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I.    Overview of Effects Observed in 

Large Nucleus-Nucleus Collision Systems 

(Au+Au, Pb+Pb) 



High pT Hadrons Are Suppressed at LHC & RHIC 
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CMS, EPJ C72, 1945 (2012) 

/
AA

AA /
coll pp

NR
N N

π γ

π γ=
particle 

particle 

RCP	=	Ncentral	/Nperipheral	
	
								⤳	RAA	

Central Pb-Pb and Au-Au Collisions  
Suppression → parton energy loss in hot QCD medium  

Also enhancement at lower energies 
→ initial state effects 

    (Cronin enhancement) 



Jets Are Quenched at RHIC & LHC 
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RHIC Jets less suppressed than LHC Jets 
at low jet momentum 

RHIC 

PLB 715 (2012) 66 
PLB 710 (2012) 256  

QM 2014  

LHC 



CMS, PRL 107 (2011) 052302 

Suppression of Quarkonium States 
expected in a hot QCD Medium! 

J/Ψ and Υ Suppressed at the LHC 
(also at RHIC) 

CMS-PAS HIN-11-011 
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Elliptic Flow Saturates 
Hydrodynamic Limit 

•  Azimuthal asymmetry of charged 
particles:  
    dn/dφ ~ 1 + 2 v2(pT) cos (2 φ) + ... 
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Elliptic Flow Saturates 
Hydrodynamic Limit 

•  Azimuthal asymmetry of charged 
particles:  
    dn/dφ ~ 1 + 2 v2(pT) cos (2 φ) + ... 

x 

z 

y 

curves = hydrodynamic flow 
zero viscosity, Tc = 165 MeV 
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Elliptic Flow Saturates 
Hydrodynamic Limit 

•  Azimuthal asymmetry of charged 
particles:  
    dn/dφ ~ 1 + 2 v2(pT) cos (2 φ) + ... 
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curves = hydrodynamic flow 
zero viscosity, Tc = 165 MeV 
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Mass dependence of v2 

Requires - 

•  Early thermalization  
 (0.6 fm/c) 

•  Near-ideal hydrodynamics  
         (near-zero viscosity)  
   → “nearly perfect liquid” 

•  ε ~ 25 GeV/fm3 ( >> εcritical ) 

•  Quark-Gluon Equ. of State 
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Flow Consequences → a Strongly-Coupled Medium  
with Ultra-low η/s (shear viscosity / entropy) 
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The strong-coupling limit of non-Abelian gauge theories with a gravity dual 
(ref: Kovtun, Son, Starinets, PRL 94, 111601 (2005)) 

 
Universal lower bound on shear viscosity / entropy ratio (η/s) 

→  η/s = 1 / 4π           for a  “perfect liquid” 

Pb+Pb 2.76 TeV 
30-40% central 
ALICE data 

Viscous hydrodynamics calculations: Schenke, et al. PRL 106 (2011) 042301   
→ 1 /4π < η/s < 1 /2π 

η/s = 1/2π 
η/s = 1/2π η/s = 1/4π 

RHIC LHC 
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II.    Effects in p(d) + A compared to A + A 
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High pT Particles & Jets 



High pT Hadrons Rp(d)A & RAA at LHC and RHIC 
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LHC p-Pb & RHIC d-Au (pT > 2 GeV/c) 
-  Binary scaling (RdAu ~ RpPb ~ 1), except “bump” at ~ 4 GeV/c 
-  Absence of Nuclear Modification → Initial state effects small 

RHIC Au-Au and LHC Pb-Pb 
-  Suppression (RPbPb << 1, RAuAu << 1) → Final state effects (hot QCD matter) 

/
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ALICE, EPJC 74 (2014) 3054 



Jets in p-Pb & Pb-Pb at LHC 
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ALICE ≈ ATLAS ≈ CMS: Rp-Pb (jet) ≈  1  
Binary scaling, no initial state effects! 

QM2014:       ALICE        ATLAS       CMS (black) 

ALICE ≈ ATLAS ≈ CMS: RPb-Pb (jet)<<1 
Jets quenched in Pb-Pb collisions  

Jet Rp-Pb 

No suppression! 

Jet RPb-Pb 

Jets quenched! 
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ALICE QM 2014 



Jets in d-Au at RHIC 
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PHENIX arXiv:1509.04657v2 

Jets reconstructed in p+p and d+Au 
 12 < pT< 50 GeV/c 

 
RdAu~ 1 for min.bias d+Au 

RdAu exhibits strong centrality dependence  
Peripheral collisions: jets enhanced 
Central collisions: jets suppressed 



Centrality Dependence of Jets in p (d) + A 
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RdAu jets → strong centrality dependence  
     Peripheral collisions: jets enhanced 
     Central collisions: jets suppressed 

RpPb jets → strong centrality dependence  
     Peripheral collisions: jets enhanced 
     Central collisions: jets suppressed 

pT (GeV/c) 

PHENIX arXiv:1509.04657v2 

ATLAS, PLB 748 (2015) 392 

Challenge to factorization in  
   hard-scattering? 
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Identified Particles 



Identified Particle Spectra in p-Pb 
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Hardening with multiplicity 
and particle mass indicative of 
collective effects in A-A! 
 
Similar to effects observed in 
A-A → has been attributed to 
radial flow 

PHENIX  
arXiv:1304.3410 

ALICE QM 2014 



          RpPb for                  Suppression in Pb-Pb 
    Identified Hadrons 
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pp reference interpolated from 2.76 and 7.0 TeV 

RpPb  mass dependence 
→ Protons peak at intermediate pT 
→ π and K flat over measured pT range 



Similar Effects at RHIC in d+Au 
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PHENIX  
arXiv:

1304.3410 



Indications of Collective Flow of Identified   
Particles in p-Pb 
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Identified π, K, p 

Strong mass ordering in pPb  



π, K, p – Blast Wave  pPb & PbPb 
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Similar trends → indicative of radial flow in p-Pb and Pb-Pb 
•  Tkin  similar in Pb-Pb and p-Pb for same multiplicities 
•  <βT> larger in p-Pb for similar multiplicities 
→ stronger collective flow for smaller system size…? 
 
See Shuryak, arXiv:1301.4470 [hep-ph] 

low multiplicity                high multiplicity Blast wave model 
(Schnedermann, PRC 48 (1993) 2462) 
 
Hydro-inspired 
     Particle source at T 
     Radial flow β

 β (r) = βs(r/R)n 

     Fit particle spectra simultaneously 
 <βT> from 2βs / (2+n) 
 Tkin 
 n 

ALICE, PLB 728 (2014) 25 



Heavy Flavor – D-Mesons: RpPb & RPbPb 
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D-meson NOT suppressed in p-Pb 
 RpPb consistent with ≈1 
 Initial state effects small! 

D-meson central RPbPb suppressed! 
Centrality dependence 
Not initial state effect! 

ALICE Collaboration, Phys. Rev. Lett. 113 (2014) 232301 
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Particle Correlations: 

Flow Harmonics of Lighter Systems 



Initial (Historical) STAR Discovery of the AA Ridge 
Phys. Rev. C 80 (2009) 64912 
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Long-range Di-hadron Correlations in pp, p-A 
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JHEP 09 (2010) 091 

LHC near-side ridge 
for √sNN =  

 
7 TeV pp 
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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

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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ATLAS, Phys. Rev. Lett. 110, 182302 (2013) ALICE, PLB 719 (2013) 29 

CMS, PLB 718 (2013) 795   

Potential interpretations include CGC, long-range color correlations……, hydro?? 

CMS, JHEP 09 (2010) 091 

CMS pp √s = 7 TeV, N>110 
1 < pT , 3 GeV/c 



Observation of p-Pb Double Ridge 

John Harris (Yale), September 17, 2016                      Nuclear Matter under Extreme Conditions, Erice-Sicily, Italy 
ALICE, arXiv:1307.3237 

After subtraction  
(central – peripheral): 
•  Fourier decomposition 
•  Components shown as 
dotted/dashed curves 

After subtraction of low multiplicity from high multiplicity events: 
Fourier decomposition seen as curves 

ALICE, Phys. Lett. B 719 (2013) 29 



Comparing v2 and v3 from Long-range Correlations 
Vn{2, |Δη|>2} data  

 from ALICE arXiv:1212.2001, CMS arXiv:1305.0609, 
 ATLAS arXiv:1409.1792 & arXiv:1203.3087.   
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Symbols are (back-to-back jet) subtracted data. 
Curves are before subtraction. 

Notice v2 trends and v3 almost identical (p-Pb and Pb-Pb) 



Collective Flow v2(n) in Pb-Pb & p-Pb 
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CMS, Phys. Rev. Lett. 115 (2015) 
012301arXiv:1502.05382 

For PbPb and pPb – Collective effects! 
 v2 (n) remains large when using more (n) particles 
   v2 (4) =  v2 (6) =  v2 (8) =  v2 (LYZ) within 10% 



Fourier Decomposition of p-Pb Double Ridge 
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ALICE, arXiv:1307.3237 

After subtraction Fourier coefficient 
v2 (2PC, sub) 

 
Observe ordering in mass! 

 
p-Pb ordering similar to Pb-Pb 

 

v2 (2PC, sub) mass hierarchy  
    ~ described by 
       Hydro with Glauber initial conditions  
       ref: Bozek, Broniowski, Torrieri, arXiv:1307.5060 
 



Collective Flow of Identified Particles in p-Pb! 
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CMS,  arxiv:1409.3392 

 

Identified KS , Λ & charged 
hadrons  
 
v2 from 2-particle correlations  
 
Exhibit mass ordering in pPb 
and PbPb  
 
NCQ scaling better in pPb 
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Particle Correlations: 

System Size from Freeze-out Radii 



System Size in pp, p-Pb and Pb-Pb 
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Invariant radii vs <Nch> 
– pp similar to pPb 

– pPb smaller than PbPb 
 
Invariant Source Radii from HBT fits of 
2 & 3 Pion Correlation Measurements: 
 

Rinv (p-Pb)    ~  1.05-1.15 Rinv (pp)  
  

Rinv (Pb-Pb)  ~  1.35-1.55 Rinv (p-Pb)  
 
 

ALICE, PLB 739 (2014) 139 

Perhaps only small hydrodynamic expansion in pPb beyond that in pp 
at same Nch 



Evolution of p-Pb System 
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3d radii (Rout, Rside, Rlong) 

in LCMS  

from two-pion correlations 

ALICE, PLB 739 (2014) 139 

ALICE, PLB 739 (2014) 139 

Radii decrease with increasing kT  

   as in AA (and in hydro) 

 

Similarity between pPb and high multiplicity pp 

 



What are the Freezeout Radii Telling Us? 
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ALICE, Physics Letters B739 (2014) 139–151: 
 
Invariant Source Radii from HBT 2 & 3 Pion Correlation Measurements 

 Rinv (p-Pb)    ~  1.05-1.15 Rinv (pp)  
 Rinv (Pb-Pb)  ~  1.35-1.55 Rinv (p-Pb)  

 
•  This disfavors models incorporating significantly larger flow in p-Pb than in 

pp at same multiplicity! 
•  Consistent with CGC initial conditions without a hydro-dynamical phase! 
•  See also (Shuryak interpretation)  

 arxiv:1404.1888 –  “collective implosion” 
 
Demonstrates importance of initial conditions on the final-state   –  and/or  –  
indicates significant collective expansion in peripheral Pb–Pb collisions. 
 
 



What Have We Learned from p(d)A + A? 
•  p(d)+A studies confirm quenching/suppression in A+A is final state effect 

•  p(d)+A hard probes described by pQCD-inspired models 
    Exceptions – High pT hadrons (enhancement?) 

              High pT jets (peripheral enhanced? Central suppressed?) 

•  Many aspects of p(d)+A (at lower pT) exhibit effects attributed to collective 
behavior – e.g. strong mass ordering, radial flow, v2 (4) =  v2 (6) =  v2 (8)  

•  Size of system much smaller in p(d)+A than in A+A 
     p+A close to p+p at similar multiplicity – important to understand theoretically 

 
•  Need more theoretical guidance, direct model comparisons, more precise 

data! 
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A Final Comment 
•  We seek to investigate high density QCD phenomena in collisions of various 

(large and small) systems!  
•  Can we separate the initial state from the final state (even in theory) to 

compare p+p, p+A , A+A results and extract vital answers on: 

→  The initial state: CGC, Glauber, pdf’s, etc? 
→  The effect of cold nuclear matter on final state observables? 
→  The basic parton energy loss mechanisms? 
→  The dependence on multiplicity and energy in p+p, p+A & A+A? 
→  The basic mechanisms of equilibration, transport and production? 

•  What are the key measurements to discriminate models or better yet 
theories? 

We are investigating collective phenomena in a variety of nuclear systems to 
learn how the many-body system emerges from the fundamental interactions! 
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Thanks for your attention! 


