and FTPC-Au, but lower in FTPC-56

STAR, PLB 

d+Au

Au-side d-side
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Ridge in He3+Au

• Near-side ridge on both Au-side and He3-side

12
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Ridge pT Dependence in d+Au

• Near-side ridge yield increases as pT

13

(anti)protons in dþ Au at midrapidity using an event plane
across jΔηj > 2.75.
The data were obtained from pþ p in the 2008 and 2009

experimental runs and dþ Au in the 2008 run with the
PHENIX detector. The event centrality class in dþ Au
collisions is determined as a percentile of the total charge
measured in the PHENIX beam-beam counter covering
−3.9 < η < −3.0 on the Au-going side [17–20]. For the
5% most central dþ Au collisions, the corresponding
number of binary collisions and number of participants
are estimated by a Glauber model to be 18.1" 1.2 and
17.8" 1.2, respectively [17].
Charged particles used in this analysis are reconstructed

in the two PHENIX central-arm tracking systems, consist-
ing of drift chambers and multiwire proportional pad
chambers (PC) [21]. Each arm covers π=2 in azimuth
and jηj < 0.35, and the tracking system achieves a momen-
tum resolution of δp=p ≈ 0.7% ⊕ 1.1% × pðGeV=cÞ.
The drift-chamber tracks are matched to hits in the

third layer of the PC, reducing the contribution of tracks
originating from decays and photon conversions. Hadron
identification is achieved using the time-of-flight detectors,
with different technologies in the east and west arms, for
which the timing resolutions are 130 and 95 ps, respectively.
Pions and (anti)proton tracks are identified with over 99%
purity at momenta up to 3 GeV=c [18,22] in both systems.
Energy deposited at large rapidity in the Au-going

direction is measured by the towers in the south-side
Muon Piston Calorimeter (MPC-S) [23]. The MPC-S
comprises 192 towers of PbWO4 crystal covering 2π in
azimuth and −3.7 < η < −3.1 in pseudorapidity, with each
tower subtending approximately Δη × Δϕ ≈ 0.12 × 0.18.
Over 95% of the energy detected in the MPC is from
photons, which are primarily produced in the decays of π0

and η mesons. Photons are well localized, as each will
deposit over 90% of its energy into one tower if it hits the
tower’s center. To avoid the background from noncollision
noise sources (∼75 MeV) and cut out the deposits by
minimum ionization particles (∼245 MeV), we select
towers with deposited energy Etower > 3 GeV.
We first examine the long-range azimuthal angular

correlation of pairs consisting of one track in the central
arm and one tower in the MPC-S. Because the towers
are mainly fired by photons, and the azimuthal extent of
each energy deposition is much smaller than the size of
azimuthal angular correlation from jets or elliptic flow,
these track-tower pair correlations will be good proxies for
hadron-photon correlations without attempting to recon-
struct individual photon showers. We construct the signal
distribution SðΔϕ; pTÞ of track-tower pairs over relative
azimuthal angle Δϕ≡ ϕtrack − ϕtower, each with weight
wtower, in bins of track transverse momentum pT :

SðΔϕ; pTÞ ¼
dðwtowerN

trackðpTÞ-tower
same event Þ
dΔϕ

: ð1Þ

Here ϕtrack is the azimuth of the track as it leaves the
primary vertex, ϕtower is the azimuth of the center of the
calorimeter tower. The wtower is chosen as the tower’s
transverse energy ET ¼ Etower sinðθtowerÞ. Because the
calorimeter is operating in a linear regime, the overall
ET pattern on each event will simply be the sum of the
patterns from each impinging particle, so we expect no
distortion effect due to occupancy. To correct for the
nonuniform PHENIX azimuthal acceptance in the central
arm tracking system, we then construct the corresponding
“mixed-event” distribution MðΔϕ; pTÞ over track-tower
pairs, where the tracks and tower signals are from different
events in the same centrality and vertex position class. We
then construct the normalized correlation function,

CðΔϕ; pTÞ ¼
SðΔϕ; pTÞ
MðΔϕ; pTÞ

R
2π
0 MðΔϕ; pTÞdΔϕR
2π
0 SðΔϕ; pTÞdΔϕ

; ð2Þ

whose shape is proportional to the true pairs distribution
over Δϕ.
Figure 1 shows the correlation functions CðΔϕ; pTÞ for

different pT bins, for the 5% most central dþ Au
collisions and for minimum bias pþ p collisions.
Central dþ Au collisions show a visible enhancement
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FIG. 1 (color online). The azimuthal correlation functions
CðΔϕ; pTÞ, as defined in Eq. (2), for track-tower pairs with
different track pT selections in (a)–(c) 0%–5% central dþ Au
collisions and (d)–(f) minimum bias pþ p collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. From top to bottom, the track pT bins are
(a), (d) 0.2–1.0, (b), (e) 1.0–2.0, and (c), (f) 2.0–4.0 GeV=c. The
pairs are formed between charged tracks measured in the PHENIX
central arms at jηj < 0.35 and towers in the MPC-S calorimeter
(−3.7 < η < −3.1, Au going). A near-side peak is observed in the
centraldþ Aucollisionswhich is not seen inminimumbiaspþ p
collisions. Each correlation function is fit with a four-term Fourier
cosine expansion; the individual components n ¼ 1 to n ¼ 4 are
drawn on each panel, together with the fit function sum.
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v2-v5(pT)

• Higher order vn is measured 
Good agreement between experiments 

• How is non-linear response?

15

ATLAS, PRC 90, 044906 (2014)

p+Pb 5.02 TeV
G. AAD et al. PHYSICAL REVIEW C 90, 044906 (2014)
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FIG. 9. (Color online) The vn(pa
T) with n = 2 to 5 for six N rec

ch event-activity classes obtained for |!η| > 2 and the pb
T range of 1–3 GeV.

The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively. Results in 220 ! N rec
ch < 260 are compared

to the CMS data [28] obtained by subtracting the peripheral events (the number of off-line tracks Noff
trk < 20), shown by the solid and dashed

lines.

pT up to 3–5 GeV and then decrease, but remain positive at
higher pT. For all event classes, the magnitude of the vn is
largest for n = 2, and decreases quickly with increasing n.
The ATLAS data are compared to the measurement by the
CMS experiment [28] for an event-activity class in which the
number of off-line reconstructed tracks, Noff

trk , within |η| < 2.4
and pT > 0.4 GeV is 220 ! Noff

trk < 260. This is comparable to
the 220 ! N rec

ch < 260 event class used in the ATLAS analysis.
A similar recoil removal procedure, with Noff

trk < 20 as the
peripheral events, has been used for the CMS data. Excellent
agreement is observed between the two results.

The extraction of the vn from vn,n relies on the factorization
relation in Eq. (9). This factorization is checked by calculating
vn using different ranges of pb

T for events with N rec
ch " 220

as shown in Fig. 10. The factorization behavior can also be
studied via the ratio [49,50]
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with rn = 1 for perfect factorization. The results with recoil
subtraction (rn) and without subtraction (runsub

n ) are summa-
rized in Fig. 11, and they are shown as functions of pb

T − pa
T,

because by construction the ratios equal 1 for pb
T = pa

T. This
second method is limited to pa,b

T # 4 GeV, because requiring
both particles to be at high pT reduces the number of the

available pairs for vn,n(pa
T,pa

T) or vn,n(pb
T,pb

T). In contrast,
for the results shown in Fig. 10, using Eqs. (9) and (10),
the restriction applies to only one of the particles, i.e., pb

T #
4 GeV.

Results in Figs. 10 and 11 show that, in the region where
the statistical uncertainty is small, the factorization holds to
within a few percent for v2 over 0.5 < pa,b

T < 4 GeV, within
10% for v3 over 0.5 < pa,b

T < 3 GeV, and within 20%–30%
for v4 over 0.5 < pa,b

T < 4 GeV (Fig. 10 only). Furthermore,
in this pT region, the differences between rn and runsub

n are
very small (<10%) as shown by Fig. 11, consistent with the
observation in Fig. 8. This level of factorization is similar to
what was observed in peripheral Pb + Pb collisions [9].

Figure 11 also compares the rn data with a theoretical
calculation from a viscous hydrodynamic model [51]. The
model predicts at most a few percent deviation of rn from
1, which is attributed to pT-dependent decorrelation effects
associated with event-by-event flow fluctuations [49]. In most
cases, the data are consistent with the prediction within
uncertainties.

Figure 12 shows the centrality dependence of v2, v3, and v4
as functions of N rec

ch and EPb
T . The results are obtained for 0.4 <

pa,b
T < 3 GeV, both before and after subtraction of the recoil

contribution. The difference between vunsub
n and vn is very

small in central collisions, up to 3%–4% for both event-activity
definitions. For more peripheral collisions, the difference is
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very small (<10%) as shown by Fig. 11, consistent with the
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model predicts at most a few percent deviation of rn from
1, which is attributed to pT-dependent decorrelation effects
associated with event-by-event flow fluctuations [49]. In most
cases, the data are consistent with the prediction within
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Fig. 4. The Fourier coefficient v2{2PC, sub} for hadrons (black squares), pions (red
triangles), kaons (green stars) and protons (blue circles) as a function of pT from
the correlation in the 0–20% multiplicity class after subtraction of the correlation
from the 60–100% multiplicity class. The data is plotted at the average-pT for each
considered pT interval and particle species under study. Error bars show statistical
uncertainties while shaded areas denote systematic uncertainties.

mass ordering between the v2 of pions and protons including their
crossing and the hint for a difference between the v2 of pions and
kaons is rather intriguing. The mass ordering and crossing is qual-
itatively similar to observations in nucleus–nucleus collisions [13,
50–52,54]. Furthermore, in A–A collisions a mass ordering at low
transverse momenta can be described by hydrodynamic model cal-
culations [49,53].

The reported results are consistent under a range of varia-
tions to the analysis procedure. Changing the multiplicity class
for the subtraction to 70–100% leads to large statistical fluctua-
tions, in particular for protons and kaons. For hadrons and pi-
ons the v2 coefficients change by about 8% below 0.5 GeV/c
and less than 4% for larger pT. Repeating the analysis using the
20–40% event class and subtracting the 60–100% event class, re-
sults in qualitatively similar observations. On average the v2 val-
ues are 15–25% lower and the statistical uncertainties are about
a factor 2 larger than in the 0–20% case. For the 40–60% event
class, the statistical uncertainties are too large to draw a conclu-
sion.

The analysis was repeated using the energy deposited in the
ZNA instead of the VZERO-A to define the event classes. The ex-
tracted v2 values are consistently lower by about 12% due to the
different event sample selected in this way. However, the pre-
sented conclusions, in particular the observed difference of vp

2 and
vπ

2 compared between jet-dominated correlations (60–100% event
class) and double-ridge dominated correlations (0–20% event class
after subtraction), are unchanged.

6. Summary

Two-particle angular correlations of charged particles with pi-
ons, kaons and protons have been measured in p–Pb collisions
at

√
sNN = 5.02 TeV and expressed as associated yields per trig-

ger particle. The Fourier coefficient v2 was extracted from these
correlations and studied as a function of pT and event mul-
tiplicity. In low-multiplicity collisions the pT and species de-
pendence of v2 resembles that observed in pp collisions at
similar energy where correlations from jets dominate the mea-
surement. In high-multiplicity p–Pb collisions a different pic-
ture emerges, where vp

2 < vπ
2 is found up to about 2 GeV/c. At

3–4 GeV/c, vp
2 is slightly larger than vπ

2 , albeit with low signifi-
cance.

The per-trigger yield measured in low-multiplicity collisions
is subtracted from that measured in high-multiplicity collisions,
revealing that the double-ridge structure previously observed in
correlations of unidentified particles, is present also in correla-
tions with π , K and p. The Fourier coefficient v2 of these double-
ridge structures exhibits a dependence on pT that is reminiscent of
the one observed in collectivity-dominated Pb–Pb collisions at the
LHC: vp

2 is significantly smaller than vπ
2 and vK

2 at low pT while
the opposite is observed at 2.5–4 GeV/c; the crossing takes place
at about 2 GeV/c.

These observations and their qualitative similarity to measure-
ments in A–A collisions are rather intriguing. Their theoretical
interpretation is promising to give further insight into the unex-
pected phenomena observed in p–Pb collisions at the LHC.
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The v2 is measured as v2ðpTÞ ¼ hcos 2ðϕparticle −Ψobs
2 Þi=

ResðΨobs
2 Þ, where the average is over particles in the pT bin

and over events. The second order event plane direction
Ψobs

2 is determined using the MPC-S (Au going). The
study of correlation strength as above indicates that
the elementary-process contribution to the event plane v2
result is similarly small, less than 10% fractionally out to
pT ¼ 4.5 GeV=c. The event plane resolution ResðΨobs

2 Þ
(∼0.151$ 0.003) is calculated through the standard
three subevents method [28,29], with the other two
event planes being (i) the second order event plane
determined from central-arm tracks, restricted to low pT
(0.2 < pT < 2.0 GeV=c) to minimize contribution from jet
fragments, and (ii) the first order event plane measured
with spectator neutrons in the shower-maximum detector
on the Au-going side (η < −6.5) [25,29]. The systematic
uncertainties on the v2 of charged hadrons are mainly from
the tracking background (2%) and pile-up effects (5%),
as described above, and also from the difference in v2
from different event plane determinations. To estimate the
systematic uncertainty of the latter, we compare the v2
extracted with the MPC-S event plane with that using the
south (Au-going) beam-beam counter, and the two mea-
surements of v2 are consistent to within 5%. The difference
for v2 from the different centrality determinations as
discussed previously is less than 3%.
The v2 of charged hadrons for 0%–5% central dþ Au

events with event plane methods are shown in Fig. 3(a)
as v2ðEPÞ for pT up to 4.5 GeV=c, along with a poly-
nomial fit through the points. Also shown are our earlier

measurement with two particle correlations [v2ð2pÞ] and
the v2 measured in the central pþ Pb collisions at LHC.
Figure 3(b) shows the ratios of all of these measurements
divided by the fitting results. The v2 from our prior
measurements, with subtraction of peripheral data to
reduce jet contributions, exceed the current measurement;
differences range from about 15% at pT ¼ 1.0 GeV=c to
about 50% at pT ¼ 2.2 GeV=c. The difference is about
1.5σ for the top three points with the largest deviations
from the fit. It may be due to different jetlike correlation
being present in central and peripheral collisions [30]. The
present measurement, without peripheral subtraction, is
performed with jΔηj > 2.75, far away from the near-side
main jet peak. The contribution from jet, which includes
both near and away side, has been found to be less than
10% from the study of c2 shown in Fig. 2. Even if there is a
30% enhancement of jetlike correlation from pþ p to
central dþ Au collisions, it will only raise from 10% to
13% our estimate of the jetlike contribution to the v2 in
central dþ Au collisions. The present v2 measurement is
closer to that of pþ Pb collisions [2,3,6]. It is about 20%
higher than that of pþ Pb at pT ¼ 1 GeV=c, and the
difference decreases to a few percent at pT > 2.0 GeV=c.
Figure 4 shows the midrapidity v2ðpTÞ for identified

charged pions and (anti)protons, with charge signs com-
bined for each species, up to pT ¼ 3 GeV=c using the
event plane method; the systematic uncertainties are the
same as for inclusive charged hadrons. A distinctive mass
splitting can be seen. The pion v2 is higher than the proton’s
for pT < 1.5 GeV=c, as has been seen universally in
heavy-ion collisions at RHIC [34–39]. Figure 4(a) also
shows calculations of viscous hydrodynamics with
Glauber initial conditions starting at τ ¼ 0.5 fm=c with
η=s ¼ 1.0=ð4πÞ, followed by a hadronic cascade [31–33].
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FIG. 3 (color online). Measuredv2ðEPÞ formidrapidity charged
tracks in 0%–5% central dþ Au at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV using the
event plane method in (a). Also shown are v2 measured in central
pþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [2,3,6] and our prior
measurements with two particle correlations [v2ð2pÞ] for dþ Au
collisions [16]. A polynomial fit to the current measurement and
the ratios of experimental values to the fit are shown in (b).
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FIG. 3. (Color online) Comparison of c2{2} with |!η| > 1.4 for
p-Pb and Pb-Pb collisions. Only statistical errors are shown as these
dominate the uncertainty. See Table I for systematic uncertainties.

forming the average. The corresponding points, represented by
the diamonds, are lower than the charge independent results for
the majority of the multiplicity ranges. This is expected since
few-particle correlations from jets and resonances conserve
charge, and thus are more likely to be absent in the like-sign
measurements. Conversely, the like-sign measurements are
higher for the lowest multiplicity bin. This can be explained
by a suppression of unlike sign correlations (e.g., multiparticle
jets) induced by the low multiplicity cut. Our results in p-Pb
collisions are compared to predictions from the DPMJET
model [30]. It includes in a phenomenological way the soft
multiparticle production as well as hard scatterings, contains
no collective effects and thus can serve as a benchmark to
study the effect of nonflow on our measurements. It is seen
that the corresponding points for c2{2} in DPMJET fall off
more rapidly compared to data. When carrying out the a/Mb

fit to the model, we find b ∼ 0.8. The data is also significantly
higher than DPMJET at high multiplicity.

The right panel of Fig. 1 presents the multiplicity depen-
dence of the two-particle cumulants in p-Pb collisions in the
case where a !η gap is applied. It is seen that for a given
multiplicity, increasing the gap decreases c2{2}. As mentioned
previously, this is expected since tracks from few-particle
correlations such as jets and resonances have smaller relative
angles, therefore their contribution is suppressed by the applied
pseudorapidity separation. However for large !η values, i.e.,
for |!η| > 1, the data points increase with multiplicity which
is not expected if nonflow dominates. In addition, the |!η|
dependence of c2{2} is less pronounced at higher multiplicities.
This could be a consequence of a flowlike mechanism with no
or little dependence on η, whose relative strength increases
with increasing multiplicity.

The Pb-Pb results of c2{2} in the case of the charge
independent and the like-sign analysis are presented in the left
panel of Fig. 2. They decrease with increasing multiplicity
up to Nch ∼ 100, then increase until midcentral collisions
(i.e., up to Nch ≈ 400). When moving to more central events
where initial state anisotropies decrease, the values of c2{2}
decrease as expected. Predictions from the HIJING model
are also shown in the same plot. This model, similarly to the
DPMJET model, contains only nonflow, and as expected, c2{2}
attenuates more rapidly than the data. Finally, the right panel of
Fig. 2 presents the two-particle results in Pb-Pb collisions after
applying a !η gap to reduce the contribution from nonflow.
It is seen that at multiplicities Nch ! 1000, the measurements
with various !η gaps converge, indicating the dominance of
anisotropic flow. The measurements at lower multiplicities
depend on !η gap significantly, indicating nonflow plays a
prominent role.

In Fig. 3, we compare c2{2} for p-Pb and Pb-Pb with |!η| >
1.4 to minimize the contribution from nonflow. Both systems
have similar values of c2{2} at low multiplicity, however the
Pb-Pb data points rise more rapidly for higher multiplicities.
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D. Second harmonic cumulants in very high-multiplicity
Pb-Pb collisions

The nonzero values of c2{4} in high-multiplicity p-Pb
collisions merit a comparison to high-multiplicity Pb-Pb
collisions, which have an impact parameter that becomes
small. In both cases, initial state fluctuations are expected to
dominate the eccentricity since there is no intrinsic eccentricity
from the overlapping nuclei. In Fig. 7, cumulants of different
orders are compared for high-multiplicity Pb-Pb collisions. At
Nch ! 2800, c2{4} becomes consistent with zero, which is in
contrast to high-multiplicity p-Pb (where c2{4} is negative).
The measurements of c2{6} also become zero in exactly the
same region, which corresponds to the highest ∼2.5% of the

cross section. Constant fits to c2{4} and c2{6} for Nch > 2800
give 8.5 × 10−6 ± 9.3 × 10−6 and 7.2 × 10−6 ± 2.2 × 10−5

respectively (with χ2/dof ∼ 1 in each case). An explanation
for the difference between p-Pb and Pb-Pb can be found by
considering the number of sources which form the eccentricity.
When this number is small, eccentricity fluctuations have a
power-law distribution which will lead to finite values of c2{4}
and c2{6}, assuming v2 ∝ ε2 [35]. When the number of sources
becomes large enough, the power-law distribution becomes
equivalent to the Bessel-Gaussian distribution [36,37]. In the
special case of very high multiplicity Pb-Pb collisions where
the impact parameter is expected to approach 0, the Bessel-
Gaussian distribution gives values of c2{4} and c2{6} that are
zero. Assuming the number of sources are highly correlated
with the number of participants, the difference between very
high multiplicity p-Pb and Pb-Pb can be explained by the
larger number of sources in the latter. Finally, these results at
the LHC can be compared to those from the STAR Collabora-
tion [38,39]. In Au-Au

√
sNN = 200 GeV collisions, c2{4} also

approaches zero and may become positive which prevented
the extraction of v2{4} in central collisions, while for U-U√

sNN = 193 GeV collisions, c2{4} always remains negative.

E. Second harmonic flow coefficients in p-Pb
and Pb-Pb collisions

A comparison of second harmonic flow coefficients is
shown in Fig. 8. We determine v2{2} with the largest possible
#η gap to minimize the contribution from nonflow. In
p-Pb collisions, we find v2{2} > v2{4} which is indicative
of flow fluctuations, but can also be affected by nonflow.
The same observation is made for Pb-Pb collisions, and we
also find v2{4} ≃ v2{6}. Regarding the functional form of
the v2 distribution, a Bessel-Gaussian function satisfies the
criterium v2{4} = v2{6} [36]. When the Bessel function of the
Bessel-Gaussian becomes 1, v2{4} = v2{6} = 0. A power-law
function gives values of v2{4} and v2{6} which are close, but
not exactly equal [35]. In addition, unfolded measurements of
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FIG. 8. (Color online) Measurements of v2{2}, v2{4}, and v2{6} in p-Pb (left panel) and Pb-Pb (right panel) collisions. The measurements
of v2{2} are obtained with a |#η| > 1.4 gap. Only statistical errors are shown as these dominate the uncertainty. See Table I for systematic
uncertainties.
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This may be explained by higher eccentricities (therefore
higher anisotropies) in Pb-Pb collisions found from a CGC
inspired cluster model for the initial conditions at similar
multiplicities [22] (not shown). We note that other studies
are exploring these correlations with the AMPT model [34].

B. The second harmonic four-particle cumulant

The results of c2{4} as a function of multiplicity are shown
in Fig. 4 for p-Pb collisions, and Fig. 5 for Pb-Pb collisions.
We use the Q-cumulants methods to obtain the results in all
cases. For p-Pb collisions, there are little differences between
the like-sign and the charge independent results. The values of
c2{4} attenuate more rapidly than c2{2} at low multiplicity,
as expected since nonflow contributes significantly in this
region. The predictions from the DPMJET model, represented
by the open squares in Fig. 4, also show a large attenuation.
At Nch ! 70, the values of c2{4} become negative, and this
is illustrated in the right panel of Fig. 4. Measurements of
c2{4} below zero allow for real values of v2{4}. We found
that the position of the transition from positive to negative
depends on the η cut applied to the tracks (not shown).
When the η cut is reduced, the transition occurs at a larger
multiplicity, which is presumably due to the larger contribution
of nonflow. The results for Pb-Pb collisions shown in the left
panel of Fig. 5 with the circles exhibit a similar trend. The
values of c2{4} rise at very high multiplicities as the collisions
become central. The charge independent HIJING predictions,
also shown in this plot as open squares, converge to zero for
most multiplicities indicating the contribution from nonflow
is negligible. In the right panel of Fig. 5, we compare c2{4}
for p-Pb and Pb-Pb collisions. Both systems exhibit positive
values for Nch " 70, indicating a dominance of nonflow. At
multiplicities 70 " Nch " 200, c2{4} decreases more rapidly
for Pb-Pb which might be indicative of higher eccentricities
for similar multiplicities.

C. The second harmonic six-particle cumulant

The results of c2{6} as a function of multiplicity are shown
in Fig. 6 for p-Pb and Pb-Pb collisions. We again use the
Q-cumulants methods to obtain c2{6}. In p-Pb collisions,
these measurements are more limited by finite statistics as we
observe fluctuations above and below zero at high multiplicity
(within the statistical uncertainties). The solid black line
indicates v2{6} = 4.5%, which is roughly the value of v2{4} in
this multiplicity region. The p-Pb measurements will benefit
from higher statistics measurements planned for future LHC
running. However, it is clear at multiplicities above 100 that the
values of c2{6} are significantly higher for Pb-Pb compared to
p-Pb. This again may be be explained by higher eccentricities
in the initial state of the colliding nuclei for the former.
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FIG. 11. (Color online) Third harmonic flow coefficients in p-Pb
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|!η| > 1.4 gap. Only statistical errors are shown as these dominate
the uncertainty. See Table I for systematic uncertainties.

energies [11]. The measurements with larger !η gaps show
an increase with multiplicity, indicating a contribution from
global correlations. For large Pb-Pb multiplicities, measure-
ments with various !η gaps converge indicating a dominance
of flow. Finally, in Fig. 11 we compare the third harmonic flow
coefficients for both systems, again with the largest possible
!η gap. In contrast to measurements of the second harmonic,
we find that p-Pb and Pb-Pb are consistent for the same
multiplicity. This consistency has also been observed by the
CMS Collaboration [16], and points to similar third harmonic
eccentricities for p-Pb and Pb-Pb at the same multiplicity. A
CGC inspired cluster model for the initial conditions is able to
reproduce this observation [22].

V. SUMMARY

We have reported results of c2{2}, c2{4}, and c2{6} as a
function of multiplicity in p-Pb at

√
sNN = 5.02 TeV and

Pb-Pb at
√

sNN = 2.76 TeV collisions for kinematic cuts
0.2 < pT < 3 GeV/c and |η| < 1. Measurements of c2{2}
using all pairs in the event for p-Pb collisions show a decrease
with multiplicity, characteristic of a dominance of few-particle
correlations. However, the decrease is shallower than from the
expectation high-multiplicity events are a superposition of low
multiplicity events. When a |!η| gap is placed to suppress such
nonflow correlations, measurements of c2{2} begin to rise at
high multiplicity. Similar observations are made for Pb-Pb
collisions. The measurements of c2{4} exhibit a transition
from positive values at low multiplicity to negative values
at higher multiplicity for both p-Pb and Pb-Pb. The negative
values allow for a real v2{4}, which is lower than v2{2} at
a given multiplicity. The measurements of c2{6} for p-Pb
collisions are both consistent with zero, and the assumption
v2{4} = v2{6}. In Pb-Pb collisions, we observe v2{4} ≃ v2{6},
which is indicative of a Bessel-Gaussian function for the
v2 distribution in this domain. For very high-multiplicity

Pb-Pb collisions, both v2{4} and v2{6} are consistent with
0. A comparison of p-Pb cumulants to those of Pb-Pb at the
same multiplicity (for Nch ! 70) shows stronger correlations
in Pb-Pb for all the cumulants. This may be explained by
higher eccentricities for similar multiplicities. Finally, we
have performed measurements of v3{2} for p-Pb and Pb-Pb
collisions. They are found to be similar for overlapping
multiplicities when a |!η| > 1.4 gap is placed, indicating that
initial state third harmonic eccentricities may be similar for
both systems. We conclude that our measurements indicate
that the (double) ridge observed in p-Pb at

√
sNN = 5.02 TeV

arises from global azimuthal correlations, rather than from
few-particle correlations which decrease with multiplicity.
These measurements provide key constraints to the initial state
and transport properties in p-Pb and Pb-Pb collisions.
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vn Scaling from pA -> AA

• ‘Remove’ overall geometry in AA and isolation fluctuation part 

• Scaling ratio calculated from Glauber model
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Eccentricity and elliptic flow
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I The scaling factor
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(✏2{2})2PbPb
is a nontrivial function of

multiplicity and is calculated by Glauber model (not a fit!).

I No fine tuning!

Gökçe Başar A scaling relation between pA and AA collisions 22/35

Eccentricity and elliptic flow

I In order to compare the elliptic flow in pPb and PbPb
justly one should “remove” the overall geometry from AA
and isolate the fluctuation driven part:

) (v2{2})PbPb,rscl ⌘

s
h�✏22i

(✏2{2})2
PbPb

(v2{2})PbPb

I Conformal dynamics suggest that
(v2{2})PbPb,rscl = (v2{2})pPb at the same multiplicity
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Data: CMS, PLB 724 (2013) 213
G. Basar & D. Teaney, PRC 90, 054903 (2014)
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• pA, AA shapes 
similar with constant 
scaling 

• Mean pT scaling works is not enough: 
additional x 0.66 for v2 & v4
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• ATLAS recently adopted and extended our analysis

recoil subtraction ) remarkable agreement even at larger p

T

!
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Pb+Pb collisions in the 55–60% centrality interval from Ref. [9]. These two event classes are chosen to have similar
e�ciency-corrected multiplicity of charged particles with pT > 0.5 GeV and |�| < 2.5, characterized by its average
value (hNchi) and its standard deviation (�): hNchi ± � ⇡ 259 ± 13 for p+Pb collisions and hNchi ± � ⇡ 241 ± 43 for
Pb+Pb collisions.

The Pb+Pb results on v

n

[9] were obtained via an event-plane method by correlating tracks in � > 0 (� < 0) with
the event plane determined in the FCal in the opposite hemisphere. The larger v2 values in Pb+Pb collisions can be
attributed to the elliptic collision geometry of the Pb+Pb system, while the larger v4 values are due to the non-linear
coupling between v2 and v4 in the collective expansion [54]. The v3 data for Pb+Pb collisions are similar in magnitude
to those in p+Pb collisions. However, the pT dependence of v

n

is di↵erent for the two systems. These observations
are consistent with similar comparisons performed by the CMS experiment [28].

Recently, Basar and Teaney [55] have proposed a method to rescale the Pb+Pb data for a proper comparison to
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FIG. 16: The coe�cients v2 (top row), v3 (middle row) and v4 (bottom row) as a function of pT compared between p+Pb
collisions with 220 � N rec

ch < 260 in this analysis and Pb+Pb collisions in 55–60% centrality from Ref. [9]. The left column
shows the original data with their statistical (error bars) and systematic uncertainties (shaded boxes). In the right column, the
same Pb+Pb data are rescaled horizontally by a constant factor of 1.25, and the v2 and v4 are also down-scaled by an empirical
factor of 0.66 to match the p+Pb data.

the p+Pb data. They argue that the v

n

(pT) shape in the two collision systems are related to each other by a constant
scale factor of K = 1.25 accounting for the di↵erence in their hpTi, and that one should observe a similar v

n

(pT)

[ATLAS, PRC 90, 044906]

Gökçe Başar A scaling relation between pA and AA collisions 29/35

ATLAS, PRC 90, 044906 (2014)

p+Pb 5.02 TeV

Original Rescaled

G. Basar & D. Teaney, PRC 90, 054903 (2014)
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• v2 weakly depends on η 
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Figure 1: The elliptic flow coe�cient on the proton- (�4 < ⌘ < �2.5)
(dashed line) and the nucleus-going (2.5 < ⌘ < 4) (solid line) sides
in 0 � 20% p+Pb collisions at

p
s = 5.02 TeV, as a function of the

transverse momentum, p?, from 3+1D hydrodynamics.
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Figure 2: Same as figure 1 but for the triangular flow.

in the Cooper-Frye formula [24]. The hydrodynamic sim-
ulations reproduce fairly well the measured elliptic and
triangular flow [6], the mass hierarchy of the elliptic flow
coe�cient and of the average transverse momentum of
identified particles [25], and the interferometry radii [26].

The centrality 0-20% is defined as events with the num-
ber of wounded nucleons Nw � 13. Charged particles are
analysed in three bins, the forward (Pb-going side) 2.5 <
⌘ < 4 and backward (p-going side) �4 < ⌘ < �2.5, and
the central bin |⌘| < 1. The central bin defines the refer-
ence event-plane for charged particles with 0.25 < p? < 5
GeV. The flow coe�cients vn{2}(p?) for charged particles
in the forward and backward bins are calculated with re-
spect to the reference particles from the central bin.

The elliptic and triangular flow as a function of the
transverse momentum is larger on the nucleus-going side
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Figure 3: The ratio of the Pb-going to p-going values of the ellip-
tic (solid line) and triangular (dashed line) flow coe�cients, from the
3+1D hydrodynamic calculation.

(Figs. 1 and 2). Since the average transverse momen-
tum is expected to be larger on the nucleus-going side
[20], the di↵erence for integrated flow coe�cients is pre-
dicted to be even larger. The origin of the e↵ect in the
hydrodynamic model can be linked to the longer lifetime
of the fireball on the nucleus going side, which results in
a stronger built up of the collective flow. Moreover, for
rapidities where the freeze-out happens earlier we expect
much stronger viscosity correction at freeze-out, reducing
the flow coe�cients [27]. As shown in Fig. 3, the ratio of
the flow coe�cients calculated in the forward and back-
ward rapidity bins weakly depends on p?, in the range
where the hydrodynamic model applies.

2.2. A multi-phase transport model

The AMPT model with the string melting mechanism
proved to be very e↵ective in describing various features
of p+Pb, d+Au and the high-multiplicity p+p interactions
data [13–15].2 The model is initialized with soft strings
(soft particles) and minijets (hard particles) from HIJING
[28]. In the string melting scenario both strings and mini-
jets are converted into quarks and anti-quarks that sub-
sequently undergo elastic scatterings with a given cross-
section, �, which is a free parameter.3 It was found that a
cross-section of 1.5 � 3 mb is su�cient to reproduce the
data in p+p and p+Pb collisions at the LHC [13, 14], and
d+Au interactions at RHIC [15]. In this paper we choose
� = 3 mb.

2We note that approximately 1 � 2 elastic collisions per partons
su�ce to describe the p+Pb data [13, 14].

3The AMPT model with � = 0 is equivalent to HIJING (plus
hadronic transport [29]).
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We repeated our calculations using di↵erent definitions
of centrality classes. We checked several possibilities in-
cluding: cuts of the multiplicity distributions in |⌘| < 1,
2.8 < ⌘ < 5.1 and 5 < ⌘ < 6, and cuts in the number
of wounded nucleons, Npart. As expected, we found some
quantitative di↵erences (on the level of 20% for 0 � 20%
centrality class) however, all qualitative features remained
unchanged.

It would be interesting to perform analogous calcula-
tions in the color glass condensate framework. v2 on a
nucleus side is driven by large x partons in a nucleus and
small x partons in a proton with the opposite situation for
v2 on a proton side. Consequently in CGC we expect a
nontrivial dependence of v2 on rapidity in p+Pb collisions
and it is plausible that v2(⌘) could serve as the decisive
test of the initial vs. the final state e↵ects.

4. Conclusions

In conclusion, we predicted the rapidity dependence of
elliptic and triangular flow coe�cients in p+Pb collisions
at the LHC energy using the AMPT and 3+1D hydrody-
namics models. We found that both v2 and v3 in cen-
tral collisions are significantly larger on a nucleus side
(2.5 < ⌘ < 4) than on a proton side (�4 < ⌘ < �2.5)
and the ratio between the two, vPb

n (p?)/vp
n(p?), weakly de-

pends on the transverse momentum of produced particles.
The signal is somehow larger in hydrodynamics than in
the AMPT model. We also predicted the centrality depen-
dence of the e↵ect and found that already for 40 � 60%
centrality class the ratio is consistent with unity. It was
further observed that the ratio weakly depends on various
methods of centrality definition in p+Pb (for 0�20% cen-
trality class). Finally, we performed our calculations with
and without jet contribution (by randomizing azimuthal
angle between produced jets in AMPT) and found very
little e↵ect on the ratio whereas the individual v2 coef-
ficients are obviously strongly modified at larger p?. It
would be interesting to perform analogous calculations in
the initial state models of p+A interactions, where a non-
trivial v2 dependence on (pseudo)rapidity is expected. We
hope our results will provide a stronger test of the collec-
tive dynamics in p+A collisions.
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v2 Δη & Multiplicity Dependence in d+Au

• Similar V2 on Au-side  & d-side while different near-side ridge yield
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tire measured multiplicity range, by an emerging, non-jet1

contribution, such as elliptic flow.2

Whether or not a finite correlated yield appears on3

the near side depends on the interplay between V
1

and4

V
2

(higher order terms are negligible). Although the V
2

5

parameters are similar, the significantly more negative6

V
1

in low- versus high-multiplicity events eliminates the7

near-side V
2

peak in ��. The same applies also to the8

TPC-FTPC correlation comparison between the Au- and9

d-going directions. The V
2

values are rather similar for10

FTPC-d (forward rapidity) and FTPC-Au (backward ra-11

pidity) correlations, but the more negative V
1

for d-going12

direction eliminates the near-side V
2

peak. If the relevant13

physics in d+Au collisions is governed by hydrodynam-14

ics, then it may not carry significance whether or not15

there exists a finite near-side long-range correlated yield,16

which would be a simple manifestation of the relative V
1

17

and V
2

strengths.18

Our V
2

data are qualitatively consistent with that from19

PHENIX [30]. While PHENIX focused on the pT depen-20

dence, we study the Fourier coe�cients as a function of21

�⌘ a↵orded by the large STAR acceptance, as well as the22

event multiplicity. Hydrodynamic e↵ects, if they exist in23

d+Au collisions, should naively di↵er over the measured24

multiplicity range and between Au- and d-going direc-25

tions. However, the V
2

parameters are approximately26

constant over multiplicity, and quantitatively similar be-27

tween the Au- and d-going directions. On the other28

hand, the correlation comparisons between low- and high-29

activity data reveal di↵erent trends for the Au- and d-30

going directions. The high- and low-activity di↵erence in31

the FTPC-Au correlation in Fig. 1(b) may resemble ellip-32

tic flow, but that in the FTPC-d correlation in Fig. 1(c)33

is far from an elliptic flow shape. In combination, these34

data suggest that the finite values of Vn cannot be ex-35

clusively explained by hydrodynamic anisotropic flow in36

d+Au collisions at RHIC.37

In summary, dihadron angular correlations are re-38

ported for d+Au collisions at
p
sNN = 200 GeV as a39

function of the event activity from the STAR experi-40

ment. The event activity is classified by the measured41

zero-degree neutral energy in ZDC, the charged hadron42

multiplicity in FTPC, both in the Au-going direction,43

or the multiplicity in TPC. In a recent paper we have44

shown that the short-range jet-like correlated yield in-45

creases with the event activity [29]. In this paper we46

focus on long-range correlations at large |�⌘|, where jet-47

like contributions are minimal on the near side, although48

the away side is still dominated by jet production. Two49

approaches are taken, one to extract the correlated yields50

above a uniform background estimated by the ZYAM51

method, and the other to calculate the Fourier coe�-52

cients, Vn = hcosn��i, of the dihadron �� correlations.53

The following points are observed: (i) The away-side cor-54

related yields are larger in high- than in low-activity col-55

lisions in the TPC and FTPC-Au, but lower in FTPC-56
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FIG. 4: Fourier coe�cients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/d⌘. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.

d; (ii) Finite near-side correlated yields are observed at1

large�⌘ above the estimated ZYAM background in high-2

activity collisions in both the TPC and FTPC-Au (re-3

ferred to as the “ridge”); (iii) The ridge yield appears4

to scale with the away-side correlated yield at the cor-5

responding �⌘ < �1, which is dominated by the away-6

side jet; (iv) The V
2

coe�cient decreases with increasing7

|�⌘|, but remains finite at both forward and backward8

rapidities (|�⌘| ⇡ 3) with similar magnitude; (v) The9

V
1

coe�cient is approximately inversely proportional to10

the event multiplicity, but the V
2

appears to be indepen-11

dent of it. While hydrodynamic elliptic flow is not ex-12

cluded with a coincidental compensation of jet dilution13

by increasing flow contribution with multiplicity and an14

unexpected equality of elliptic flow between forward and15

backward rapidities, the data suggest that there exists a16

long-range pair-wise correlation in d+Au collisions that17

is correlated with dijet production.18
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appears to be indepen-11
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backward rapidities, the data suggest that there exists a16

long-range pair-wise correlation in d+Au collisions that17
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v2 & v3(pT) in d+Au and He3+Au

• v3 in d+Au?
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FIG. 4. Predictions of Fourier flow coe�cients v2 and v3 for
3He+Au at

p
sNN = 200 GeV.

the initial eccentricity of d+Au and 3He+Au systems to
be the same. It is notable, however, that the initial ge-
ometry in AMPT has additional fluctuations that may
be washing out some of this 10% di↵erence. The spatial
eccentricity in p+Au collisions is much lower and does
appear to be reflected in AMPT, although to a lesser ex-
tent. This is opposite to what might be expected from
additional fluctuations or smearing e↵ects, which tend to
lessen the p+Au eccentricity faster [11].

Figure 5 (bottom panel) shows the ratio of triangular
flow coe�cients as a function of pT in p+Au and 3He+Au
relative to d+Au. Again, the ratios of initial geometry—
namely, triangularity "3—are shown as dashed lines. In
this case, the initial triangularity in p+Au and d+Au
central collisions is essentially the same, and the v3 co-
e�cients from AMPT are consistent with initial geome-
try. Nonetheless, it is worth noting that for 3He+Au and
d+Au, the ratio of v3 coe�cients is not a constant as a
function of pT . Over the range pT ⇡ 0.5�1.0 GeV/c, the
3He+Au system has a larger triangular flow, though less
than the 40% larger initial spatial triangularity. Since the
triangular coe�cients are inherently smaller, they might
be more sensitive to any jet modification on the away-side
of the correlation—although it is unclear why it would be
manifested as the observed pattern between systems. At
the highest pT ⇡ 1.5 GeV/c, results in all systems have
a dropping v2 coe�cient and more comparable v2 and v3

coe�cients. This could indicate the breakdown of collec-
tive motion.

V. SUMMARY

Recent intriguing experimental observations at RHIC
and the LHC have raised the question of whether small
droplets of quark-gluon plasma can be formed in small

FIG. 5. (a) Ratio of elliptic and (b) triangular flow coe�cients
as a function of pT in p+Au and 3He+Au compared with a
baseline in d+Au.

collision systems. From among several competing mod-
els, nearly inviscid hydrodynamic calculations, both at
RHIC and the LHC, give reasonable account of the
measured flow coe�cients. However, incoherent par-
ton scattering—as implemented in AMPT with string
melting—has also been shown to provide an adequate
description of the long-range azimuthal correlations and
flow coe�cients measured in p+p and p+Pb at LHC ener-
gies. In this paper, we extend these calculations to RHIC
energies, focusing on the insight that can be gained by
varying the initial geometry of the projectile nucleus.

We find that the AMPT model is capable of repro-
ducing the measured elliptic flow coe�cients for central
d+Au collisions at

p
sNN = 200 GeV. With this obser-

vation, we ascertain the validity of incoherent parton-
parton scattering as a mechanism for rendering initial
geometric anisotropy into final-state particle momentum
correlations for small systems at both the RHIC and LHC
energy scales. We also make predictions for elliptic and
triangular flow coe�cients in p+Au and 3He+Au colli-
sions at

p
sNN = 200 GeV and qualitatively relate these

results to calculated initial-state geometric anisotropy.
Direct comparisons with experimental data in these new
systems, with both AMPT and various hydrodynamic
models, is anticipated to shed light on the physical dy-
namics at play in these collision systems. To finalize, we
highlight the need to identify additional observables that
provide a more stringent discrimination between initial
geometry and its translation to final-state correlations.
AMPT is well-suited for this task, which is left for future

J. Nagle et al, arXiv 1501.06880 
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scaling is still observed. Even more dramatic is the
dependence of v3=ε3 on TF. Increasing TF from 150 to
170 MeV considerably shortens the hydrodynamic evolu-
tion time and results in a strong reduction of v3=ε3 for all
systems.
To reduce the dependence on TF, we have chosen

to perform a standard Cooper-Frye freeze-out at
T ¼ 170 MeV, followed by a hadronic cascade including
resonance feed-down corrections [16]. Figure 4 shows the
results for the pion momentum anisotropies v2 and v3 from
400 pþ Pb, 400 dþ Au, and 400 3Heþ Au central
(b < 2 fm) events run with η=s ¼ 1=4π and initial
Gaussian smearing σ ¼ 0.4 fm and 10 000 cascade events
for each of these hydrodynamics runs. There are substantial
event-to-event differences, and the dashed lines indicate the

event-averaged values. The dþ Au event-averaged v2
results are in agreement with the published experimental
values [7] [cf. Fig. 5(a)]. The v2 values are larger in dþ Au
and 3Heþ Au compared with pþ Pb, and the v3 values are
largest for 3Heþ Au, as one might expect from the initial
spatial anisotropies. The inset in the lower right panel
shows the v3 ratio from 3Heþ Au to dþ Au, which shows
only a modest pT dependence and is close to the ratio of
initial eccentricities. Thus, although the overall v3 values
are small, they preserve information on the initial intrinsic
triangularity.
However, we find that at energies of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV,
the system stays within the plasma phase only for
2–3 fm=c. While the effect on this short system lifetime
on elliptic flow v2 is seemingly rather minor, we find that
there is not sufficient time to convert the initial triangularity
into flow, resulting in a small overall magnitude of the
triangular flow v3.
Next we calculate the pion v3 as a function of transverse

momentum with viscosity η=s ¼ 0.2=4π, η=s ¼ 1=4π, and
η=s ¼ 2=4π. These results are shown for 3Heþ Au in
Fig. 5(b), where the increases in viscosity have a dramatic
effect in decreasing the v3 flow coefficients. It has been
previously observed that an ambiguity exists between a
more diffuse initial energy density (thereby reducing the εn
values) and a larger viscous damping (thereby reducing the
translation of εn into vn) [26]. This issue is significant for
the smallest colliding systems, as well as ambiguities from
subnucleonic fluctuations in calculating the initial energy
density distribution [13]. For dþ Au collisions, these
differences are highlighted in the εn values tabulated with
different initial geometry smearing assumptions in Table I
of Ref. [19]. It is notable that the initial condition for
starting hydrodynamics at time τ ¼ 0.5 fm=c depends not
only on the initial energy deposition itself, but also any
preequilibrium dynamics during that first 0.5 fm=c.
One may posit that the geometric distribution from each

participating nucleon or between participant pairs should
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FIG. 4: Fourier coe�cients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/d⌘. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.

d; (ii) Finite near-side correlated yields are observed at1

large�⌘ above the estimated ZYAM background in high-2

activity collisions in both the TPC and FTPC-Au (re-3

ferred to as the “ridge”); (iii) The ridge yield appears4

to scale with the away-side correlated yield at the cor-5

responding �⌘ < �1, which is dominated by the away-6

side jet; (iv) The V
2

coe�cient decreases with increasing7

|�⌘|, but remains finite at both forward and backward8

rapidities (|�⌘| ⇡ 3) with similar magnitude; (v) The9

V
1

coe�cient is approximately inversely proportional to10

the event multiplicity, but the V
2

appears to be indepen-11

dent of it. While hydrodynamic elliptic flow is not ex-12

cluded with a coincidental compensation of jet dilution13

by increasing flow contribution with multiplicity and an14

unexpected equality of elliptic flow between forward and15

backward rapidities, the data suggest that there exists a16

long-range pair-wise correlation in d+Au collisions that17

is correlated with dijet production.18
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D. Comparison of vn results between high-multiplicity p + Pb
and peripheral Pb + Pb collisions

In the highest multiplicity p + Pb collisions, the charged-
particle multiplicity, N rec

ch , can reach more than 350 in |η| <
2.5 and EPb

T close to 300 GeV on the Pb-fragmentation side.
This activity is comparable to Pb + Pb collisions at

√
sNN =

2.76 TeV in the 45%–50% centrality interval, where the long-
range correlation is known to be dominated by collective flow.
Hence, a comparison of the vn coefficients in similar event
activity for the two collision systems can improve our current
understanding of the origin of the long-range correlations.

The left column of Fig. 16 compares the vn values from
p + Pb collisions with 220 " N rec

ch < 260 to the vn values
for Pb + Pb collisions in the 55%–60% centrality interval
from Ref. [9]. These two event classes are chosen to have
similar efficiency-corrected multiplicity of charged particles
with pT > 0.5 GeV and |η| < 2.5, characterized by its average
value (⟨Nch⟩) and its standard deviation (σ ): ⟨Nch⟩ ± σ ≈
259 ± 13 for p + Pb collisions and ⟨Nch⟩ ± σ ≈ 241 ± 43 for
Pb + Pb collisions.
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that at RHIC energy. These ratios indicate a strong viola-
tion by a factor of 1.82 (4.55) of the beam rapidity scaling
discussed in [36].

Figure 2(b) shows the relative momentum shift
hpxi=hpTi ! hpT cosð!#!SPÞi=hpTi along the spectator
plane as a function of pseudorapidity. It is obtained by
introducing a pT=hpTi weight in front of ux and uy in
Eq. (3). The nonzero hpxiodd=hpTi shift has a smaller
magnitude than vodd

1 . The hpxieven vanishes which is con-
sistent with the dipolelike event-by-event fluctuations of
the initial energy density in a system with zero net trans-
verse momentum. Disappearance of hpxi at " % 0 indi-
cates that particles produced at midrapidity are not
involved in balancing the transverse momentum carried
away by spectators.

Figures 3(a) and 3(b) present v1 and hpxi=hpTi versus
collision centrality. The odd components were calculated
by taking values at negative " with an opposite sign. Both
v1 components have weak centrality dependence. The
hpxieven component is zero at all centralities, while
hpxiodd=hpTi is a steeper function of centrality than vodd

1 .
This suggests that vodd

1 has two contributions. The first
contribution has a similar origin as veven

1 due to asymmetric
dipolelike initial energy distribution. The second contribu-
tion grows almost linearly from central to peripheral

collisions and represents an effect of sideward collective
motion of particles at nonzero rapidity due to expansion of
the initially tilted source. This hpxi is balanced by that of
the particles produced at opposite rapidity and in very
forward (spectator) regions. The magnitude of vodd

1 at the
LHC is significantly smaller than at RHIC with a similar
centrality dependence [see Fig. 3(c)].
Figure 4(a) presents v1 as a function of pT . Both com-

ponents change sign around pT between 1.2 and
1:7 GeV=c which is expected for the dipolelike energy
fluctuations when the momentum of the low pT particles
is balanced by those at high pT [24–27]. The pT depen-
dence of veven

1 relative to !SP is similar to that of veven
1

relative to !ð1Þ
PP estimated from the Fourier fits of the two-

particle correlations [12,20,42], while its magnitude is
smaller by a factor of 40 [27,52]. This can be interpreted

as a weak correlation, hcosð!ð1Þ
PP #!SPÞi & 1, between the

orientation of the participant and spectator collision sym-
metry planes. Compared to the RHIC measurements in
Fig. 4(b), vodd

1 shows a similar trend including the sign
change around pT of 1:5 GeV=c in central collisions and a
negative value at all pT for peripheral collisions.
According to hydrodynamic model calculations

[24,27,53] particles with low pT should flow in the direc-
tion opposite to the largest density gradient. This, together
with the negative even and odd v1 components relative to
!SP measured for particles at midrapidity with low trans-
verse momentum (pT & 1:2 GeV=c) allows one, in prin-
ciple, to determine if spectators deflect away from or
towards the center of the system. However, a detailed
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According to hydrodynamic model calculations

[24,27,53] particles with low pT should flow in the direc-
tion opposite to the largest density gradient. This, together
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Transverse Momentum Factorization Breakdown

• 3+1D hydrodynamic calculation:  
difficulty to describe the whole 
picture together 
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150

CMS, arXiv:1503.01692

note: the rn is insensitive to η/s in calculation,  
can separate initial effect and medium response 
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Away-side Jet Contribution in vn

• Large effect for pT > 3 GeV/c
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FIG. 7. (Color online) The integrated per-trigger yield, Yint, on the near side (circles), the away side (squares), and their difference
(diamonds) as functions of (a) N rec
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To quantify the !φ dependence of the measured long-
range correlations, the first five harmonics of the correlation
functions, v1 to v5, are extracted via the procedure described
in Sec. III E. The following section summarizes the results for
v2-v5, and the results for v1 are discussed in Sec. IV C.

B. Fourier coefficients v2-v5

Figure 8 shows the v2, v3, and v4 obtained using the 2PC
method described in Sec. III E for 1 < pb

T < 3 GeV. The
results are shown both before (denoted by vunsub

n ) and after
the subtraction of the recoil component [Eq. (6)]. The recoil
contribution affects slightly the vn values for trigger pT < 3
GeV, but becomes increasingly important for higher trigger

pT and higher-order harmonics. This behavior is expected as
the dijet contributions, the dominant contribution to the recoil
component, increase rapidly with pT (for example, see Fig. 5
or Ref. [9]). At high pT, the contribution of dijets appears as
a narrow peak at the away side, leading to vunsub

n coefficients
with alternating sign: (−1)n [9]. In contrast, the vn values
after recoil subtraction are positive across the full measured
pT range. Hence, the recoil subtraction is necessary for the
reliable extraction of the long-range correlations, especially at
high pT.

Figure 9 shows the trigger pT dependence of the v2-v5 in
several N rec

ch event classes. The v5 measurement is available
only for three event-activity classes in a limited pT range. All
flow harmonics show similar trends; i.e., they increase with
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FIG. 8. The Fourier coefficients v2, v3, and v4 as functions of pa
T extracted from the correlation functions for events with N rec

ch ! 220, before
(denoted by vunsub

n ) and after (denoted by vn) the subtraction of the recoil component. Each panel shows the results for one harmonic. The pairs
are formed from charged particles with 1 < pb

T < 3 GeV and |!η| > 2. The error bars and shaded boxes represent the statistical and systematic
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Transverse Momentum Factorization Breakdown

• Some discrepancy between 3+1D hydrodynamic calculation 
and measurement
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Pseudorapidity Factorization Breakdown

• Event plane fluctuation in pseudorapidity 

• Calculation? 
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CMS, arXiv:1503.01692p+Pb 5.02 TeV
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Summary
• Ridge in observed in high-multiplicity pp, pPb, 

dAu, He3Au 

• vn measurements in small systems discussed and 
compared with heavy-ion collisions 

• Question remains: the physics mechanism?

34
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Multi-particle Correlations

40

B. ABELEV et al. PHYSICAL REVIEW C 90, 054901 (2014)
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FIG. 5. (Color online) Left panel: Midrapidity (|η| < 1) measurements of c2{4} as a function of multiplicity for Pb-Pb collisions. Right
panel: Comparison of c2{4} for p-Pb and Pb-Pb collisions. Only statistical errors are shown as these dominate the uncertainty. See table I for
systematic uncertainties.

This may be explained by higher eccentricities (therefore
higher anisotropies) in Pb-Pb collisions found from a CGC
inspired cluster model for the initial conditions at similar
multiplicities [22] (not shown). We note that other studies
are exploring these correlations with the AMPT model [34].

B. The second harmonic four-particle cumulant

The results of c2{4} as a function of multiplicity are shown
in Fig. 4 for p-Pb collisions, and Fig. 5 for Pb-Pb collisions.
We use the Q-cumulants methods to obtain the results in all
cases. For p-Pb collisions, there are little differences between
the like-sign and the charge independent results. The values of
c2{4} attenuate more rapidly than c2{2} at low multiplicity,
as expected since nonflow contributes significantly in this
region. The predictions from the DPMJET model, represented
by the open squares in Fig. 4, also show a large attenuation.
At Nch ! 70, the values of c2{4} become negative, and this
is illustrated in the right panel of Fig. 4. Measurements of
c2{4} below zero allow for real values of v2{4}. We found
that the position of the transition from positive to negative
depends on the η cut applied to the tracks (not shown).
When the η cut is reduced, the transition occurs at a larger
multiplicity, which is presumably due to the larger contribution
of nonflow. The results for Pb-Pb collisions shown in the left
panel of Fig. 5 with the circles exhibit a similar trend. The
values of c2{4} rise at very high multiplicities as the collisions
become central. The charge independent HIJING predictions,
also shown in this plot as open squares, converge to zero for
most multiplicities indicating the contribution from nonflow
is negligible. In the right panel of Fig. 5, we compare c2{4}
for p-Pb and Pb-Pb collisions. Both systems exhibit positive
values for Nch " 70, indicating a dominance of nonflow. At
multiplicities 70 " Nch " 200, c2{4} decreases more rapidly
for Pb-Pb which might be indicative of higher eccentricities
for similar multiplicities.

C. The second harmonic six-particle cumulant

The results of c2{6} as a function of multiplicity are shown
in Fig. 6 for p-Pb and Pb-Pb collisions. We again use the
Q-cumulants methods to obtain c2{6}. In p-Pb collisions,
these measurements are more limited by finite statistics as we
observe fluctuations above and below zero at high multiplicity
(within the statistical uncertainties). The solid black line
indicates v2{6} = 4.5%, which is roughly the value of v2{4} in
this multiplicity region. The p-Pb measurements will benefit
from higher statistics measurements planned for future LHC
running. However, it is clear at multiplicities above 100 that the
values of c2{6} are significantly higher for Pb-Pb compared to
p-Pb. This again may be be explained by higher eccentricities
in the initial state of the colliding nuclei for the former.
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FIG. 6. Comparison of midrapidity (|η| < 1) c2{6} for p-Pb and
Pb-Pb collisions. Only statistical errors are shown as these dominate
the uncertainty. See table I for systematic uncertainties.
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<Nchcorrected> =110

• Multi-particle cumulant needs 
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