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Figure 2: Two-particle correlation functions, C(�⌘,��), in 13 TeV pp collisions in N

rec
ch intervals 10–30 (left) and

� 120 (right) for charged particles having 0.5<pT<5.0 GeV. The distributions have been truncated to suppress the
peak at �⌘=��=0 and are plotted over |⌘| < 4.6 to avoid statistical fluctuations at larger |�⌘|.

where S and B represent the same event and “mixed event” pair distributions respectively [41]. When
constructing S and B, pairs are weighted by the inverse product of their reconstruction e�ciencies
1/(✏(p

a
T, ⌘

a)✏(p

b
T, ⌘

b)). Detector acceptance e↵ects largely cancel in the S/B ratio.

Examples of correlation functions in the 13 TeV data are shown in Fig. 2 for N

rec
ch intervals 10–30 (left)

and �120 (right), respectively, for 0.5 < p

a,b
T < 5.0 GeV. The C(�⌘,��) distributions have been truncated

at di↵erent maximum values to suppress a strong peak at �⌘ = �� = 0 that arises primarily from jets. The
correlation functions also show a �⌘-dependent enhancement centered at �� = ⇡, which is understood
to result primarily from dijets. In the higher N

rec
ch interval, a ridge is observed as the enhancement near

��=0 that extends over the full �⌘ range of the measurement.

One-dimensional correlation functions, C(��), are obtained by integrating the numerator and denomi-
nator of Eq. 1 over the long-range part of the correlation function, 2<|�⌘|<5. These are converted into
“per-trigger-particle yields,” Y(��), according to [4, 6, 41]:

Y(��) =
0
BBBBB@

R
B(��)d��

N

a

R
d��

1
CCCCCAC(��) , (2)

where N

a denotes the e�ciency-corrected total number of trigger particles. Results are shown in Fig. 3
for selected N

rec
ch intervals in the 13 and 2.76 TeV data, for the p

a,b
T ranges 0.5<p

a,b
T <5.0 GeV. Panel (a) in

the figure shows Y(��) for 0 N

rec
ch <20 for both collision energies; these exhibit a minimum at �� = 0.

Panels (b), (d) and (f) show results from 13 TeV data for the 40–50, 60–70, and � 90 N

rec
ch intervals,

respectively. Panels (c) and (e) show the results from 2.76 TeV data for 50–60 and 70–80 N

rec
ch intervals,

respectively. With increasing N

rec
ch , the minimum at �� = 0 fills in, and a peak appears and increases in

amplitude.

To study further the ridge in pp collisions, a template fitting procedure is applied to the Y(��) distri-
butions. The measured Y(��) distributions are assumed to result from a superposition of a “peripheral”

4

what are the properties of the ridge? 
how do those depend on collision energy and system? 

what is the multiplicity dependence of the ridge?

ridge correlations
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datasets

• pp: 2.76 TeV, 5.02 TeV, 13 TeV 
• pPb: 5.02 TeV 
• high multiplicity triggers provide large sample of 

these rare events 
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Figure 1: Distributions of the multiplicity, N

rec
ch , of reconstructed charged particles having pT >0.4 GeV in the

5.02 TeV pp (left), 13 TeV pp, and 5.02 TeV p + Pb (right) data used in this analysis. The discontinuities in the
distributions correspond to di↵erent high-multiplicity trigger thresholds.

measured as a function of the relative azimuthal angle �� ⌘ �a � �b and pseudorapidity �⌘ ⌘ ⌘a � ⌘b

separation. The labels a and b denote the two particles in the pair, which may be selected from di↵erent pT
intervals. The particles a and b are conventionally referred to as the “trigger” and “associated” particles,
respectively. The correlation function is defined as:

C(�⌘,��) =
S (��,�⌘)
B(��,�⌘)

, (5)

where S and B represent pair distributions constructed from the same event and from “mixed events” [70],
respectively. The same-event distribution, S , is constructed using all particle pairs that can be formed in
each event from tracks that have passed the selections described in Sec. 3.1. The S contains both physical
correlations between particle pairs, as well as correlations arising from detector acceptance e↵ects. The
mixed-event distribution, B(��,�⌘) is similarly constructed by choosing the two particles in the pair
from di↵erent events. The B does not contain physical correlations, but is similarly a↵ected by detector
acceptance e↵ects as S . In taking the ratio, S/B in Eq. (5), the detector acceptance e↵ects largely cancel,
and the resulting C(�⌘,��) contains physical correlations only. The pair of events used in the mixing
are required to have similar N

rec
ch (|�N

rec
ch |<10) and similar zvtx (|�zvtx|<10 mm), so that acceptance e↵ects

in S (��,�⌘) are properly reflected in and compensated by corresponding variations in B(��,�⌘). To
correct S (��,�⌘) and B(��,�⌘) for the individual �-averaged ine�ciencies of particles a and b, the pairs
are weighted by the inverse product of their tracking e�ciencies 1/(✏

a

✏
b

). Statistical uncertainties are
calculated on C(�⌘,��) using standard error-propagation procedures assuming no correlation between S

and B, and with the statistical variance on S and B in each �⌘ and �� bin taken to be
P

1/(✏
a

✏
b

)2 where the
sum runs over all of the pairs included in the bin. Typically, the two-particle correlations are used only to
study the shape of the correlations in ��, and are conveniently normalized. In this note, the normalization
of C(�⌘,��) is chosen such that the ��-averaged value of C(�⌘,��) is unity for |�⌘| > 2.

Examples of correlation functions are shown in Fig. 2 for 0.5<p

a,b
T <5.0 GeV and for two di↵erent N

rec
ch

ranges for each of the three data sets: 13 TeV pp (top), 5.02 TeV pp (middle), and 5.02 TeV p+Pb
(bottom). The left panels show results for 0N

rec
ch <20 while the right panels show representative high-

multiplicity ranges of N

rec
ch �120 for the 13 TeV pp data, 90N

rec
ch <100 for the 5.02 TeV pp data and

N

rec
ch �220 for the 5.02 TeV p+Pb data. The correlation functions are plotted over the range�⇡/2<��<3⇡/2;

the periodicity of the measurement requires that C(�⌘, 3⇡/2)=C(�⌘,�⇡/2). The low-multiplicity corre-
lation functions exhibit features that are understood to result primarily from hard-scattering processes: a
peak centered at �⌘=��=0 that arises primarily from jets and an enhancement centered at ��=⇡ and ex-
tending over the full �⌘ range that results from dijets. These features also dominate the high-multiplicity
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how to extract the ridge signal
• ridge is a small effect compared to other features of the 

two particle correlations  
• observed to grow with track multiplicity 

• →use template fitting to extract the correlated signal

4

φ∆

0

2

4

η∆

-4
-2

0
2

4

)φ
∆,η

∆
C

(

0.95
1

1.05
1.1

ATLAS
=13 TeVs

<5.0 GeVa,b
T

0.5<p
<30 rec

 chN≤10

φ∆

0

2

4

η∆

-4
-2

0
2

4

)φ
∆,η

∆
C

(

0.98

1

1.02

ATLAS
=13 TeVs

<5.0 GeVa,b
T

0.5<p
120≥ rec

 chN

Figure 2: Two-particle correlation functions, C(�⌘,��), in 13 TeV pp collisions in N

rec
ch intervals 10–30 (left) and

� 120 (right) for charged particles having 0.5<pT<5.0 GeV. The distributions have been truncated to suppress the
peak at �⌘=��=0 and are plotted over |⌘| < 4.6 to avoid statistical fluctuations at larger |�⌘|.

where S and B represent the same event and “mixed event” pair distributions respectively [41]. When
constructing S and B, pairs are weighted by the inverse product of their reconstruction e�ciencies
1/(✏(p

a
T, ⌘

a)✏(p

b
T, ⌘

b)). Detector acceptance e↵ects largely cancel in the S/B ratio.

Examples of correlation functions in the 13 TeV data are shown in Fig. 2 for N

rec
ch intervals 10–30 (left)

and �120 (right), respectively, for 0.5 < p

a,b
T < 5.0 GeV. The C(�⌘,��) distributions have been truncated

at di↵erent maximum values to suppress a strong peak at �⌘ = �� = 0 that arises primarily from jets. The
correlation functions also show a �⌘-dependent enhancement centered at �� = ⇡, which is understood
to result primarily from dijets. In the higher N

rec
ch interval, a ridge is observed as the enhancement near

��=0 that extends over the full �⌘ range of the measurement.

One-dimensional correlation functions, C(��), are obtained by integrating the numerator and denomi-
nator of Eq. 1 over the long-range part of the correlation function, 2<|�⌘|<5. These are converted into
“per-trigger-particle yields,” Y(��), according to [4, 6, 41]:

Y(��) =
0
BBBBB@

R
B(��)d��

N

a

R
d��

1
CCCCCAC(��) , (2)

where N

a denotes the e�ciency-corrected total number of trigger particles. Results are shown in Fig. 3
for selected N

rec
ch intervals in the 13 and 2.76 TeV data, for the p

a,b
T ranges 0.5<p

a,b
T <5.0 GeV. Panel (a) in

the figure shows Y(��) for 0 N

rec
ch <20 for both collision energies; these exhibit a minimum at �� = 0.

Panels (b), (d) and (f) show results from 13 TeV data for the 40–50, 60–70, and � 90 N

rec
ch intervals,

respectively. Panels (c) and (e) show the results from 2.76 TeV data for 50–60 and 70–80 N

rec
ch intervals,

respectively. With increasing N

rec
ch , the minimum at �� = 0 fills in, and a peak appears and increases in

amplitude.

To study further the ridge in pp collisions, a template fitting procedure is applied to the Y(��) distri-
butions. The measured Y(��) distributions are assumed to result from a superposition of a “peripheral”
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fitting procedure
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Figure 3: Per-trigger-particle yields, Y(��), for 0.5<p

a,b
T <5.0 GeV in di↵erent N

rec
ch intervals in 2.76 and 13 TeV

data. Panel (a): 0N

rec
ch <20 for both data sets. Panels (c) and (e): 50–60 and 70–80 N

rec
ch intervals for 2.76 TeV data.

Panels (b), (d) and (f): 40–50, 60–70, and �90 N

rec
ch intervals for 13 TeV data. In panels (b)–(f), the open points and

curves show di↵erent components of the template (see legend) that are shifted, where necessary, for presentation.

Y(��) distribution, scaled up by a multiplicative factor and a constant modulated by cos(2��). The
resulting template fit function,

Y

templ(��) = F Y

periph(��) + Y

ridge(��) , (3)

where
Y

ridge(��) = G

�
1 + 2v2,2 cos (2��)

�
, (4)

has two free parameters, F and v2,2. The coe�cient, G, which represents the magnitude of the combi-
natoric component of Y

ridge(��), is fixed by requiring that
R ⇡

0 d�� Y

templ =
R ⇡

0 d�� Y . The peripheral
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extracted v2,2
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Figure 4: Measured v2,2 (top) and v2 (middle) values versus N

rec
ch for di↵erent p

a,b
T intervals for 2.76 (left) and

13 TeV (right) data. Results are averaged over N

rec
ch bins of width 10 spanning the range 20 < N

rec
ch < 100 and

20 < N

rec
ch < 130 for 2.76 and 13 TeV data, respectively, except for the 2.0 < p

b
T < 3.0 GeV results for the 2.76 TeV

data which are averaged over bins of width 20. Measured v2 values versus p

a
T (bottom) for 13 and 2.76 TeV data for

the 50N

rec
ch <60 interval (left) and for three N

rec
ch intervals in the 13 TeV data (right). Results are averaged over the

p

a
T intervals indicated by horizontal error bars. On all points, the vertical error bars indicate statistical uncertainties.

The shaded bands indicate systematic uncertainties. For clarity, they are only shown for the 0.5<p

b

T<5.0 GeV case
in the middle, for 2.76 TeV data in the lower left, and for the 40N

rec
ch <50 case in the lower right panels.

Potential systematic uncertainties on v2,2 due to a residual �� dependence of the two-particle acceptance

7

distribution is obtained from the 0N

rec
ch <20 interval. In the fitting procedure, the �2 is calculated ac-

counting for statistical uncertainties in both Y(��) and Y

periph(��) distributions.

The results of the template fitting procedure are shown in panels (b)–(f) of Fig. 3. The scaled Y

periph(��)
distributions shifted up by G are shown with open points; the Y

ridge(��) functions shifted up by FY

periph(0)
are shown with the dashed lines; and the full fit function is shown by the solid curves. The function
in Eq. 3 successfully describes the measured Y(��) distributions in all N

rec
ch intervals. In particular, it

simultaneously describes the ridge, which arises from an interplay of the concave Y

periph(��) and the
cosine function, the height of the peak in the Y(��) at �� ⇠ ⇡, and the narrowing of that peak which
results from a negative contribution of the 2v2,2 cos (2��) term in the region near �� = ⇡/2.

If the cos (2��) dependence of Y(��) arises from modulation of the single-particle � distributions, then
v2,2 should factorize such that v2,2(p

a
T, p

b
T) = v2(p

a
T)v2(p

b
T) [38–40], where v2 is the cos(2�) Fourier coef-

ficient of the single-particle anisotropy. To test this, the analysis was performed using three p

b
T intervals:

0.5–5.0, 0.5–1.0, and 2.0–3.0 GeV with 0.5<p

a
T<5.0 GeV; results from 2.76 TeV data for the 2.0–3.0 GeV

interval were obtained using wider N

rec
ch intervals to improve statistics. Results are shown in the top panels

of Fig. 4; the left and right panels show 2.76 and 13 TeV data, respectively. A significant p

b
T dependence

is seen. Separately, the same analysis was applied requiring both p

a
T and p

b
T to fall within the above

intervals. If factorization holds, the v2 values calculated using:

v2(pT1) = v2,2(pT1, pT2)/
p
v2,2(pT2, pT2) , (5)

where pT1 and pT2 indicate which of the three intervals, 0.5–5.0, 0.5–1.0, and 2.0–3.0 GeV, p

a
T and p

b
T are

required to lie within, should be independent of pT2. The v2 values obtained using Eq. 5 are shown in the
middle panels of Fig. 4. For both collision energies, the three sets of v2 values agree within uncertainties,
indicating that v2,2 factorizes.

This analysis is sensitive to potential N

rec
ch -dependent changes in the width of the dijet peak in Y(��).

The pythia 8 sample shows a modest N

rec
ch -dependent broadening of Y(��) for small N

rec
ch . To test the

sensitivity of the results presented here to such a shape change, the analysis was repeated using 0–5,
0–10, and 10–20 N

rec
ch intervals to form Y

periph(��). The largest resulting change in v2,2 was taken as a
systematic uncertainty, which varies between 6% at N

rec
ch =30 to 2% for N

rec
ch �60 in the 13 TeV data, and

is less than <6% for all N

rec
ch for the 2.76 TeV data. When using the 0–5 N

rec
ch interval for Y

periph(��), v2,2
values consistent with those shown in Fig. 4 are measured in N

rec
ch intervals 5–10, 10–15 and 15–20.

Previous applications of the peripheral subtraction method in p+Pbanalyses assumed zero hard scattering
yield at the minimum (ZYAM) [4, 6] and, so, subtracted Y(0) from Y

periph(��). Such a subtraction will
necessarily change the v2,2 values, and, when applied to the 13 TeV data, reduces the measured v2,2 by a
multiplicative factor that varies from 0.4 to 0.8 over 30N

rec
ch <130. However, if, as suggested by the data,

Y

periph(��) contains a modulated soft component,

Y

periph(��) = Y

hard(��) +G0
⇣
1 + 2v02,2 cos (2��)

⌘
, (6)

the peripheral ZYAM method will subtract 2FG0v02,2 cos (2��) as part of the template fit, thereby reducing
the extracted v2,2. In contrast, the procedure used in this analysis subtracts FG0

⇣
1 + 2v02,2 cos (2��)

⌘
,

which reduces G in Eq. 4 but has less impact on v2,2. In particular, if v02,2 is equal to the real v2,2 in a given
N

rec
ch interval, there will be no bias. Since the measured v2,2 is approximately N

rec
ch -independent, the bias

resulting from the presence of v2,2 in the peripheral sample is expected to be small. Any systematic e↵ect
due to the variation of v2,2 with N

rec
ch is covered by the systematic uncertainty on the peripheral interval,

described above.

6

extracted v2 independent of pT,2 range: factorization

v2,2

v2



v2 in pp at 2.76 & 13 TeV

7

rec
chN

20 40 60 80 100

2,
2

v

0.002

0.004

0.006
=2.76 TeVsATLAS

rec
chN

20 40 60 80 100 120

2,
2

v

0.002

0.004

0.006
=13 TeVs

rec
chN

20 40 60 80 100

 2v
0.05

0.1 =2.76 TeVs

rec
chN

20 40 60 80 100 120

 2v

0.05

0.1

<5.0 GeVb
T

0.5<p

<1.0 GeVb
T

0.5<p

<3.0 GeVb
T

2.0<p

=13 TeVs

|<5.0η∆2.0<|
<5.0 GeVa

T
0.5<p

 [GeV]a
T

p
0 1 2 3 4

 2v

0.05

0.1

=2.76 TeVs
=13 TeVs

ATLAS

|<5.0η∆2.0<|
<5.0 GeVb

T
0.5<p

<60 rec
 chN≤50

 [GeV]a
T

p
1 2 3 4

 2v

0.05

0.1

<50 rec
 chN≤40

<80 rec
 chN≤70
100≥ rec

 chN

=13 TeVs

Figure 4: Measured v2,2 (top) and v2 (middle) values versus N

rec
ch for di↵erent p

a,b
T intervals for 2.76 (left) and

13 TeV (right) data. Results are averaged over N

rec
ch bins of width 10 spanning the range 20 < N

rec
ch < 100 and

20 < N

rec
ch < 130 for 2.76 and 13 TeV data, respectively, except for the 2.0 < p

b
T < 3.0 GeV results for the 2.76 TeV

data which are averaged over bins of width 20. Measured v2 values versus p

a
T (bottom) for 13 and 2.76 TeV data for

the 50N

rec
ch <60 interval (left) and for three N

rec
ch intervals in the 13 TeV data (right). Results are averaged over the

p

a
T intervals indicated by horizontal error bars. On all points, the vertical error bars indicate statistical uncertainties.

The shaded bands indicate systematic uncertainties. For clarity, they are only shown for the 0.5<p

b

T<5.0 GeV case
in the middle, for 2.76 TeV data in the lower left, and for the 40N

rec
ch <50 case in the lower right panels.

Potential systematic uncertainties on v2,2 due to a residual �� dependence of the two-particle acceptance

7

v2 independent of √s & track multiplicity
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Figure 3: Left Panel: template fit to the the per-trigger particle yields, Y(��), in 13 TeV pp collisions for charged
particle pairs with 0.5<p

a,b
T <5 GeV and 2<|�⌘|<5. This plot corresponds to the N

rec
ch �90 multiplicity range. The

template fitting includes only the 2nd order harmonic, v2,2. Right Panel: The di↵erence between the Y(��) and the
template fit, showing the presence of v3,3 and v4,4 components. The vertical error bars indicate statistical uncertain-
ties.

makes several assumptions, the most relevant of which for the present analysis is that there is no long-
range correlation in the peripheral bin. As pointed out in Ref. [41], neglecting the non-zero modulation
present in Y

periph(��) significantly biases the measured v
n,n values. Results from an alternative version

of the template fitting, where a ZYAM procedure is performed on the peripheral reference, by using
Y

periph(��) � Y

periph(0) in place of Y

periph(��) in Eq. (8), are also presented in this note. This ZYAM-
based template fit is similar to the p+Pb peripheral subtraction procedure. These results are included
mainly to compare with previous measurements and to demonstrate the improvements obtained using the
present method.

In Ref. [41] the template fitting procedure only included the second-order harmonic v2,2, but was able to
well reproduce the N

rec
ch dependent evolution of the Y(��) on both the near and away sides. The left panel

of Fig. 3 shows such a template fit, in the 13 TeV pp data, that only includes v2,2. The right panel shows
the di↵erence between the Y(��) and the Y

templ(��) demonstrating the presence of small (compared to
v2,2), but significant residual v3,3 and v4,4 components. While it is possible that cos 3�� and cos 4��
contributions could arise in the template fitting method due to small multiplicity-dependent changes in
the shape of the dijet component of the correlation function, such e↵ects would not produce the excess at
��⇠0 observed in the right-hand panel in Fig. 3. That excess and the fact that its magnitude is compatible
with the remainder of the distribution indicates that there is real cos 3�� and cos 4�� modulation in the
two-particle correlation functions. Thus, in this note the v2,2 results in Ref. [41] have been extended
to include v3,3 and v4,4 as well. A study of these higher order harmonics, including their N

rec
ch and pT

dependence, and factorization (Eq. (4)) can help in better understanding the origin of the long-range
correlations.

Figure 4 shows template fits to the 13 TeV (left panels) and 5.02 TeV pp data (right panels), for 0.5 <
p

a,b
T < 5 GeV. From top to bottom, each panel represents a di↵erent N

rec
ch range. The template fits (Eq. (9))

include harmonics 2–4. Visually, a prominent ridge, i.e. a clear peak on the near-side, cannot be seen
in the top two rows, which correspond to low and intermediate N

rec
ch intervals, respectively. However,

the template fits indicate the presence of a large modulated component of Y

ridge(��) even in these N

rec
ch
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5.02 TeV: pp & pPb collisions
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Figure 4: Template fits to the per-trigger particle yields Y(��), in 13 TeV (left panels) and in 5.02 TeV pp collisions
(right panels) for charged particle pairs with 0.5<p

a,b
T <5 GeV and 2<|�⌘|<5. The template fitting includes 2nd, 3rd

and 4th order harmonics. From top to bottom, each panel represents a di↵erent N

rec
ch range. The solid points indicate

the measured Y(��), the open points and curves show di↵erent components of the template (see legend) that are
shifted along the y-axis, where necessary, for clarity.

intervals. Several prior pp ridge measurements rely on the ZYAM method [70, 71] to extract yields on the
near-side [14, 15]. In these analyses, the yield of excess pairs in the ridge above the minimum of the Y(��)
distribution is considered to be the strength of the ridge. Figure 4 shows that such a procedure would give
zero yields in low and intermediate multiplicity collisions where the minimum of Y(��) occurs at ��⇠0.
In high multiplicity events, the ZYAM-based yields, while non-zero, are still underestimated.

Figure 5 shows the template fits to the p+Pb data in a format similar to Fig. 4. The template fits describe
the data well across the entire N

rec
ch range used in this note. Previous p+Pb ridge analyses used a peripheral
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Figure 5: Template fits to the per-trigger particle yields Y(��) in 5.02 TeV p+Pb collisions for charged particle
pairs with 0.5<p

a,b
T <5 GeV and 2<|�⌘|<5. The template fitting includes 2nd, 3rd and 4th order harmonics. Each

panel represents a di↵erent N

rec
ch range. The solid points indicate the measured Y(��), the open points and curves

show di↵erent components of the template (see legend) that are shifted along the y-axis, where necessary, for
presentation.

subtraction procedure to remove the jet component from the Y(��) [1]. That procedure is similar to the
ZYAM-based template fitting procedure, in that it assumes absence of any long-range correlations in the
peripheral events. In the next sections comparison between the v

n,n obtained from these two methods will
be shown.
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pPb: n = 2, 3 modulations
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Figure 10: The left panels show the v2,2 (top) and v3,3 (bottom) as a function of N

rec
ch in the 5.02 TeV p+Pb data, for

0.5<p

a
T<5 GeV and for several di↵erent choices of the p

b
T interval. The right panels shows the corresponding v2

(top) and v3 (bottom) values obtained using Eq. (4). The error bars indicate statistical uncertainties only.

13 TeV pp data. Also shown for comparison are the Fourier and ZYAM-based template-v
n,n. The v2,2

(top left panel) and v2 (top right panel) are quite stable, especially for |�⌘|>1.5,where the influence of the
near-side jet is diminished. In contrast, the Fourier-v2,2 show a strong |�⌘| dependence. This is largest at
small |�⌘| because of the presence of the sharply peaked near-side jet, but is considerable even for |�⌘|>2.
Similarly, the Fourier-v3,3 shows large |�⌘| dependence, going from positive values at |�⌘|⇠1 to negative
values at large |�⌘|, while the template-v3,3 are only weakly changing in comparison. The Fourier-v3,3
is often negative, ruling out the possibility of it being generated by single-particle anisotropies which
requires that v

n,n = v2
n

be positive. For points where the v3,3 is negative, the v3 is not defined and hence not
plotted. The template-v3,3 is, however, positive and, therefore, consistent with a single-particle anisotropy
as its origin, except for the highest |�⌘| interval where it is consistent with zero. The v4,4, like the v2,2
and v3,3 also only varies weakly with |�⌘|. These observations further support the conclusion that the
template-v

n,n are coe�cients of genuine long-range correlations.
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template fits with and without ZYAM
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Figure 14: Dependence of the v2 on the choice of the peripheral bin for the default (left panels) and ZYAM-based
(right panels) template fitting methods. The top panels correspond to 13 TeV pp collisions, middle panels corre-
spond to 5.02 TeV pp collisions, and the lower panels correspond to 5.02 TeV p+Pb collisions. The results are
plotted as a function of N

rec
ch and for 0.5<p

a,b
T <5.0 GeV. The error bars indicate statistical uncertainties.
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pPb & pp comparison
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Figure 16: Left Panels: comparison of the v
n

obtained from the template fitting procedure in the 13 TeV pp,
5.02 TeV pp, and 5.02 TeV p+Pb data, as a function of N

rec
ch . The results are for 0.5<p

a,b
T <5 GeV. Right Panels:

The pT dependence of the v
n

for the N

rec
ch �60 multiplicity range. From top to bottom the rows correspond to n=2, 3

and 4 respectively. The error bars and shaded bands indicate statistical and systematic uncertainties, respectively.
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pT dependence of v2 in pp & pPb
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Figure 17: Comparison of the shapes of the v2(pT) in the 13 TeV pp and 5.02 TeV p+Pb data. The pp v2 has been
scaled by a factor of 1.51 along the y-axis in order to match the maximum of the v2 in the two data sets. The results
are for 0.5<p

b
T <5 GeVand N

rec
ch �60. The error bars indicate statistical uncertainties.

“non-linearity” resulting from collective expansion such that the response of the medium to an initial
elliptic eccentricity can contribute to cos (4�) modulation of the produced particles. In Pb+Pb collisions,
the non-linear contribution to v4 is found to dominate over the geometric contribution except for the most
central collisions where the initial-state fluctuations have the greatest impact. The non-linear contribution
to v4 is expect to be proportional to v22 so a comparison of the measured v4 to v22 in pp and p+Pb collisions
may be of interest. The results are presented in Fig. 19, which shows v4/v22 versus N

rec
ch for the 13 TeV

pp and the p+Pb data. The ratio is observed to be constant as a function of N

rec
ch for both data sets even

though the p+Pb v2 and v4 increase with N

rec
ch . The v4/v22 ratio is observed to be 50% larger in the pp

data than in the p+Pb data. Naively, this would indicate a larger non-linear contribution to the v4 in pp

collisions compared to p+Pb collisions.
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Figure 16: Left Panels: comparison of the v
n

obtained from the template fitting procedure in the 13 TeV pp,
5.02 TeV pp, and 5.02 TeV p+Pb data, as a function of N

rec
ch . The results are for 0.5<p

a,b
T <5 GeV. Right Panels:

The pT dependence of the v
n

for the N

rec
ch �60 multiplicity range. From top to bottom the rows correspond to n=2, 3

and 4 respectively. The error bars and shaded bands indicate statistical and systematic uncertainties, respectively.
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summary
• template fitting method provides a robust method to extract 

vN in very small systems 
• independent of identifying a signal free peripheral sample 

• pp collisions: no collision energy dependence observed in 
2.76, 5.02 & 13 TeV 

• pp vN independent of multiplicity 
• pPb: increase in v2, v3 & v4 with multiplicity 
• similar shapes, but not magnitudes of v2(pT) in pp & pPb 

collisions 
• these measurements provide a wealth of data to understand 

anisotropies in small systems 
• looking forward to 8 TeV pPb data this year!
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