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The “ridge” in pp collisions 

p	
   p	
  

Event with more than 200 charged particles 

A surprise: near-side (Δϕ~0) “ridge” in high multiplicity pp! 

pp N>110, 1<pT<3 GeV/c 

CMS collaboration, JHEP 09 (2010) 091 
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The “ridge” in pp collisions 

No ridge observed in minimum bias pp or any pp MC generators 

pp N>110, 1<pT<3 GeV/c pp <N>~15, 1<pT<3 GeV/c 

CMS collaboration, JHEP 09 (2010) 091 
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Very high multiplicity pp collisions 

Very high-multiplicity pp events are rare in nature 

10-5 – 10-6 prob. 

Very exotic  
pp events 

Raw counts of tracks! 

<Ntrk
offline>~15 for MB pp
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proton-proton and nucleus-nucleus collisions 

p p 
Pb Pb 
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The “ridge” in pp and AA collisions 

JHEP	
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The “ridge” in pp and AA collisions 

JHEP	
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Initial-state geometry  
+  

collective expansion 

elliptic flow: 
cos(2Δϕ) 

“Smoking gun” of a strongly  
interacting QGP liquid! 

PbPb 2.76 TeV pp 7 TeV, N>110 
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The “ridge” in pp and AA collisions 
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p p 
Pb Pb 

Initial-state geometry  
+  

collective expansion 

elliptic flow: 
cos(2Δϕ) 

Physical origin of pp ridge is  
still not completely explained 

“Smoking gun” of a strongly  
interacting QGP liquid! 

PbPb 2.76 TeV pp 7 TeV, N>110 
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The “ridge” in pp, pA and AA collisions? 

JHEP	
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? 

p Pb 

What if colliding a proton and a nucleus?  
Is there a ridge and how big is it? 

pp 7 TeV, N>110 
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Proton-nucleus collisions at the LHC 

Proton: 4 TeV 
Pb: 1.58 TeV/nucleon 

ycm=0.46 

√sNN = 5.02 TeV Center-of-mass energy: 

pPb pilot run at the LHC on 
September 13, for ~ 8 hours 

z 
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CMS experiment at the LHC 
EM Calorimeter (ECAL) 

Hadron Calorimeter (HCAL) 

Beam Scintillator Counters (BSC) 

Forward 
Calorimeter 
(HF) 

Muon System 

Tracker 
(Pixels and Strips) 

Unprecedented kinematic range and acceptance 
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Multiplicity distribution in pPb 

~ 2 million minimum bias pPb events were collected (1 µb-1) 

<Ntrk
offline >~40 for MB pPb

<Ntrk
offline >~15 for MB pp

Much easier to reach high multiplicity in pPb, as expected 
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S(Δη,Δϕ ) = 1
Ntrig

d2Nsame

dΔηdΔϕ

€ 

B(Δη,Δϕ) =
1
Ntrig

d 2Nmix

dΔηdΔϕ

Signal-pair distribution Background-pair distribution 

Triangular shape in Δη 
due to limited acceptance 

η=-2.4 η=2.4 η=0.0 

z 

Two-particle correlations at CMS 

Event 1: Event 2: 

Same-event pairs Mixed-event pairs 
(similar zvtx) 

Pair of two primary reconstructed tracks within |η|<2.4 
•  Trigger particle from a pT

trig interval 

•  Associated particle from a pT
assoc interval 

Δη = ηassoc – ηtrig 

Δφ = φassoc – φtrig 
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Two-particle correlations at CMS 
Pair of two primary reconstructed tracks within |η|<2.4 
•  Trigger particle from a pT

trig interval 

•  Associated particle from a pT
assoc interval 

S(Δη,Δϕ ) = 1
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d2Nsame
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Signal-pair distribution Background-pair distribution 

1
Ntrg
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dΔηdΔφ

= B(0,0)× S(Δη,Δφ)
B(Δη,Δφ)

Pair yield per trigger particle: 

Triangular shape in Δη 
due to limited acceptance 

η=-2.4 η=2.4 η=0.0 

z 

Δη = ηassoc – ηtrig 

Δφ = φassoc – φtrig 
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Two-particle correlations at CMS 
Pair of two primary reconstructed tracks within |η|<2.4 
•  Trigger particle from a pT

trig interval 

•  Associated particle from a pT
assoc interval 

S(Δη,Δϕ ) = 1
Ntrig

d2Nsame
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Signal-pair distribution Background-pair distribution 

1
Ntrg

d2N
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= B(0,0)× S(Δη,Δφ)
B(Δη,Δφ)

Pair yield per trigger particle: 

Triangular shape in Δη 
due to limited acceptance 

η=-2.4 η=2.4 η=0.0 

z 

Δη = ηassoc – ηtrig 

Δφ = φassoc – φtrig 

acceptance  
correction 
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First two-particle correlation result in pPb 
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A significant near-side ridge in high multiplicity pPb! 
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FIG. 2. Two-dimensional correlation functions for (a) pe-
ripheral events and (b) central events, both with a truncated
maximum to suppress the large correlation at (∆η,∆φ) =
(0, 0); (c) the per-trigger yield ∆φ distribution together with
pedestal levels for peripheral (bP

ZYAM
) and central (bC

ZYAM
)

events, and (d) integrated per-trigger yield as function of
ΣEPb

T for pairs in 2 < |∆η| < 5. The shaded boxes represent
the systematic uncertainties, and the statistical uncertainties
are smaller than the symbols.

tions, it is convenient to define the “per-trigger yield,”
(Y (∆φ)) which measures the average number of parti-
cles correlated with each trigger particle [2, 17–19]:

Y (∆φ) =

(

∫

B(∆φ)d∆φ

πNa

)

C(∆φ) − b
ZYAM

, (2)

where Na denotes the total number of trigger particles,
and b

ZYAM
represents the pedestal arising from uncor-

related pairs. The parameter b
ZYAM

is determined via a
zero-yield-at-minimum (ZYAM) method [17, 21] in which
a second-order polynomial fit to C(∆φ) is used to find the
location of the minimum point, ∆φ

ZYAM
, and from this

to determine b
ZYAM

. The stability of the fit is studied by
varying the ∆φ fit range. The uncertainty in b

ZYAM
de-

pends on the local curvature around ∆φ
ZYAM

, and is esti-
mated to be 0.03%–0.1% of the minimum value of C(∆φ).
At high pT where the number of measured counts is low,
this uncertainty is of the same order as the statistical
uncertainty.
The systematic uncertainties due to the tracking effi-

ciency are found to be negligible for C(∆φ), since de-
tector effects largely cancel in the correlation function
ratio. However Y (∆φ) is sensitive to the uncertainty
on the tracking efficiency correction for the associated
particles. This uncertainty is estimated by varying the

track quality cuts and the detector material in the simu-
lation, re-analyzing the data using corresponding Monte
Carlo efficiencies and evaluating the change in the ex-
tracted Y (∆φ). The resulting uncertainty on Y (∆φ) is
estimated to be 2.5% due to the track selection and 2%–
3% related to the limited knowledge of detector material.
The analysis procedure is validated by measuring corre-
lation functions in fully simulated HIJING events [15, 16]
and comparing it to the correlations measured using the
generated particles. The agreement is better than 2% for
C(∆φ) and better than 3% for Y (∆φ).
Figure 2(c) shows the Y (∆φ) distributions for 2 <

|∆η| < 5 in peripheral and central events separately.
The yield for the peripheral events has an approximate
1−cos∆φ shape with an away-side maximum, character-
istic of a recoil contribution. In contrast, the yield in the
central events has near-side and away-side peaks with
the away-side peak having a larger magnitude. These
features are consistent with the onset of a significant
cos 2∆φ component in the distribution. To quantify fur-
ther the properties of these long-range components, the
distributions are integrated over |∆φ| < π/3 and |∆φ| >
2π/3, and plotted as a function of ΣEPb

T in Fig. 2(d). The
near-side yield is close to 0 for ΣEPb

T < 20 GeV and in-
creases with ΣEPb

T . The away-side yield shows a similar
variation as a function of ΣEPb

T , except that it starts at
a value significantly above zero, even for events with low
ΣEPb

T . The yield difference between these two regions is
found to be approximately independent of ΣEPb

T , indi-
cating that the growth in the yield with increasing ΣEPb

T
is the same on the near-side and away-side.
To further investigate the connection between the near-

side and away-side, the Y (∆φ) distributions for periph-
eral and central events are shown in Fig. 3 in vari-
ous paT ranges with 0.5 < pbT < 4 GeV. Distributions
of the difference between central and peripheral yields,
∆Y (∆φ), are also shown in this Figure. This difference
is observed to be nearly symmetric around ∆φ = π/2.
To illustrate this symmetry, the ∆Y (∆φ) distributions
in Fig. 3 are overlaid with functions a0 + 2a2 cos 2∆φ,
with the coefficients calculated as a0 = 〈∆Y (∆φ)〉 and
a2 = 〈∆Y (∆φ) cos 2∆φ〉. This form describes the ∆Y
distributions well, indicating that in the pT region cov-
ered in this analysis, the long-range component of the
two-particle correlations can be approximately described
by a recoil contribution plus a∆φ-symmetric component.
The near-side and away-side yields integrated over

|∆φ| < π/3 and |∆φ| > 2π/3, respectively (Yint), and
the differences between those integrated yields in central
and peripheral events (∆Yint) are shown in Fig. 4 as a
function of paT. The yields are shown separately for the
two ΣEPb

T ranges in panels (a)–(b) and the differences
are shown in panels (c)–(d). Qualitatively, the differ-
ences have a similar paT dependence and magnitude on
the near-side and away-side; they rise with paT and reach
a maximum around 3–4 GeV. This pattern is visible for

ATLAS (arXiv:1212.5198) 

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

Fig. 1: The 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 60–

100% (left) and 0–20% (right) event classes.

from the same jet, and the elongated structure at Dj ⇡ p for pairs of particles back-to-back in
azimuth. These are similar to those observed in pp collisions at

p
s = 2.76 and 7 TeV. The same

features are visible in the 0–20% class. However, both the yields on the near side (|Dj|< p/2)
and the away side (p/2 < Dj < 3p/2) are higher. 1 This is illustrated in Fig. 2, where the
projections on Dj averaged over |Dh | < 1.8 are compared for different event classes and also
compared to pp collisions at 2.76 and 7 TeV. In order to facilitate the comparison, the yield at
Dj = 1.3 has been subtracted for each distribution. It is seen that the per-trigger yields in Dj
on the near side and on the away side are similar for low-multiplicity p–Pb collisions and for pp
collisions at

p
s = 7 TeV, and increase with increasing multiplicity in p–Pb collisions.

To quantify the change from low to high multiplicity event classes, we subtract the per-trigger
yield of the lowest (60–100%) from that of the higher multiplicity classes. The resulting dis-
tribution in Dj and Dh for the 0–20% event class is shown in Fig. 3 (left). A distinct excess
structure in the correlation is observed, which forms two ridges, one on the near side and one
on the away side. The ridge on the near side is qualitatively similar to the one recently re-
ported by the CMS collaboration [22]. Note, however that a quantitative comparison would not
be meaningful due to the different definition of the per-trigger yield and the different detector
acceptance and event-class definition.

On the near side, there is a peak around (Dj ⇡ 0, Dh ⇡ 0) indicating a small change of the
near-side jet yield as a function of multiplicity. The integral of this peak above the ridge within
|Dh | < 0.5 corresponds to about 5–25% of the unsubtracted near-side peak yield, depending
on pT. In order to avoid a bias on the associated yields due to the multiplicity selection and
to prevent that this remaining peak contributes to the ridge yields calculated below, the region
|Dh |< 0.8 on the near side is excluded when performing projections onto Dj . The effect of this
incomplete subtraction on the extracted observables, which if jet-related might also be present
on the away side, is discussed further below.

1These definitions of near-side (|Dj|< p/2) and away-side (p/2 < Dj < 3p/2) are used throughout the letter.
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First two-particle correlation result in pPb 
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A significant near-side ridge in high multiplicity pPb! 
 

PLB718 (2013) 795   

for both pT
trig, pT

assoc	
  



18 pA@RHIC, BNL, Jan 7-9, 2013  Wei Li 

First two-particle correlation result in pPb 
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Fraction of cross section: 50.4% 

Dijet-like correlations in low multiplicity (or peripheral) pPb! 

p Pb 
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First two-particle correlation result in pPb 
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Near-side (Δϕ~0) ridge structure turns on as multiplicity increases 

p Pb 



20 pA@RHIC, BNL, Jan 7-9, 2013  Wei Li 

First two-particle correlation result in pPb 
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Near-side (Δϕ~0) ridge structure turns on as multiplicity increases 
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First two-particle correlation result in pPb 
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Near-side (Δϕ~0) ridge structure turns on as multiplicity increases 
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Ridge is not predicted by common pPb  
MC event generators, as in pp! 

AMPT shows the ridge in AA collisions 

pPb data 
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1 < pT < 2 GeV/c 

Quantify the ridge correlations 

Average over  
ridge region 
(2<|Δη|<4) 
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1 < pT < 2 GeV/c 

Quantify the ridge correlations 
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Shift the distribution to Zero Yield At Minimum (ZYAM) 

•  pPb 5.02 TeV 
o  pp 7 TeV 

N>=110 
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1 < pT < 2 GeV/c 

Quantify the ridge correlations 

Average over  
ridge region 
(2<|Δη|<4) 
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Shift the distribution to Zero Yield At Minimum (ZYAM) 

•  pPb 5.02 TeV 
o  pp 7 TeV 

N>=110 

Ridge in pPb is significantly  
stronger than in pp at similar N 
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1 < pT < 2 GeV/c 

Quantify the ridge correlations 

Average over  
ridge region 
(2<|Δη|<4) 
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Shift the distribution to Zero Yield At Minimum (ZYAM) 

•  pPb 5.02 TeV 
o  pp 7 TeV 

N>=110 
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Quantify the ridge correlations 
pT PLB718 (2013) 795   
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Quantify the ridge correlations 
pT PLB718 (2013) 795   

Ridge most prominently at:  
Ø  high multiplicity, N >= 110 
Ø  intermediate pT ~ 1 GeV/c 
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Quantify the ridge correlations 
pT 

Ridge most prominently at:  
Ø  high multiplicity, N >= 110 
Ø  intermediate pT ~ 1 GeV/c 

Stronger ridge in pPb than in pp at similar N! 

PLB718 (2013) 795   
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Quantify the ridge correlations 
pT 

Ridge most prominently at:  
Ø  high multiplicity, N >= 110 
Ø  intermediate pT ~ 1 GeV/c 

Stronger ridge in pPb than in pp at similar N! 

PLB718 (2013) 795   

HIJING does not show any  
near-side ridge in all bins 
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Quantify the ridge correlations 

pT and multiplicity dependence of ridge yield 
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Quantify the ridge 

PLB718 (2013) 795   

Ø  “Rise and Fall” as a function of pT, similar to pp (even PbPb)! 
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Quantify the ridge correlations 

pT and multiplicity dependence of ridge yield 
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PLB718 (2013) 795   

Ø  “Rise and Fall” as a function of pT, similar to pp (even PbPb)! 
Ø  Become significant at N ~ 40 and linearly increases, similar to pp!  

Npp
MB ~15 NpPb

MB ~ 40
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A complete picture of ridge correlations 

Is there a common origin of the ridge in all systems?  
Ø  Flow-like effect similar to PbPb? Final-state effect seen in pPb? 
Ø  Other QCD mechanisms in smaller systems? 
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Glasma graphs 

BFKL 
Mini-jet 

Understanding the origin of ridge 

Intrinsic collimated gluon emission 
from glasma diagram (CGC) 

Hydrodynamics/final-state interactions 

K. Dusling, R. Venugopalan:  
arXiv:1210.3890 

1
Ntrig

dNpair

dΔφ
~1+ 2 (vn )

2 cos(nΔφ)
n
∑

Initial-state asymmetry 

0-5% central PbPb 
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Glasma graphs 

BFKL 
Mini-jet 

Understanding the origin of ridge 

Key difference: initial-state “geometry” driven or not! 

Intrinsic collimated gluon emission 
from glasma diagram (CGC) 

Hydrodynamics/final-state interactions 

K. Dusling, R. Venugopalan:  
arXiv:1210.3890 

1
Ntrig

dNpair

dΔφ
~1+ 2 (vn )

2 cos(nΔφ)
n
∑

Initial-state asymmetry 

0-5% central PbPb 
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Hydrodynamics in pp and pA? 

v2 

v3 

Viscous hydro calculation in pPb 
 P. Bozek, Phys.Rev. C85 (2012) 014911 
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Hydrodynamics in pp and pA? 

v2 

v3 

Viscous hydro calculation in pPb 
 P. Bozek, Phys.Rev. C85 (2012) 014911 
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Hydrodynamics in pp and pA? 

v2 

v3 

Viscous hydro calculation in pPb 
 P. Bozek, Phys.Rev. C85 (2012) 014911 
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Is hydro still valid for such small system size  
and lifetime? Where is the limit? 
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Ridge arising from gluon saturation 
Calculations of ridge in pp and pPb from glasma mechanism 
K. Dusling, R. Venugopalan: arXiv:1211.3701 

Need qualitatively different predictions from two scenarios! 
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FIG. 4. Correlated yield d2N/d∆φ after ZYAM as a function of ∆φ integrated over 2 ≤ |∆η| ≤ 4
for several multiplicity bins, each for a particular range in ptrigT = pascT . The data points are from

the CMS collaboration [14]. The theoretical curves are the result of adding the glasma and BFKL
contributions with the band representing the variation in results when changing the K-factors from

Kglasma = 1,Kbfkl = 1.1 to Kglasma = 1.3,Kbfkl = 0.6. The results for the different multiplicity
windows correspond (from left to right) to: Q2

0(proton)=0.168 GeV2, NPb
part = 3; Q2
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part = 12; Q2
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part = 14;
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part = 22. Predictions are shown for very large multiplicity windows

and higher values of ptrigT = pascT .
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Integrated associated yield 
Correlation functions 

•  Good description of the data 
•  No need of asymmetric initial geometry 
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Summary 

Ø  First observation of a long-range near-side correlation (“ridge”) 
in high multiplicity (central) pPb collisions at 5.02 TeV  

•  much stronger than in pp 
•  not in common pPb MC models 

Ø Multiplicity and pT dependence of the ridge in pPb have been 
investigated in detail: 

•  turns on slightly above average MB multiplicity 
•  rises and falls with pT, similar trend as observed in PbPb and pp 
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Ø Observation of the ridge in pp and pPb opens up a new testing 
ground of high-density, strongly interacting QCD system 

 

•  Probing proton structure at very early timescale 
•  Final-state effect also seen in pA? 
•  Smoking gun of gluon saturation? 

 
Ø  30000-fold increase in luminosity (30 nb-1)  
    is expected in the nominal pPb run. 
 

•  Much wider reach in multiplicity 

•  Access to a variety of observables 
•  Direct comparison of pp, pPb, PbPb with  
    drastically different system size, geometry 

 
 

Ø With ~ 250 nb-1 projected luminosity, a pA program at RHIC can 
probe the same exciting physics and provide a new handle in the 
collision energy dependence 

Outlook 

Stay tuned! 
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Backups 
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Very high multiplicity pp collisions 

Dedicated online selection of high multiplicity events 
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Why studying pA collisions? 
Ø  Reference for nucleus-nucleus collisions: to address the issue of 

cold nuclear matter effects 
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Observation of jet quenching  
in AuAu but not in pp or dAu 

èFinal-state effect 

Modification of away side 
In dAu at forward rapidity 
 

èSaturation of small-x gluons? 

Ø  Probe nucleus structure at extremely small-x regime 


