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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

p+p @ 7TeV
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

p+p @ 7TeV

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

p+Pb @ 5.02TeV
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

p+Pb @ 5.02TeV

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

p+Pb @ 5.02TeV

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.
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FIG. 3. Distributions of per-trigger yield in the peripheral and
the central event activity classes and their differences (solid
symbols), for different ranges of paT and 0.5 < pbT < 4 GeV,
together with functions a0 + 2a2 cos 2∆φ obtained via a
Fourier decomposition (see text). The values for the ZYAM-
determined pedestal levels are indicated on each panel for
peripheral (bP

ZYAM
) and central (bC

ZYAM
) ΣEPb

T bins.

the near-side even before subtraction, as shown in panel
(a), but is less evident in the unsubtracted away-side due
to the dominant contribution of the recoil component.
A similar dependence is observed for long-range corre-
lations in Pb+Pb collisions at approximately the same
pT [22, 23].
The relative amplitude of the cos 2∆φ modulation of

∆Y (∆φ), c2, can be estimated using a0, a2, and the ex-
tracted value of b

ZYAM
for central events:

c2 ≡ a2/(b
C
ZYAM

+ a0). (3)

Figure 4(e) shows c2 as a function of paT for 0.5 < pbT <
4 GeV. It exhibits a behavior similar to ∆Y (∆φ) at the
near-side and away-side. Using the techniques discussed
in Ref. [23], c2 can be converted into an estimate of s2,
the average second Fourier coefficient of the event-by-
event single-particle φ distribution, by assuming the fac-
torization relation c2(paT, p

b
T) = s2(paT)s2(p

b
T). From this,

s2(paT) is calculated as s2(paT) ≡ c2(paT, p
b
T)/

√

c2(pbT, p
b
T),

where c2(pbT, p
b
T) = (5.4 ± 0.1) × 10−3 is obtained from

Eq. (3) using the a2 extracted from the difference be-
tween the central and peripheral data shown in Fig. 2(c).
The s2(paT) values obtained this way exceed 0.1 at pT ∼
3 GeV, as given by the vertical axis on the right side
of Fig. 4(e). The factorization relation used to compute
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FIG. 4. Integrated per-trigger yields, Yint, (see text) vs p
a
T for

0.5 < pbT < 4 GeV in peripheral and central events, on the
(a) near-side and (b) away-side. The panels (c) and (d) show
the difference, ∆Yint. Panel (e) shows the pT dependence of
c2 (left axis) and s2 (right axis). The right axis of (e) differs
from the left only by a multiplicative factor 1/

√
5.4× 10−3

(see text). The error bars and shaded boxes represent the
statistical and systematic uncertainties, respectively.

s2(paT) is found to be valid within 10%–20% when se-
lecting different sub-ranges of pbT within 0.5–4 GeV. The
analysis is also repeated for correlation functions sep-
arately constructed from like-sign pairs and unlike-sign
pairs, and the resulting c2 and s2 coefficients are found
to be consistent within their statistical and systematic
uncertainties.

In summary, ATLAS has measured two-particle corre-
lation functions in

√
sNN = 5.02 TeV p+Pb collisions in

different intervals of ΣEPb

T over 2 < |∆η| < 5. An away-
side contribution is observed that grows rapidly with in-
creasingΣEPb

T and which matches many essential features
of the near-side ridge observed here, as well as in previ-
ous high-multiplicity p+ p, p+Pb and Pb+Pb data at
the LHC. Thus, while the ridge in p+ p and p+Pb colli-
sions has been characterized as a near-side phenomenon,
these results show that it has both near-side and away-
side components that are symmetric around ∆φ ∼ π/2,
with a ∆φ dependence that is approximately described
by a cos 2∆φ modulation. A Fourier decomposition of
the correlation function, C(∆φ), yields a pair cos 2∆φ
amplitude of about 0.01 at pT ∼ 3 GeV, corresponding
to a single-particle amplitude of about 0.1.

Some of the features of the data, including the presence
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the near-side even before subtraction, as shown in panel
(a), but is less evident in the unsubtracted away-side due
to the dominant contribution of the recoil component.
A similar dependence is observed for long-range corre-
lations in Pb+Pb collisions at approximately the same
pT [22, 23].
The relative amplitude of the cos 2∆φ modulation of

∆Y (∆φ), c2, can be estimated using a0, a2, and the ex-
tracted value of b

ZYAM
for central events:

c2 ≡ a2/(b
C
ZYAM

+ a0). (3)

Figure 4(e) shows c2 as a function of paT for 0.5 < pbT <
4 GeV. It exhibits a behavior similar to ∆Y (∆φ) at the
near-side and away-side. Using the techniques discussed
in Ref. [23], c2 can be converted into an estimate of s2,
the average second Fourier coefficient of the event-by-
event single-particle φ distribution, by assuming the fac-
torization relation c2(paT, p

b
T) = s2(paT)s2(p
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T). From this,

s2(paT) is calculated as s2(paT) ≡ c2(paT, p
b
T)/

√

c2(pbT, p
b
T),

where c2(pbT, p
b
T) = (5.4 ± 0.1) × 10−3 is obtained from

Eq. (3) using the a2 extracted from the difference be-
tween the central and peripheral data shown in Fig. 2(c).
The s2(paT) values obtained this way exceed 0.1 at pT ∼
3 GeV, as given by the vertical axis on the right side
of Fig. 4(e). The factorization relation used to compute
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the difference, ∆Yint. Panel (e) shows the pT dependence of
c2 (left axis) and s2 (right axis). The right axis of (e) differs
from the left only by a multiplicative factor 1/
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(see text). The error bars and shaded boxes represent the
statistical and systematic uncertainties, respectively.

s2(paT) is found to be valid within 10%–20% when se-
lecting different sub-ranges of pbT within 0.5–4 GeV. The
analysis is also repeated for correlation functions sep-
arately constructed from like-sign pairs and unlike-sign
pairs, and the resulting c2 and s2 coefficients are found
to be consistent within their statistical and systematic
uncertainties.

In summary, ATLAS has measured two-particle corre-
lation functions in

√
sNN = 5.02 TeV p+Pb collisions in

different intervals of ΣEPb

T over 2 < |∆η| < 5. An away-
side contribution is observed that grows rapidly with in-
creasingΣEPb

T and which matches many essential features
of the near-side ridge observed here, as well as in previ-
ous high-multiplicity p+ p, p+Pb and Pb+Pb data at
the LHC. Thus, while the ridge in p+ p and p+Pb colli-
sions has been characterized as a near-side phenomenon,
these results show that it has both near-side and away-
side components that are symmetric around ∆φ ∼ π/2,
with a ∆φ dependence that is approximately described
by a cos 2∆φ modulation. A Fourier decomposition of
the correlation function, C(∆φ), yields a pair cos 2∆φ
amplitude of about 0.01 at pT ∼ 3 GeV, corresponding
to a single-particle amplitude of about 0.1.

Some of the features of the data, including the presence
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

p+p @ 7TeV

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

p+Pb @ 5.02TeV

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [33] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
agreement with the presented results.
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FIG. 3. Distributions of per-trigger yield in the peripheral and
the central event activity classes and their differences (solid
symbols), for different ranges of paT and 0.5 < pbT < 4 GeV,
together with functions a0 + 2a2 cos 2∆φ obtained via a
Fourier decomposition (see text). The values for the ZYAM-
determined pedestal levels are indicated on each panel for
peripheral (bP

ZYAM
) and central (bC

ZYAM
) ΣEPb

T bins.

the near-side even before subtraction, as shown in panel
(a), but is less evident in the unsubtracted away-side due
to the dominant contribution of the recoil component.
A similar dependence is observed for long-range corre-
lations in Pb+Pb collisions at approximately the same
pT [22, 23].
The relative amplitude of the cos 2∆φ modulation of

∆Y (∆φ), c2, can be estimated using a0, a2, and the ex-
tracted value of b

ZYAM
for central events:

c2 ≡ a2/(b
C
ZYAM

+ a0). (3)

Figure 4(e) shows c2 as a function of paT for 0.5 < pbT <
4 GeV. It exhibits a behavior similar to ∆Y (∆φ) at the
near-side and away-side. Using the techniques discussed
in Ref. [23], c2 can be converted into an estimate of s2,
the average second Fourier coefficient of the event-by-
event single-particle φ distribution, by assuming the fac-
torization relation c2(paT, p

b
T) = s2(paT)s2(p

b
T). From this,

s2(paT) is calculated as s2(paT) ≡ c2(paT, p
b
T)/

√

c2(pbT, p
b
T),

where c2(pbT, p
b
T) = (5.4 ± 0.1) × 10−3 is obtained from

Eq. (3) using the a2 extracted from the difference be-
tween the central and peripheral data shown in Fig. 2(c).
The s2(paT) values obtained this way exceed 0.1 at pT ∼
3 GeV, as given by the vertical axis on the right side
of Fig. 4(e). The factorization relation used to compute
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FIG. 4. Integrated per-trigger yields, Yint, (see text) vs p
a
T for

0.5 < pbT < 4 GeV in peripheral and central events, on the
(a) near-side and (b) away-side. The panels (c) and (d) show
the difference, ∆Yint. Panel (e) shows the pT dependence of
c2 (left axis) and s2 (right axis). The right axis of (e) differs
from the left only by a multiplicative factor 1/

√
5.4× 10−3

(see text). The error bars and shaded boxes represent the
statistical and systematic uncertainties, respectively.

s2(paT) is found to be valid within 10%–20% when se-
lecting different sub-ranges of pbT within 0.5–4 GeV. The
analysis is also repeated for correlation functions sep-
arately constructed from like-sign pairs and unlike-sign
pairs, and the resulting c2 and s2 coefficients are found
to be consistent within their statistical and systematic
uncertainties.

In summary, ATLAS has measured two-particle corre-
lation functions in

√
sNN = 5.02 TeV p+Pb collisions in

different intervals of ΣEPb

T over 2 < |∆η| < 5. An away-
side contribution is observed that grows rapidly with in-
creasingΣEPb

T and which matches many essential features
of the near-side ridge observed here, as well as in previ-
ous high-multiplicity p+ p, p+Pb and Pb+Pb data at
the LHC. Thus, while the ridge in p+ p and p+Pb colli-
sions has been characterized as a near-side phenomenon,
these results show that it has both near-side and away-
side components that are symmetric around ∆φ ∼ π/2,
with a ∆φ dependence that is approximately described
by a cos 2∆φ modulation. A Fourier decomposition of
the correlation function, C(∆φ), yields a pair cos 2∆φ
amplitude of about 0.01 at pT ∼ 3 GeV, corresponding
to a single-particle amplitude of about 0.1.

Some of the features of the data, including the presence
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together with functions a0 + 2a2 cos 2∆φ obtained via a
Fourier decomposition (see text). The values for the ZYAM-
determined pedestal levels are indicated on each panel for
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ZYAM
) and central (bC

ZYAM
) ΣEPb

T bins.

the near-side even before subtraction, as shown in panel
(a), but is less evident in the unsubtracted away-side due
to the dominant contribution of the recoil component.
A similar dependence is observed for long-range corre-
lations in Pb+Pb collisions at approximately the same
pT [22, 23].
The relative amplitude of the cos 2∆φ modulation of

∆Y (∆φ), c2, can be estimated using a0, a2, and the ex-
tracted value of b

ZYAM
for central events:

c2 ≡ a2/(b
C
ZYAM

+ a0). (3)

Figure 4(e) shows c2 as a function of paT for 0.5 < pbT <
4 GeV. It exhibits a behavior similar to ∆Y (∆φ) at the
near-side and away-side. Using the techniques discussed
in Ref. [23], c2 can be converted into an estimate of s2,
the average second Fourier coefficient of the event-by-
event single-particle φ distribution, by assuming the fac-
torization relation c2(paT, p

b
T) = s2(paT)s2(p

b
T). From this,

s2(paT) is calculated as s2(paT) ≡ c2(paT, p
b
T)/

√

c2(pbT, p
b
T),

where c2(pbT, p
b
T) = (5.4 ± 0.1) × 10−3 is obtained from

Eq. (3) using the a2 extracted from the difference be-
tween the central and peripheral data shown in Fig. 2(c).
The s2(paT) values obtained this way exceed 0.1 at pT ∼
3 GeV, as given by the vertical axis on the right side
of Fig. 4(e). The factorization relation used to compute
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s2(paT) is found to be valid within 10%–20% when se-
lecting different sub-ranges of pbT within 0.5–4 GeV. The
analysis is also repeated for correlation functions sep-
arately constructed from like-sign pairs and unlike-sign
pairs, and the resulting c2 and s2 coefficients are found
to be consistent within their statistical and systematic
uncertainties.

In summary, ATLAS has measured two-particle corre-
lation functions in

√
sNN = 5.02 TeV p+Pb collisions in

different intervals of ΣEPb

T over 2 < |∆η| < 5. An away-
side contribution is observed that grows rapidly with in-
creasingΣEPb

T and which matches many essential features
of the near-side ridge observed here, as well as in previ-
ous high-multiplicity p+ p, p+Pb and Pb+Pb data at
the LHC. Thus, while the ridge in p+ p and p+Pb colli-
sions has been characterized as a near-side phenomenon,
these results show that it has both near-side and away-
side components that are symmetric around ∆φ ∼ π/2,
with a ∆φ dependence that is approximately described
by a cos 2∆φ modulation. A Fourier decomposition of
the correlation function, C(∆φ), yields a pair cos 2∆φ
amplitude of about 0.01 at pT ∼ 3 GeV, corresponding
to a single-particle amplitude of about 0.1.

Some of the features of the data, including the presence
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FIG. 1. Anatomy of di-hadron correlations. The glasma graph on the left illustrates its its schematic
contribution to the double inclusive cross-section (dashed orange curve). On the right is the back-

to-back graph and the shape of its yield (dashed blue curve). The grey blobs denote emissions all
the way from beam rapidities to those of the triggered gluons. The solid black curve represents
the sum of contributions from glasma and back-to-back graphs. The shaded region represents the

Associated Yield (AY) calculated using the zero-yield-at-minimum (ZYAM) procedure. Figure
from ref. [9].

The paper is organized as follows. In the next section, we will present the formulae used
in the computation of Glasma and BFKL graphs. Since all details have been discussed pre-
viously in [9] and references therein, we will reintroduce them briefly only for completeness,
our focus here being the understanding of the systematics of the new CMS p+Pb data. In
section 3, we will discuss in detail results in the CGC, compare these to the data, and make
predictions for as yet unpublished data. In the final section, we will summarize our con-
clusions, discuss alternative interpretations and further refinements and tests of the CGC
framework.

II. GLASMA AND BFKL CONTRIBUTIONS IN THE CGC EFT

The collimated correlated two-gluon production Glasma and BFKL graphs are illustrated
in Fig. (1). The collimated contributions from all the Glasma graphs can be compactly
written as

d2N corr.
Glasma

d2pTd2qTdypdyq
=

αS(pT )αS(qT )

4π10

N2
C

(N2
C − 1)3 ζ

S⊥

p2
Tq

2
T

Kglasma

×

[

∫

kT

(D1 +D2) +
∑

j=±

(

A1(pT , jqT ) +
1

2
A2(pT , jqT )

)

]

. (1)
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FIG. 15. (Color online) Same as Fig. 14 but for d-Pb interactions,
for centralities 0%–5% (top panel), 5%–30% (middle panel), and
30%–50% (bottom panel).

are solved numerically in the proper time τ =
√

t2 − z2 on a
grid in the transverse coordinates x, y and the space-time rapid-
ity η‖, starting from τ0 = 0.6 fm/c. We use s0 = 0.72 GeV3

in (2.4) for both p-Pb and d-Pb collisions, which gives the
expected final multiplicities. We take for the relaxation time
τπ = 3η

T s
, and we assume τ$ = τπ . The initial fluid velocity

uµ is taken as the Bjorken flow, the initial stress corrections
from shear viscosity correspond to the Navier-Stokes formula,
while the initial bulk viscosity corrections are zero, $(τ0) = 0.
The details of the solution in (2 + 1)-D and (3 + 1)-D models
are given in [12,16].

The shear viscosity to entropy ratio in our calculation is not
constant. It takes the value η/s = 0.08 in the plasma phase
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FIG. 16. (Color online) The elliptic flow coefficient of charged
particles as a function of transverse momentum around y = 0 in the
laboratory frame for p-Pb interactions. The dashed, dashed-dotted,
and solid lines correspond to the three centrality classes defined by
the number of participant nucleons, Npart ! 18, 17 ! Npart ! 11, and
10 ! Npart ! 8, respectively.
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FIG. 17. (Color online) Same as Fig. 16 but for the triangular flow.

and increases in the hadronic phase [16]:
η

s
(T ) = ηHG

s
fHG(T ) + [1 − fHG(T )]

ηQGP

s
, (3.5)

with ηHG/s = 0.5, ηQGP /s = 0.08, and fHG(T ) =
1/{exp[(T − THG)/%T ] + 1}, where THG = 130 MeV
and %T = 30 MeV. The bulk viscosity is nonzero in the
hadronic phase:

ζ

s
(T ) = ζHG

s
fζ (T ), (3.6)

with ζHG/s = 0.04 and fζ (T ) = 1/{exp[(T − Tζ )/%Tζ ]+1},
where Tζ = 160 MeV and %Tζ = 4 MeV. The equation of state
is an interpolation of lattice QCD results at high temperatures
[33] and a hadron gas model equation of state at lower
temperatures. In constructing the equation of state we follow
the procedure of [34]. The temperature dependence of the
sound velocity has no soft point [16].

The hydrodynamic evolution stops at the freeze-out tem-
perature of 135 MeV. At the freeze-out hypersurface particle
emission is done following the Cooper-Frye formula in the
event generator THERMINATOR [35], with viscous corrections
to the equilibrium momentum distribution f0,

f = f0 + δfshear + δfbulk. (3.7)

We use quadratic corrections in momentum for the shear
viscosity,

δfshear = f0 (1 ± f0)
1

2T 2(ε + p)
pµpνπµν, (3.8)
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The dashed, dashed-dotted, and solid lines correspond to the three
centrality classes defined by the number of participant nucleons,
Npart ! 27, 26 ! Npart ! 16, and 15 ! Npart ! 10, respectively.
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FIG. 1. Anatomy of di-hadron correlations. The glasma graph on the left illustrates its its schematic
contribution to the double inclusive cross-section (dashed orange curve). On the right is the back-

to-back graph and the shape of its yield (dashed blue curve). The grey blobs denote emissions all
the way from beam rapidities to those of the triggered gluons. The solid black curve represents
the sum of contributions from glasma and back-to-back graphs. The shaded region represents the

Associated Yield (AY) calculated using the zero-yield-at-minimum (ZYAM) procedure. Figure
from ref. [9].

The paper is organized as follows. In the next section, we will present the formulae used
in the computation of Glasma and BFKL graphs. Since all details have been discussed pre-
viously in [9] and references therein, we will reintroduce them briefly only for completeness,
our focus here being the understanding of the systematics of the new CMS p+Pb data. In
section 3, we will discuss in detail results in the CGC, compare these to the data, and make
predictions for as yet unpublished data. In the final section, we will summarize our con-
clusions, discuss alternative interpretations and further refinements and tests of the CGC
framework.

II. GLASMA AND BFKL CONTRIBUTIONS IN THE CGC EFT

The collimated correlated two-gluon production Glasma and BFKL graphs are illustrated
in Fig. (1). The collimated contributions from all the Glasma graphs can be compactly
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are solved numerically in the proper time τ =
√

t2 − z2 on a
grid in the transverse coordinates x, y and the space-time rapid-
ity η‖, starting from τ0 = 0.6 fm/c. We use s0 = 0.72 GeV3

in (2.4) for both p-Pb and d-Pb collisions, which gives the
expected final multiplicities. We take for the relaxation time
τπ = 3η
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, and we assume τ$ = τπ . The initial fluid velocity

uµ is taken as the Bjorken flow, the initial stress corrections
from shear viscosity correspond to the Navier-Stokes formula,
while the initial bulk viscosity corrections are zero, $(τ0) = 0.
The details of the solution in (2 + 1)-D and (3 + 1)-D models
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with ηHG/s = 0.5, ηQGP /s = 0.08, and fHG(T ) =
1/{exp[(T − THG)/%T ] + 1}, where THG = 130 MeV
and %T = 30 MeV. The bulk viscosity is nonzero in the
hadronic phase:
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with ζHG/s = 0.04 and fζ (T ) = 1/{exp[(T − Tζ )/%Tζ ]+1},
where Tζ = 160 MeV and %Tζ = 4 MeV. The equation of state
is an interpolation of lattice QCD results at high temperatures
[33] and a hadron gas model equation of state at lower
temperatures. In constructing the equation of state we follow
the procedure of [34]. The temperature dependence of the
sound velocity has no soft point [16].

The hydrodynamic evolution stops at the freeze-out tem-
perature of 135 MeV. At the freeze-out hypersurface particle
emission is done following the Cooper-Frye formula in the
event generator THERMINATOR [35], with viscous corrections
to the equilibrium momentum distribution f0,

f = f0 + δfshear + δfbulk. (3.7)

We use quadratic corrections in momentum for the shear
viscosity,

δfshear = f0 (1 ± f0)
1
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pµpνπµν, (3.8)
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N. Saito,28 T. Sakaguchi,5 K. Sakashita,50,58 V. Samsonov,49 S. Sano,10,61 T. Sato,59 S. Sawada,28 K. Sedgwick,6 J. Seele,11

R. Seidl,22,51 R. Seto,6 D. Sharma,62 I. Shein,21 T.-A. Shibata,50,58 K. Shigaki,20 M. Shimomura,59 K. Shoji,32,50 P. Shukla,3

A. Sickles,5 C. L. Silva,25 D. Silvermyr,46 C. Silvestre,14 K. S. Sim,30 B. K. Singh,2 C. P. Singh,2 V. Singh,2 M. Slunečka,7
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rapidity separated correlations
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no evidence for long range correlation at Δφ~0

however, this is at relatively high pT and only 0-20% 
central→not necessarily the most sensitive place to look...
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E. J. Kim,8 Y.-J. Kim,22 E. Kinney,11 Á. Kiss,15 E. Kistenev,5 L. Kochenda,49 B. Komkov,49 M. Konno,59 J. Koster,22

A. Král,13 A. Kravitz,12 G. J. Kunde,35 K. Kurita,52,50 M. Kurosawa,50 Y. Kwon,63 G. S. Kyle,45 R. Lacey,55 Y. S. Lai,12

J. G. Lajoie,25 A. Lebedev,25 D.M. Lee,35 J. Lee,16 K. B. Lee,30 K. S. Lee,30 M. J. Leitch,35 M.A. L. Leite,54 X. Li,9

P. Lichtenwalner,41 P. Liebing,51 L. A. Linden Levy,11 T. Liška,13 A. Litvinenko,26 H. Liu,35 M.X. Liu,35 B. Love,60
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Centrality Selection
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minimizing jet contributions

• normal two particle correlations: look at as 
high pT particles as possible

• minimizes combinatoric background, 
maximizes jet correlations

• near side jets are a small |Δη| correlation

6

for different ptrig
T in each passoc

T interval. The background
level decreases rapidly as passoc

T is raised, e.g., by an order
of magnitude between the two rows in Fig. 1.

Near-side peaks are seen in all panels and indicate larger
yields for higher ptrig

T at fixed passoc
T . Such an increase in the

correlated yield is expected if the correlation is dominated
by jet fragmentation, with higher ptrig

T biasing towards
higher ET jets. An away-side peak is not apparent at the
lowest ptrig

T , consistent with previous studies of !! corre-
lations in central Au! Au collisions in similar ptrig

T and
passoc
T ranges [12]. However, an away-side peak emerges

clearly above the background as ptrig
T is increased. The

narrow, back-to-back peaks are indicative of the azimu-
thally back-to-back nature of dijets observed in elementary
collisions.

Figure 2 shows the !! distributions for the highest ptrig
T

range in Fig. 1 (8< ptrig
T < 15 GeV=c) for midcentral

(20%–40%) and central Au! Au collisions, as well as
for d! Au collisions. passoc

T increases from top to bottom;
for the highest passoc

T (lower panels), the combinatorial
background is negligible. We observe narrow correlation
peaks in all passoc

T ranges. For each passoc
T , the near-side

peak shows similar correlation strength above background
for the three systems, while the away-side correlation
strength decreases from d! Au to central Au! Au. For
8<ptrig

T < 15 GeV=c and passoc
T > 6 GeV=c, a Gaussian

fit to the away-side peak finds a width of "!! " 0:24#
0:07 for d! Au and 0:20# 0:02 and 0:22# 0:02 for
20%–40% and 0%–5% Au! Au collisions, respectively.

No significant dependence of the widths on system or
centrality is observed.

To quantify the correlated near- and away-side yields,
we integrate the area under the peaks (near-side j!!j<
0:63; away-side j!!$ #j< 0:63) and subtract the non-
jetlike background. In previous analyses at lower pT , an-
isotropic (‘‘elliptic’’) flow contributed significantly to the
measured two-particle correlation, leading to large uncer-
tainties in the extraction of jetlike yields [14,15]. In this
analysis, the background contribution due to elliptic flow is
estimated using a function B%1! v2fpassoc

T gv2fptrig
T g&

cos'2!!(), where the v2 are extracted from standard
elliptic flow analysis [14] and B is fitted to the region
between the peaks (0:63< j!!j< 2:51), and is appre-
ciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces a
small systematic uncertainty less than 5% on the extracted
associated yields (Fig. 3).

Figure 3 shows the centrality dependence of the near-
and away-side yields for the ptrig

T and passoc
T ranges in Fig. 2.

The leftmost points in each panel correspond to d! Au
collisions, which we assume provide the reference distri-
bution for jet fragmentation in vacuum. The near-side
yields (left panel) show little centrality dependence, while
the away-side yields (right panel) decrease with increasing
centrality. The away-side centrality dependence is similar
to our previous studies of dihadron azimuthal correlations
for lower pT ranges [12]. Note that the yields in different
passoc
T bins for a given centrality may exhibit correlations

due to their common trigger population.
The effect of the medium on dijet fragmentation can be

explored in more detail using the pT distributions of near-
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FIG. 2. Azimuthal correlation histograms of high pT charged
hadrons for 8< ptrig

T < 15 GeV=c, for d! Au, 20%–40%
Au! Au, and 0%–5% Au! Au events. passoc

T increases from
top to bottom.
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for different ptrig
T in each passoc

T interval. The background
level decreases rapidly as passoc

T is raised, e.g., by an order
of magnitude between the two rows in Fig. 1.

Near-side peaks are seen in all panels and indicate larger
yields for higher ptrig

T at fixed passoc
T . Such an increase in the

correlated yield is expected if the correlation is dominated
by jet fragmentation, with higher ptrig

T biasing towards
higher ET jets. An away-side peak is not apparent at the
lowest ptrig

T , consistent with previous studies of !! corre-
lations in central Au! Au collisions in similar ptrig

T and
passoc
T ranges [12]. However, an away-side peak emerges

clearly above the background as ptrig
T is increased. The

narrow, back-to-back peaks are indicative of the azimu-
thally back-to-back nature of dijets observed in elementary
collisions.

Figure 2 shows the !! distributions for the highest ptrig
T

range in Fig. 1 (8< ptrig
T < 15 GeV=c) for midcentral

(20%–40%) and central Au! Au collisions, as well as
for d! Au collisions. passoc

T increases from top to bottom;
for the highest passoc

T (lower panels), the combinatorial
background is negligible. We observe narrow correlation
peaks in all passoc

T ranges. For each passoc
T , the near-side

peak shows similar correlation strength above background
for the three systems, while the away-side correlation
strength decreases from d! Au to central Au! Au. For
8<ptrig

T < 15 GeV=c and passoc
T > 6 GeV=c, a Gaussian

fit to the away-side peak finds a width of "!! " 0:24#
0:07 for d! Au and 0:20# 0:02 and 0:22# 0:02 for
20%–40% and 0%–5% Au! Au collisions, respectively.

No significant dependence of the widths on system or
centrality is observed.

To quantify the correlated near- and away-side yields,
we integrate the area under the peaks (near-side j!!j<
0:63; away-side j!!$ #j< 0:63) and subtract the non-
jetlike background. In previous analyses at lower pT , an-
isotropic (‘‘elliptic’’) flow contributed significantly to the
measured two-particle correlation, leading to large uncer-
tainties in the extraction of jetlike yields [14,15]. In this
analysis, the background contribution due to elliptic flow is
estimated using a function B%1! v2fpassoc

T gv2fptrig
T g&

cos'2!!(), where the v2 are extracted from standard
elliptic flow analysis [14] and B is fitted to the region
between the peaks (0:63< j!!j< 2:51), and is appre-
ciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces a
small systematic uncertainty less than 5% on the extracted
associated yields (Fig. 3).

Figure 3 shows the centrality dependence of the near-
and away-side yields for the ptrig

T and passoc
T ranges in Fig. 2.

The leftmost points in each panel correspond to d! Au
collisions, which we assume provide the reference distri-
bution for jet fragmentation in vacuum. The near-side
yields (left panel) show little centrality dependence, while
the away-side yields (right panel) decrease with increasing
centrality. The away-side centrality dependence is similar
to our previous studies of dihadron azimuthal correlations
for lower pT ranges [12]. Note that the yields in different
passoc
T bins for a given centrality may exhibit correlations

due to their common trigger population.
The effect of the medium on dijet fragmentation can be

explored in more detail using the pT distributions of near-
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FIG. 3 (color online). Centrality dependence (number of par-
ticipants NPart) of near- and away-side yields in 200 GeV d! Au
(leftmost points) and Au! Au collisions, for 8< ptrig

T <
15 GeV=c and various passoc

T ranges. A semilog scale is used
and data for 3< passoc

T < 4 GeV=c are scaled by 1.5 for clarity.
The error bars are statistical. The horizontal bars for 3< passoc

T <
4 GeV=c show the systematic uncertainty due to background
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minimizing jet contributions

• normal two particle correlations: look at as 
high pT particles as possible

• minimizes combinatoric background, 
maximizes jet correlations

• near side jets are a small |Δη| correlation
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for different ptrig
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T interval. The background
level decreases rapidly as passoc

T is raised, e.g., by an order
of magnitude between the two rows in Fig. 1.

Near-side peaks are seen in all panels and indicate larger
yields for higher ptrig

T at fixed passoc
T . Such an increase in the

correlated yield is expected if the correlation is dominated
by jet fragmentation, with higher ptrig

T biasing towards
higher ET jets. An away-side peak is not apparent at the
lowest ptrig

T , consistent with previous studies of !! corre-
lations in central Au! Au collisions in similar ptrig

T and
passoc
T ranges [12]. However, an away-side peak emerges

clearly above the background as ptrig
T is increased. The

narrow, back-to-back peaks are indicative of the azimu-
thally back-to-back nature of dijets observed in elementary
collisions.

Figure 2 shows the !! distributions for the highest ptrig
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range in Fig. 1 (8< ptrig
T < 15 GeV=c) for midcentral

(20%–40%) and central Au! Au collisions, as well as
for d! Au collisions. passoc

T increases from top to bottom;
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T (lower panels), the combinatorial
background is negligible. We observe narrow correlation
peaks in all passoc

T ranges. For each passoc
T , the near-side

peak shows similar correlation strength above background
for the three systems, while the away-side correlation
strength decreases from d! Au to central Au! Au. For
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T < 15 GeV=c and passoc
T > 6 GeV=c, a Gaussian

fit to the away-side peak finds a width of "!! " 0:24#
0:07 for d! Au and 0:20# 0:02 and 0:22# 0:02 for
20%–40% and 0%–5% Au! Au collisions, respectively.

No significant dependence of the widths on system or
centrality is observed.

To quantify the correlated near- and away-side yields,
we integrate the area under the peaks (near-side j!!j<
0:63; away-side j!!$ #j< 0:63) and subtract the non-
jetlike background. In previous analyses at lower pT , an-
isotropic (‘‘elliptic’’) flow contributed significantly to the
measured two-particle correlation, leading to large uncer-
tainties in the extraction of jetlike yields [14,15]. In this
analysis, the background contribution due to elliptic flow is
estimated using a function B%1! v2fpassoc

T gv2fptrig
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cos'2!!(), where the v2 are extracted from standard
elliptic flow analysis [14] and B is fitted to the region
between the peaks (0:63< j!!j< 2:51), and is appre-
ciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces a
small systematic uncertainty less than 5% on the extracted
associated yields (Fig. 3).

Figure 3 shows the centrality dependence of the near-
and away-side yields for the ptrig

T and passoc
T ranges in Fig. 2.

The leftmost points in each panel correspond to d! Au
collisions, which we assume provide the reference distri-
bution for jet fragmentation in vacuum. The near-side
yields (left panel) show little centrality dependence, while
the away-side yields (right panel) decrease with increasing
centrality. The away-side centrality dependence is similar
to our previous studies of dihadron azimuthal correlations
for lower pT ranges [12]. Note that the yields in different
passoc
T bins for a given centrality may exhibit correlations

due to their common trigger population.
The effect of the medium on dijet fragmentation can be
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for different ptrig
T in each passoc

T interval. The background
level decreases rapidly as passoc

T is raised, e.g., by an order
of magnitude between the two rows in Fig. 1.

Near-side peaks are seen in all panels and indicate larger
yields for higher ptrig

T at fixed passoc
T . Such an increase in the

correlated yield is expected if the correlation is dominated
by jet fragmentation, with higher ptrig

T biasing towards
higher ET jets. An away-side peak is not apparent at the
lowest ptrig

T , consistent with previous studies of !! corre-
lations in central Au! Au collisions in similar ptrig

T and
passoc
T ranges [12]. However, an away-side peak emerges

clearly above the background as ptrig
T is increased. The

narrow, back-to-back peaks are indicative of the azimu-
thally back-to-back nature of dijets observed in elementary
collisions.

Figure 2 shows the !! distributions for the highest ptrig
T

range in Fig. 1 (8< ptrig
T < 15 GeV=c) for midcentral

(20%–40%) and central Au! Au collisions, as well as
for d! Au collisions. passoc

T increases from top to bottom;
for the highest passoc

T (lower panels), the combinatorial
background is negligible. We observe narrow correlation
peaks in all passoc

T ranges. For each passoc
T , the near-side

peak shows similar correlation strength above background
for the three systems, while the away-side correlation
strength decreases from d! Au to central Au! Au. For
8<ptrig

T < 15 GeV=c and passoc
T > 6 GeV=c, a Gaussian

fit to the away-side peak finds a width of "!! " 0:24#
0:07 for d! Au and 0:20# 0:02 and 0:22# 0:02 for
20%–40% and 0%–5% Au! Au collisions, respectively.

No significant dependence of the widths on system or
centrality is observed.

To quantify the correlated near- and away-side yields,
we integrate the area under the peaks (near-side j!!j<
0:63; away-side j!!$ #j< 0:63) and subtract the non-
jetlike background. In previous analyses at lower pT , an-
isotropic (‘‘elliptic’’) flow contributed significantly to the
measured two-particle correlation, leading to large uncer-
tainties in the extraction of jetlike yields [14,15]. In this
analysis, the background contribution due to elliptic flow is
estimated using a function B%1! v2fpassoc

T gv2fptrig
T g&

cos'2!!(), where the v2 are extracted from standard
elliptic flow analysis [14] and B is fitted to the region
between the peaks (0:63< j!!j< 2:51), and is appre-
ciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces a
small systematic uncertainty less than 5% on the extracted
associated yields (Fig. 3).

Figure 3 shows the centrality dependence of the near-
and away-side yields for the ptrig

T and passoc
T ranges in Fig. 2.

The leftmost points in each panel correspond to d! Au
collisions, which we assume provide the reference distri-
bution for jet fragmentation in vacuum. The near-side
yields (left panel) show little centrality dependence, while
the away-side yields (right panel) decrease with increasing
centrality. The away-side centrality dependence is similar
to our previous studies of dihadron azimuthal correlations
for lower pT ranges [12]. Note that the yields in different
passoc
T bins for a given centrality may exhibit correlations

due to their common trigger population.
The effect of the medium on dijet fragmentation can be

explored in more detail using the pT distributions of near-
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very low pT to maximize sensitivity 

to underlying event & select as 
large Δη as possible within mid-

rapidity acceptance
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as a function of  pT

• keep one particle at 
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• move other particle up in 
pT from 0.5-3.5 GeV/c
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how much of  
this could be due 

to incomplete 
subtraction of  
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larger modulation with opposite sign pairs,
however, same sign pairs show a significant signal

• vary the |Δη| cut from 0.36-0.7

• saw no difference in the modulation

• look at the charge sign dependence:

• jet correlations are enhanced for opposite sign pairs and suppressed for 
same sign pairs
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observe a significant modulation, increasing with 
pT up to about 1% for 1.5 < pT < 2.5 GeV/c
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larger anisotropy observed than at ATLAS!
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FIG. 4. (Color online) Eccentricity (solid line) and triangularity
(dashed line) in p-Pb interactions as a function of the number of
participant nucleons.

a boost is made to the laboratory frame to get spectra around
mid-rapidity or pseudorapidity distributions.

The NN cross section at different energies can be obtained
from an interpolation of values at 200 GeV, 2.76 TeV, and
7 TeV [25,26] (σNN = 42, 62, and 71 mb, respectively) using
a formula of the form σNN ∝ a + b ln(

√
sNN ) + c ln2(

√
sNN ).

The resulting NN cross sections from Table I are used in our
Glauber model calculation. We take a Wood-Saxon profile for
the Pb nuclear density,

ρ(x, y, z) = ρ0

1 + exp
(
(
√

x2 + y2 + z2 − RA)/a
) , (2.1)

with ρ0 = 0.17 fm−3, RA = 6.55 fm, and a = 0.45 fm, and an
excluded distance for nucleons of 0.4 fm; for the deuteron we
use the Hulthen distribution [27].

Events at a given impact parameter are generated using the
GLISSANDO code for the Glauber model [27]. The distribution
of participant nucleons at different impact parameters is shown
in Fig. 1 for p-Pb interactions at 4.4 TeV. We notice that the
number of participant nucleons fluctuates strongly at a fixed
impact parameter. The number of participant nucleons can be
significantly above the average value (solid line in Fig. 1).
Defining the most central collisions as a interval in the impact
parameter is incorrect. The few percent of most central events
in terms of the number of participant nucleons (Npart > 18)
have a participant multiplicity larger than the average Npart at
zero impact parameter. The picture is very similar for d-Pb
collisions. In the experiment the centrality classes are defined
by the track multiplicity, which is closely correlated with the
number of participants in the model. In heavy-ion collisions
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FIG. 5. (Color online) Same as Fig. 4 but for d-Pb interactions.
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FIG. 6. (Color online) Contour plot s(x, y, η‖ = 0) of the initial
entropy density in a d-Pb collision with Npart = 24.

the number of participants is correlated with the impact
parameter. In p-Pb or d-Pb interactions it is preferable to define
the centrality classes for events using directly cuts in Npart.
Figures 2 and 3 show the probability density for events of a
given Npart for the two systems considered. For p-Pb events, we
use three centrality classes defined as 18 ! Npart, 11 ! Npart !
17, and 8 ! Npart ! 10, corresponding to centrality bins of
0%–4%, 4%–32%, and 32%–49%, out of all the inelastic
events (Npart " 2). The unusual numbers for the centrality
percentiles are fixed by the discrete variable Npart. For the
d-Pb interactions, we choose 27 ! Npart, 16 ! Npart ! 26, and
10 ! Npart ! 15, corresponding to centrality bins of 0%–5%,
5%–30%, and 30%–50%.

The charged particle density at central pseudorapidity can
be estimated from the multiplicity observed at a similar
energy and for a similar number of participant nucleons
measured in peripheral Pb-Pb collisions at the LHC [9],
interpolating the measured values of dN/dηPS/〈Npart/2〉
at centralities of 60%–70% and 70%–80% to the average
number of participant nucleons 〈Npart〉 corresponding to the
most central bins considered in p-Pb and d-Pb collisions.
The energy dependence of dN/ηPS is s0.11 for p-p and
s0.15 for nucleus-nucleus collisions [28]. We take s0.13 to
extrapolate from

√
sNN = 2.76 TeV. The estimated values
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FIG. 7. (Color online) Constant-temperature hypersurface
T (τ, x = 0, y, η‖ = 0) in a p-Pb interaction for the freeze-out
temperature Tf = 135 MeV (dashed line) and for 160 MeV (solid
line).
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Glauber model calculation. We take a Wood-Saxon profile for
the Pb nuclear density,

ρ(x, y, z) = ρ0

1 + exp
(
(
√

x2 + y2 + z2 − RA)/a
) , (2.1)

with ρ0 = 0.17 fm−3, RA = 6.55 fm, and a = 0.45 fm, and an
excluded distance for nucleons of 0.4 fm; for the deuteron we
use the Hulthen distribution [27].

Events at a given impact parameter are generated using the
GLISSANDO code for the Glauber model [27]. The distribution
of participant nucleons at different impact parameters is shown
in Fig. 1 for p-Pb interactions at 4.4 TeV. We notice that the
number of participant nucleons fluctuates strongly at a fixed
impact parameter. The number of participant nucleons can be
significantly above the average value (solid line in Fig. 1).
Defining the most central collisions as a interval in the impact
parameter is incorrect. The few percent of most central events
in terms of the number of participant nucleons (Npart > 18)
have a participant multiplicity larger than the average Npart at
zero impact parameter. The picture is very similar for d-Pb
collisions. In the experiment the centrality classes are defined
by the track multiplicity, which is closely correlated with the
number of participants in the model. In heavy-ion collisions
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FIG. 6. (Color online) Contour plot s(x, y, η‖ = 0) of the initial
entropy density in a d-Pb collision with Npart = 24.

the number of participants is correlated with the impact
parameter. In p-Pb or d-Pb interactions it is preferable to define
the centrality classes for events using directly cuts in Npart.
Figures 2 and 3 show the probability density for events of a
given Npart for the two systems considered. For p-Pb events, we
use three centrality classes defined as 18 ! Npart, 11 ! Npart !
17, and 8 ! Npart ! 10, corresponding to centrality bins of
0%–4%, 4%–32%, and 32%–49%, out of all the inelastic
events (Npart " 2). The unusual numbers for the centrality
percentiles are fixed by the discrete variable Npart. For the
d-Pb interactions, we choose 27 ! Npart, 16 ! Npart ! 26, and
10 ! Npart ! 15, corresponding to centrality bins of 0%–5%,
5%–30%, and 30%–50%.

The charged particle density at central pseudorapidity can
be estimated from the multiplicity observed at a similar
energy and for a similar number of participant nucleons
measured in peripheral Pb-Pb collisions at the LHC [9],
interpolating the measured values of dN/dηPS/〈Npart/2〉
at centralities of 60%–70% and 70%–80% to the average
number of participant nucleons 〈Npart〉 corresponding to the
most central bins considered in p-Pb and d-Pb collisions.
The energy dependence of dN/ηPS is s0.11 for p-p and
s0.15 for nucleus-nucleus collisions [28]. We take s0.13 to
extrapolate from

√
sNN = 2.76 TeV. The estimated values
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FIG. 7. (Color online) Constant-temperature hypersurface
T (τ, x = 0, y, η‖ = 0) in a p-Pb interaction for the freeze-out
temperature Tf = 135 MeV (dashed line) and for 160 MeV (solid
line).
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7 TeV [25,26] (σNN = 42, 62, and 71 mb, respectively) using
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The resulting NN cross sections from Table I are used in our
Glauber model calculation. We take a Wood-Saxon profile for
the Pb nuclear density,

ρ(x, y, z) = ρ0

1 + exp
(
(
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x2 + y2 + z2 − RA)/a
) , (2.1)

with ρ0 = 0.17 fm−3, RA = 6.55 fm, and a = 0.45 fm, and an
excluded distance for nucleons of 0.4 fm; for the deuteron we
use the Hulthen distribution [27].

Events at a given impact parameter are generated using the
GLISSANDO code for the Glauber model [27]. The distribution
of participant nucleons at different impact parameters is shown
in Fig. 1 for p-Pb interactions at 4.4 TeV. We notice that the
number of participant nucleons fluctuates strongly at a fixed
impact parameter. The number of participant nucleons can be
significantly above the average value (solid line in Fig. 1).
Defining the most central collisions as a interval in the impact
parameter is incorrect. The few percent of most central events
in terms of the number of participant nucleons (Npart > 18)
have a participant multiplicity larger than the average Npart at
zero impact parameter. The picture is very similar for d-Pb
collisions. In the experiment the centrality classes are defined
by the track multiplicity, which is closely correlated with the
number of participants in the model. In heavy-ion collisions
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parameter. In p-Pb or d-Pb interactions it is preferable to define
the centrality classes for events using directly cuts in Npart.
Figures 2 and 3 show the probability density for events of a
given Npart for the two systems considered. For p-Pb events, we
use three centrality classes defined as 18 ! Npart, 11 ! Npart !
17, and 8 ! Npart ! 10, corresponding to centrality bins of
0%–4%, 4%–32%, and 32%–49%, out of all the inelastic
events (Npart " 2). The unusual numbers for the centrality
percentiles are fixed by the discrete variable Npart. For the
d-Pb interactions, we choose 27 ! Npart, 16 ! Npart ! 26, and
10 ! Npart ! 15, corresponding to centrality bins of 0%–5%,
5%–30%, and 30%–50%.

The charged particle density at central pseudorapidity can
be estimated from the multiplicity observed at a similar
energy and for a similar number of participant nucleons
measured in peripheral Pb-Pb collisions at the LHC [9],
interpolating the measured values of dN/dηPS/〈Npart/2〉
at centralities of 60%–70% and 70%–80% to the average
number of participant nucleons 〈Npart〉 corresponding to the
most central bins considered in p-Pb and d-Pb collisions.
The energy dependence of dN/ηPS is s0.11 for p-p and
s0.15 for nucleus-nucleus collisions [28]. We take s0.13 to
extrapolate from

√
sNN = 2.76 TeV. The estimated values

4 2 0 2 4

1

2

3

4

5

y fm

Τ
fm

c

FIG. 7. (Color online) Constant-temperature hypersurface
T (τ, x = 0, y, η‖ = 0) in a p-Pb interaction for the freeze-out
temperature Tf = 135 MeV (dashed line) and for 160 MeV (solid
line).

014911-3

COLLECTIVE FLOW IN p-Pb AND d-Pb . . . PHYSICAL REVIEW C 85, 014911 (2012)

partN
5 10 15 20 25 30 35

0

0.2

0.4

0.6

0.8

1 p-Pb  Glauber Monte-Carlo

ε
2ε

3ε

FIG. 4. (Color online) Eccentricity (solid line) and triangularity
(dashed line) in p-Pb interactions as a function of the number of
participant nucleons.

a boost is made to the laboratory frame to get spectra around
mid-rapidity or pseudorapidity distributions.

The NN cross section at different energies can be obtained
from an interpolation of values at 200 GeV, 2.76 TeV, and
7 TeV [25,26] (σNN = 42, 62, and 71 mb, respectively) using
a formula of the form σNN ∝ a + b ln(

√
sNN ) + c ln2(

√
sNN ).

The resulting NN cross sections from Table I are used in our
Glauber model calculation. We take a Wood-Saxon profile for
the Pb nuclear density,

ρ(x, y, z) = ρ0

1 + exp
(
(
√

x2 + y2 + z2 − RA)/a
) , (2.1)

with ρ0 = 0.17 fm−3, RA = 6.55 fm, and a = 0.45 fm, and an
excluded distance for nucleons of 0.4 fm; for the deuteron we
use the Hulthen distribution [27].

Events at a given impact parameter are generated using the
GLISSANDO code for the Glauber model [27]. The distribution
of participant nucleons at different impact parameters is shown
in Fig. 1 for p-Pb interactions at 4.4 TeV. We notice that the
number of participant nucleons fluctuates strongly at a fixed
impact parameter. The number of participant nucleons can be
significantly above the average value (solid line in Fig. 1).
Defining the most central collisions as a interval in the impact
parameter is incorrect. The few percent of most central events
in terms of the number of participant nucleons (Npart > 18)
have a participant multiplicity larger than the average Npart at
zero impact parameter. The picture is very similar for d-Pb
collisions. In the experiment the centrality classes are defined
by the track multiplicity, which is closely correlated with the
number of participants in the model. In heavy-ion collisions
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the number of participants is correlated with the impact
parameter. In p-Pb or d-Pb interactions it is preferable to define
the centrality classes for events using directly cuts in Npart.
Figures 2 and 3 show the probability density for events of a
given Npart for the two systems considered. For p-Pb events, we
use three centrality classes defined as 18 ! Npart, 11 ! Npart !
17, and 8 ! Npart ! 10, corresponding to centrality bins of
0%–4%, 4%–32%, and 32%–49%, out of all the inelastic
events (Npart " 2). The unusual numbers for the centrality
percentiles are fixed by the discrete variable Npart. For the
d-Pb interactions, we choose 27 ! Npart, 16 ! Npart ! 26, and
10 ! Npart ! 15, corresponding to centrality bins of 0%–5%,
5%–30%, and 30%–50%.

The charged particle density at central pseudorapidity can
be estimated from the multiplicity observed at a similar
energy and for a similar number of participant nucleons
measured in peripheral Pb-Pb collisions at the LHC [9],
interpolating the measured values of dN/dηPS/〈Npart/2〉
at centralities of 60%–70% and 70%–80% to the average
number of participant nucleons 〈Npart〉 corresponding to the
most central bins considered in p-Pb and d-Pb collisions.
The energy dependence of dN/ηPS is s0.11 for p-p and
s0.15 for nucleus-nucleus collisions [28]. We take s0.13 to
extrapolate from

√
sNN = 2.76 TeV. The estimated values
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a boost is made to the laboratory frame to get spectra around
mid-rapidity or pseudorapidity distributions.

The NN cross section at different energies can be obtained
from an interpolation of values at 200 GeV, 2.76 TeV, and
7 TeV [25,26] (σNN = 42, 62, and 71 mb, respectively) using
a formula of the form σNN ∝ a + b ln(

√
sNN ) + c ln2(

√
sNN ).

The resulting NN cross sections from Table I are used in our
Glauber model calculation. We take a Wood-Saxon profile for
the Pb nuclear density,

ρ(x, y, z) = ρ0

1 + exp
(
(
√

x2 + y2 + z2 − RA)/a
) , (2.1)

with ρ0 = 0.17 fm−3, RA = 6.55 fm, and a = 0.45 fm, and an
excluded distance for nucleons of 0.4 fm; for the deuteron we
use the Hulthen distribution [27].

Events at a given impact parameter are generated using the
GLISSANDO code for the Glauber model [27]. The distribution
of participant nucleons at different impact parameters is shown
in Fig. 1 for p-Pb interactions at 4.4 TeV. We notice that the
number of participant nucleons fluctuates strongly at a fixed
impact parameter. The number of participant nucleons can be
significantly above the average value (solid line in Fig. 1).
Defining the most central collisions as a interval in the impact
parameter is incorrect. The few percent of most central events
in terms of the number of participant nucleons (Npart > 18)
have a participant multiplicity larger than the average Npart at
zero impact parameter. The picture is very similar for d-Pb
collisions. In the experiment the centrality classes are defined
by the track multiplicity, which is closely correlated with the
number of participants in the model. In heavy-ion collisions
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the number of participants is correlated with the impact
parameter. In p-Pb or d-Pb interactions it is preferable to define
the centrality classes for events using directly cuts in Npart.
Figures 2 and 3 show the probability density for events of a
given Npart for the two systems considered. For p-Pb events, we
use three centrality classes defined as 18 ! Npart, 11 ! Npart !
17, and 8 ! Npart ! 10, corresponding to centrality bins of
0%–4%, 4%–32%, and 32%–49%, out of all the inelastic
events (Npart " 2). The unusual numbers for the centrality
percentiles are fixed by the discrete variable Npart. For the
d-Pb interactions, we choose 27 ! Npart, 16 ! Npart ! 26, and
10 ! Npart ! 15, corresponding to centrality bins of 0%–5%,
5%–30%, and 30%–50%.

The charged particle density at central pseudorapidity can
be estimated from the multiplicity observed at a similar
energy and for a similar number of participant nucleons
measured in peripheral Pb-Pb collisions at the LHC [9],
interpolating the measured values of dN/dηPS/〈Npart/2〉
at centralities of 60%–70% and 70%–80% to the average
number of participant nucleons 〈Npart〉 corresponding to the
most central bins considered in p-Pb and d-Pb collisions.
The energy dependence of dN/ηPS is s0.11 for p-p and
s0.15 for nucleus-nucleus collisions [28]. We take s0.13 to
extrapolate from

√
sNN = 2.76 TeV. The estimated values
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Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 4: Left: v2 (black closed symbols) and v3 (red open symbols) for different multiplicity classes
and overlapping pT,assoc and pT,trig intervals. Right: Near-side (black closed symbols) and away-side
(red open symbols) ridge yields per unit of Dh for different pT,trig and pT,assoc bins as a function of the
multiplicity class. The error bars show statistical and systematic uncertainties added in quadrature. In
both panels the points are slightly displaced horizontally for visibility.

To extract information on the yields and widths of the excess distributions in Fig. 3 (bottom
right), a constant baseline assuming zero yield at the minimum of the fit function (Eq. 2) is sub-
tracted. The remaining yield is integrated on the near side and on the away side. Alternatively,
a baseline evaluated from the minimum of a parabolic function fitted within |Dj �p/2|< 1 is
used; the difference on the extracted yields is added to the systematic uncertainties. The uncer-
tainty imposed by the residual near-side jet peak on the yield is evaluated in the same way as
for the vn coefficients. The near-side and away-side ridge yields are shown in the right panel of
Fig. 4 for different event classes and for different combinations of pT,trig and pT,assoc intervals.
The near-side and away-side yields range from 0 to 0.08 per unit of Dh depending on multiplic-
ity class and pT interval. It is remarkable that the near-side and away-side yields always agree
within uncertainties for a given sample despite the fact that the absolute values change substan-
tially with event class and pT interval. Such a tight correlation between the yields is non-trivial
and suggests a common underlying physical origin for the near-side and the away-side ridges.

From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
observed ridge is not of jet origin.

The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
definition of the event classes. Unlike in nucleus–nucleus collisions, the correlation between
forward energy measured in the ZNA and particle density at central rapidities is very weak
in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
the event classes selected with the ZNA span a much smaller range in central multiplicity den-
sity, they also minimize any autocorrelation between multiplicity selections and, for example,
jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
VZERO selection. In particular, an excess in the difference between low-multiplicity and high-
multiplicity ZNA selected events is observed to be symmetric on the near side and away side.
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The near-side and away-side yields range from 0 to 0.08 per unit of Dh depending on multiplic-
ity class and pT interval. It is remarkable that the near-side and away-side yields always agree
within uncertainties for a given sample despite the fact that the absolute values change substan-
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From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
observed ridge is not of jet origin.

The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
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forward energy measured in the ZNA and particle density at central rapidities is very weak
in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
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jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
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From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
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The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
definition of the event classes. Unlike in nucleus–nucleus collisions, the correlation between
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in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
the event classes selected with the ZNA span a much smaller range in central multiplicity den-
sity, they also minimize any autocorrelation between multiplicity selections and, for example,
jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
VZERO selection. In particular, an excess in the difference between low-multiplicity and high-
multiplicity ZNA selected events is observed to be symmetric on the near side and away side.
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and suggests a common underlying physical origin for the near-side and the away-side ridges.
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p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
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jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
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and overlapping pT,assoc and pT,trig intervals. Right: Near-side (black closed symbols) and away-side
(red open symbols) ridge yields per unit of Dh for different pT,trig and pT,assoc bins as a function of the
multiplicity class. The error bars show statistical and systematic uncertainties added in quadrature. In
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To extract information on the yields and widths of the excess distributions in Fig. 3 (bottom
right), a constant baseline assuming zero yield at the minimum of the fit function (Eq. 2) is sub-
tracted. The remaining yield is integrated on the near side and on the away side. Alternatively,
a baseline evaluated from the minimum of a parabolic function fitted within |Dj �p/2|< 1 is
used; the difference on the extracted yields is added to the systematic uncertainties. The uncer-
tainty imposed by the residual near-side jet peak on the yield is evaluated in the same way as
for the vn coefficients. The near-side and away-side ridge yields are shown in the right panel of
Fig. 4 for different event classes and for different combinations of pT,trig and pT,assoc intervals.
The near-side and away-side yields range from 0 to 0.08 per unit of Dh depending on multiplic-
ity class and pT interval. It is remarkable that the near-side and away-side yields always agree
within uncertainties for a given sample despite the fact that the absolute values change substan-
tially with event class and pT interval. Such a tight correlation between the yields is non-trivial
and suggests a common underlying physical origin for the near-side and the away-side ridges.

From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
observed ridge is not of jet origin.

The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
definition of the event classes. Unlike in nucleus–nucleus collisions, the correlation between
forward energy measured in the ZNA and particle density at central rapidities is very weak
in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
the event classes selected with the ZNA span a much smaller range in central multiplicity den-
sity, they also minimize any autocorrelation between multiplicity selections and, for example,
jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
VZERO selection. In particular, an excess in the difference between low-multiplicity and high-
multiplicity ZNA selected events is observed to be symmetric on the near side and away side.
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FIG. 1. Anatomy of di-hadron correlations. The glasma graph on the left illustrates its its schematic
contribution to the double inclusive cross-section (dashed orange curve). On the right is the back-

to-back graph and the shape of its yield (dashed blue curve). The grey blobs denote emissions all
the way from beam rapidities to those of the triggered gluons. The solid black curve represents
the sum of contributions from glasma and back-to-back graphs. The shaded region represents the

Associated Yield (AY) calculated using the zero-yield-at-minimum (ZYAM) procedure. Figure
from ref. [9].

The paper is organized as follows. In the next section, we will present the formulae used
in the computation of Glasma and BFKL graphs. Since all details have been discussed pre-
viously in [9] and references therein, we will reintroduce them briefly only for completeness,
our focus here being the understanding of the systematics of the new CMS p+Pb data. In
section 3, we will discuss in detail results in the CGC, compare these to the data, and make
predictions for as yet unpublished data. In the final section, we will summarize our con-
clusions, discuss alternative interpretations and further refinements and tests of the CGC
framework.

II. GLASMA AND BFKL CONTRIBUTIONS IN THE CGC EFT

The collimated correlated two-gluon production Glasma and BFKL graphs are illustrated
in Fig. (1). The collimated contributions from all the Glasma graphs can be compactly
written as

d2N corr.
Glasma

d2pTd2qTdypdyq
=

αS(pT )αS(qT )

4π10

N2
C

(N2
C − 1)3 ζ

S⊥

p2
Tq

2
T

Kglasma

×

[

∫

kT

(D1 +D2) +
∑

j=±

(

A1(pT , jqT ) +
1

2
A2(pT , jqT )

)

]

. (1)

3
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Fig. 4: Left: v2 (black closed symbols) and v3 (red open symbols) for different multiplicity classes
and overlapping pT,assoc and pT,trig intervals. Right: Near-side (black closed symbols) and away-side
(red open symbols) ridge yields per unit of Dh for different pT,trig and pT,assoc bins as a function of the
multiplicity class. The error bars show statistical and systematic uncertainties added in quadrature. In
both panels the points are slightly displaced horizontally for visibility.

To extract information on the yields and widths of the excess distributions in Fig. 3 (bottom
right), a constant baseline assuming zero yield at the minimum of the fit function (Eq. 2) is sub-
tracted. The remaining yield is integrated on the near side and on the away side. Alternatively,
a baseline evaluated from the minimum of a parabolic function fitted within |Dj �p/2|< 1 is
used; the difference on the extracted yields is added to the systematic uncertainties. The uncer-
tainty imposed by the residual near-side jet peak on the yield is evaluated in the same way as
for the vn coefficients. The near-side and away-side ridge yields are shown in the right panel of
Fig. 4 for different event classes and for different combinations of pT,trig and pT,assoc intervals.
The near-side and away-side yields range from 0 to 0.08 per unit of Dh depending on multiplic-
ity class and pT interval. It is remarkable that the near-side and away-side yields always agree
within uncertainties for a given sample despite the fact that the absolute values change substan-
tially with event class and pT interval. Such a tight correlation between the yields is non-trivial
and suggests a common underlying physical origin for the near-side and the away-side ridges.

From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
observed ridge is not of jet origin.

The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
definition of the event classes. Unlike in nucleus–nucleus collisions, the correlation between
forward energy measured in the ZNA and particle density at central rapidities is very weak
in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
the event classes selected with the ZNA span a much smaller range in central multiplicity den-
sity, they also minimize any autocorrelation between multiplicity selections and, for example,
jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
VZERO selection. In particular, an excess in the difference between low-multiplicity and high-
multiplicity ZNA selected events is observed to be symmetric on the near side and away side.
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(red open symbols) ridge yields per unit of Dh for different pT,trig and pT,assoc bins as a function of the
multiplicity class. The error bars show statistical and systematic uncertainties added in quadrature. In
both panels the points are slightly displaced horizontally for visibility.
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right), a constant baseline assuming zero yield at the minimum of the fit function (Eq. 2) is sub-
tracted. The remaining yield is integrated on the near side and on the away side. Alternatively,
a baseline evaluated from the minimum of a parabolic function fitted within |Dj �p/2|< 1 is
used; the difference on the extracted yields is added to the systematic uncertainties. The uncer-
tainty imposed by the residual near-side jet peak on the yield is evaluated in the same way as
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The near-side and away-side yields range from 0 to 0.08 per unit of Dh depending on multiplic-
ity class and pT interval. It is remarkable that the near-side and away-side yields always agree
within uncertainties for a given sample despite the fact that the absolute values change substan-
tially with event class and pT interval. Such a tight correlation between the yields is non-trivial
and suggests a common underlying physical origin for the near-side and the away-side ridges.

From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
observed ridge is not of jet origin.

The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
definition of the event classes. Unlike in nucleus–nucleus collisions, the correlation between
forward energy measured in the ZNA and particle density at central rapidities is very weak
in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
the event classes selected with the ZNA span a much smaller range in central multiplicity den-
sity, they also minimize any autocorrelation between multiplicity selections and, for example,
jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
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FIG. 7. ZDCN and FCALN spectra for the most central tagged
events. Detector response to the spectator nucleon is fit with a Gauss
function. Background from the left side of the spectra was fit to an
exponential function and extrapolated to the region above our cuts.
All events to the right of the cuts, shown by vertical solid lines, were
defined as a tag sample.
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FIG. 8. FCALN spectrum for the most peripheral tagged events,
with the same line notation as Fig. 7. The plot illustrates the difficulty
of evaluating the background contribution in the most peripheral
collisions: background fit with an exponentially falling spectrum
significantly overestimates the contribution to the events above our
cut.

The average number of binary inelastic nucleon-nucleon
collisions at impact parameter b was calculated from
TAB(b) as

〈Ncoll〉 = σNNTAB(b) , (4)

where σNN is the inelastic nucleon-nucleon cross section [19].
An additional multiplicative correction factor, CBBC, see

Table I, has been applied to the data for different centrality bin
selections [22]. This correction addresses two effects, each
of which distorts the centrality classification in the opposite
direction. Because of natural fluctuations in the number of
produced charged particles at a particular impact parameter,
the BBCS centrality selections have imperfect resolution. In
the case of a steeply falling BBCS multiplicity spectrum,
especially for the tagged sample (see Fig. 3), there is a
contamination of peripheral collision events into a more central
event class. This effectively decreases the actual number of
Ncoll and particle production in the central events. The second

TABLE I. Total number of participants Npart, number of collisions Ncoll, nuclear
overlap function TAB , see Eq. (10), average number of collisions per participant nucleon
from deuteron ν, and the BBC bin correction factor for different centrality classes.

Cent. bin 〈Npart〉 〈Ncoll〉 〈TAB〉(mb−1) ν CBBC

A 15.0 ± 1.0 15.4 ± 1.0 0.37 ± 0.02 7.5 ± 0.5 0.95 ± 0.03
B 10.4 ± 0.4 10.6 ± 0.7 0.25 ± 0.02 5.6 ± 0.4 0.99 ± 0.01
C 7.0 ± 0.6 7.0 ± 0.6 0.17 ± 0.01 4.0 ± 0.3 1.03 ± 0.01
D 3.2 ± 0.3 3.1 ± 0.3 0.07 ± 0.01 2.2 ± 0.2 1.04 ± 0.03
tag A 10.6 ± 0.7 9.6 ± 0.7 0.23 ± 0.02 9.6 ± 0.7 0.93 ± 0.03
tag B 8.0 ± 0.6 7.0 ± 0.6 0.17 ± 0.02 7.0 ± 0.6 0.95 ± 0.02
tag C 5.6 ± 0.3 4.6 ± 0.3 0.11 ± 0.01 4.6 ± 0.3 0.95 ± 0.02
tag D 3.1 ± 0.2 2.1 ± 0.2 0.05 ± 0.01 2.1 ± 0.2 0.97 ± 0.04

014905-7

100GeV neutron peak 
in the d-going ZDC

PHENIX PRC77 014905



A. M. Sickles

going forward: dAu vs pAu

22

neutron goes forward, 
missing the Au CENTRALITY DEPENDENCE OF CHARGED HADRON . . . PHYSICAL REVIEW C 77, 014905 (2008)

FCALN (GeV)
0 20 40 60 80 100 120 140 160 180 200

co
un

ts
 

1

10

210

310

ZDCN (GeV)
0 20 40 60 80 100 120 140 160 180 200

co
un

ts
 

1

10

210

310

FIG. 7. ZDCN and FCALN spectra for the most central tagged
events. Detector response to the spectator nucleon is fit with a Gauss
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where σNN is the inelastic nucleon-nucleon cross section [19].
An additional multiplicative correction factor, CBBC, see

Table I, has been applied to the data for different centrality bin
selections [22]. This correction addresses two effects, each
of which distorts the centrality classification in the opposite
direction. Because of natural fluctuations in the number of
produced charged particles at a particular impact parameter,
the BBCS centrality selections have imperfect resolution. In
the case of a steeply falling BBCS multiplicity spectrum,
especially for the tagged sample (see Fig. 3), there is a
contamination of peripheral collision events into a more central
event class. This effectively decreases the actual number of
Ncoll and particle production in the central events. The second

TABLE I. Total number of participants Npart, number of collisions Ncoll, nuclear
overlap function TAB , see Eq. (10), average number of collisions per participant nucleon
from deuteron ν, and the BBC bin correction factor for different centrality classes.

Cent. bin 〈Npart〉 〈Ncoll〉 〈TAB〉(mb−1) ν CBBC

A 15.0 ± 1.0 15.4 ± 1.0 0.37 ± 0.02 7.5 ± 0.5 0.95 ± 0.03
B 10.4 ± 0.4 10.6 ± 0.7 0.25 ± 0.02 5.6 ± 0.4 0.99 ± 0.01
C 7.0 ± 0.6 7.0 ± 0.6 0.17 ± 0.01 4.0 ± 0.3 1.03 ± 0.01
D 3.2 ± 0.3 3.1 ± 0.3 0.07 ± 0.01 2.2 ± 0.2 1.04 ± 0.03
tag A 10.6 ± 0.7 9.6 ± 0.7 0.23 ± 0.02 9.6 ± 0.7 0.93 ± 0.03
tag B 8.0 ± 0.6 7.0 ± 0.6 0.17 ± 0.02 7.0 ± 0.6 0.95 ± 0.02
tag C 5.6 ± 0.3 4.6 ± 0.3 0.11 ± 0.01 4.6 ± 0.3 0.95 ± 0.02
tag D 3.1 ± 0.2 2.1 ± 0.2 0.05 ± 0.01 2.1 ± 0.2 0.97 ± 0.04
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• PHENIX central arm eta acceptance too small to get 
away from the jet contribution entirely

• jet fragmentation effects can be suppressed by looking 
at same sign pairs:

25

The measurements were made using the STAR detector
[14] at RHIC at Brookhaven National Laboratory. STAR
is a large acceptance magnetic spectrometer, with a large
time projection chamber (TPC) inside a 0.5 T solenoidal
magnet. The TPC measures the trajectories of charged
particles and determines the particle momenta. The TPC
has full azimuthal coverage over a pseudorapidity range
j!j< 1:5. STAR has excellent position and momentum
resolution [the Gaussian width of the track curvature k /
1=pT is "k=k ! 0:005"pT=#GeV=c$% & 0:0076], and, due
to its vertexing capabilities, identifies many sources of
secondary particles. The p& p analysis uses ' 10( 106

minimum bias p& p events triggered on the coincidence
of signals from scintillator annuli spanning 3:5 ) j!j )
5:0. The Au& Au analysis uses ' 1:7( 106 minimum
bias events and ' 1:5( 106 top 10% central events.

Partons fragment into jets of hadrons in a cone around
the direction of the original hard-scattered parton. The
leading hadron in the jet tends to be most closely aligned
with the original parton direction [15]. The large multi-
plicities in Au& Au collisions make full jet reconstruc-
tion impractical. Thus, we utilize two-particle azimuthal
correlations of high-pT charged hadrons [16] to identify
jets on a statistical basis, with known sources of back-
ground correlations subtracted.

Events with at least one large transverse momentum
hadron (4<ptrig

T < 6 or 3< ptrig
T < 4 GeV=c), defined to

be a trigger particle, are used in this analysis. For each of
the trigger particles in the event, we increment the num-
ber N#!#;!!$ of associated tracks with 2 GeV=c <
pT < ptrig

T as a function of their azimuthal (!#) and
pseudorapidity (!!) separations from the trigger particle.
We then construct an overall azimuthal pair distribution
per trigger particle,

D#!#$ * 1

Ntrigger

1

$

Z

d!!N#!#;!!$; (1)

where Ntrigger is the observed number of tracks satisfying
the trigger requirement. The efficiency $ for finding the
associated particle is evaluated by embedding simulated
tracks in real data. In order to have a high and constant
tracking efficiency, the tracks are restricted to j!j< 0:7;
hence, j!!j< 1:4. The track reconstruction efficiency
varies from 77% for the most central Au& Au collisions
to 90% for the most peripheral Au& Au and p& p
collisions.

Identical analysis procedures are applied to the p& p
and Au& Au data. Displayed in Fig. 1 are the azimuthal
distributions for same-sign and opposite-sign charged
pairs from the (a) p& p data and (b) minimum bias Au&
Au data for 4< ptrig

T < 6 GeV=c. The data are integrated
over the relative pseudorapidity range 0< j!!j< 1:4.
Clear correlation peaks are observed near !#+ 0 and
!#+ % in the data. The opposite-sign correlations at
small relative azimuth are larger than those of the same-

sign particle pairs, while the sign has a negligible effect
on the back-to-back correlations.

To isolate the jetlike correlations (localized in !#,
!!) in central Au& Au collisions, the azimuthal distri-
butions are measured for two regions, j!!j< 0:5 and
0:5< j!!j< 1:4 [16]. The difference between these two
azimuthal distributions is displayed in Fig. 1(c) along
with single Gaussian fits. Near !# ! 0, the azimuthal
distributions from Au& Au and p& p have similar
shapes. For the opposite-sign [same-sign] azimuthal dis-
tributions, the Gaussian widths are 0:17, 0:01#stat$ ,
0:03#syst$ [0:16, 0:02, 0:03] rad for p& p data and
0:20, 0:02, 0:03 [0:15, 0:03, 0:04] rad for the cen-
tral Au& Au data. The systematic errors reflect the spread
of values found for different choices of !# bin width.
Within errors, the small-angle correlation widths are the
same for p& p and central Au& Au collisions.

The ratios of the opposite-sign to same-sign peak areas
are 2:7, 0:9#stat$ , 0:2#syst$ for p& p and 2:5, 0:6,
0:2 for central Au& Au collisions. The preference for
oppositely charged leading and next-to-leading hadrons
[17] arises in jet fragmentation from dynamical charge
correlations that originate from the formation of q "qq pairs
along a string between two partons. The Hijing event
generator, which utilizes the Lund string fragmentation
scheme [18] incorporating these concepts, predicts a ratio
of 2:6, 0:7 for the opposite-sign to same-sign correla-
tion strengths. The agreement of this ratio with those
measured suggests that the same jet production mecha-
nism is responsible for the !# ' 0 correlation of high-pT
charged hadrons in p& p and central Au& Au collisions.

The decay of resonances would also lead to small-angle
azimuthal correlations, but could not explain the ob-
served correlation of particles with the same charge
sign and the strong back-to-back correlations of large
pT particles seen for p& p collisions in Fig. 1(a). The

FIG. 1. Azimuthal distributions of same-sign and opposite-
sign pairs for (a) p& p, (b) minimum bias Au& Au, and
(c) background-subtracted central Au& Au collisions. All cor-
relation functions require a trigger particle with 4< ptrig

T <
6 GeV=c and associated particles with 2 GeV=c < pT < ptrig

T .
The curves are one or two Gaussian fits.
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