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Highlights	  of	  pA	  and	  AA	  studies	  
with	  ATLAS	  
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•  ATLAS	  has:	  
•  Charged	  par<cle	  tracking	  
•  Calorimetery	  
•  Muon	  Spectrometer	  

ATLAS	  at	  the	  LHC	  

ATLAS 

LHCb 
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Pb+Pb	  Collisions	  in	  ATLAS	  
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•  Three	  Pb+Pb	  runs	  at	  the	  LHC	  recorded	  by	  ATLAS:	  
•  2010:	  Pb+Pb	  @	  2.76	  TeV,	  6.7	  μb-‐1	  à	  38	  Z	  bosons	  
•  2011:	  Pb+Pb	  @	  2.76	  TeV,	  150	  μb-‐1	  à	  ~1.2k	  Z	  bosons	  
•  2015:	  Pb+Pb	  @	  5.02	  TeV,	  ~520	  μb-‐1	  à	  ~5k	  Z	  bosons	  
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Pb+Pb	  Collisions	  in	  ATLAS	  
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•  Two*	  basic	  categories	  of	  ques<ons	  for	  the	  data:	  
•  How	  do	  color	  sensi<ve	  objects	  (especially	  jets)	  interact	  
with	  a	  hot	  dense	  QCD	  medium?	  
•  Look	  mostly	  at	  hard	  probes	  in	  rare	  events	  

•  What	  are	  the	  proper<es	  of	  the	  medium	  itself?	  
•  Look	  at	  bulk	  par<cle	  produc<on	  in	  ‘normal’	  events	  

•  *(Can	  we	  study	  nuclear	  ini<al	  state	  effects?	  
•  Usually	  beaer	  off	  using	  pA	  collisions)	  
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Binary 
Collisions 

Centrality	  

<Npart> 
0-5% 382 ± 1% 

5-10% 330 ± 1% 
10-20% 261 ± 2% 
20-40% 158 ± 3% 
40-80% 46 ± 6% 

Phys.Lett. B707 (2012) 330-348 Participants Spectators 

<Ncoll> 
1683 ± 8% 
1318 ± 8% 
923 ± 7% 
441 ± 7% 
78 ± 9% 

5 

Glauber Model 
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EW	  Bosons	  as	  a	  Probe	  of	  the	  Ini<al	  
State	  

γ/W/Z 

p p +

6 

We can measure the EW boson production in p+p 
collisions … 
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EW	  Bosons	  as	  a	  Probe	  of	  the	  Ini<al	  
State	  

We can measure the EW boson production in p+p 
collisions … 
Add the medium and measure the same thing – 
EW bosons won’t interact with the colored QCD 
medium any changes observed must be due to 
initial state effects 

γ/W/Z 

+Pb Pb 

7 
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Phys. Rev. Lett. 110, 182302 (2013), EPJC (2015) 75:23 

EW	  Bosons	  Consistent	  with	  
Expecta<ons	  
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ATLAS

pQCD calculations describe the data 
(even without nuclear modification of the PDF) 

pQCD calculations that work for pp collisions are scaled up to 
account for the number of binary collisions in PbPb … 
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EW	  Bosons	  Consistent	  with	  
Expecta<ons	  

Boson yield scales with number of binary collisions 

Phys. Rev. Lett. 110, 182302 (2013), EPJC (2015) 75:23 
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Jets	  as	  a	  Probe	  of	  the	  Medium	  
A partonic jet shower

2
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Jet shower = leading parton EL + radiated gluons fg(w,kt2)

R

Partonic jet shower in vacuum composed of: 
Leading Parton    and         Radiated Gluons 

Qin and Müller 
QM2011 

p p +

10 



Zvi Citron 

QCD at Cosmic Energies; 17 May 2016 

Jets	  as	  a	  Probe	  of	  the	  Medium	  

Partonic jet shower in vacuum composed of: 
Leading Parton    and         Radiated Gluons 

A partonic jet shower in medium

Leading parton:
Transfers energy to medium by elastic collisions
Radiates gluons due to scatterings in the medium (inside and outside jet cone)

Radiated gluons (vacuum& medium-induced): 
Transfer energy to medium by elastic collisions
Be kicked out of the jet cone by multiple scatterings after emission

coll
LE'

inrad
LE

,'

outrad
LE

,'

coll
gE'

broad
gE'

Qin and Müller 
QM2011 

•  E transfer to medium 
via elastic collsions 

•  Gluons radiated due 
to medium 
interactions 

•  E transfer to medium 
via elastic collsions 

•  Shunted out of jet 
cone from multiple 
scattering 

Add the 
medium: 

+Pb Pb 

11 
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Jet	  Suppression	  

• Momentum balance not kept within di-jets produced in 
central collisions 
• Direct observation of ‘jet quenching’ 

12 
https://cdsweb.cern.ch/record/2055673 
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Jet	  Suppression	  

• Number of jets is less than expected compared to pp 
• Strong centrality dependence 
• Little (no) rapidity dependence 
• Slight momentum dependence 
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Phys. Rev. Lett. 114 (2015) 072302 
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Jet	  Suppression	  

• Number of charged particles is less than expected 
compared to pp 
• Strong centrality dependence 
• Little (no) rapidity dependence 
• Strong momentum dependence 
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JHEP09(2015)050 



Zvi Citron 

QCD at Cosmic Energies; 17 May 2016 

Jet	  Suppression	  

• Leading particle is 
enhanced! 
• So are softest particles! 
• Suppression of 
intermediate particles 

15 

RD(z) =
D(z)A+A
D(z)p+p

Fragmentation 
function 

1 Introduction

Heavy-ion collisions at ultra-relativistic energies produce a medium of strongly interacting nuclear matter
composed of deconfined color charges that is commonly called a quark-gluon plasma (QGP) [1, 2, 3, 4].
Hard scattering processes occurring in these collisions produce high transverse momentum, pT, partons
that propagate through the medium and lose energy, resulting in the phenomenon of “jet quenching.” Jet
quenching refers, collectively, to a set of modifications of parton showers by the plasma through inter-
actions of the constituents of the shower with the color charges in the plasma [5]. In particular, quarks
and gluons in the shower may be elastically or inelastically scattered resulting in both deflection and
energy loss of the constituents of the shower. A complete characterization of the e↵ects of jet quenching
therefore requires measurements of both the single jet suppression and of jet fragmentation distributions.
The single jet suppression has previously been measured at the LHC in terms of the nuclear modification
factor [6, 7]. A suppression of jet production by about a factor of two in central heavy ion collisions was
observed with only a small dependence on the pseudorapidity, ⌘, of the measured jets. The modified jet
fragmentation was also measured [8, 9]. These measurements revealed modification of the distributions
of the jet fragments. The measurements of the modified jet fragmentation were supplemented by a mea-
surement of the correlation of the jet suppression with missing transverse momentum [10], leading to a
conclusion that the energy lost by partons is transferred predominantly to soft particles being radiated at
large angles with respect to the direction of the original parton.

This note presents a new measurement of the jet internal structure by ATLAS in Pb+Pb and pp colli-
sions, both at the same center-of-mass energy per colliding nucleon pair of 2.76 TeV. The measurement
utilizes Pb+Pb data collected during 2011 corresponding to an integrated luminosity of 0.14 nb�1 as well
as data from pp collisions recorded during 2013 corresponding to 4.0 pb�1. The quantities that were
introduced in Ref. [8] are used here, namely the jet fragmentation functions, D(z), and distributions of
charged particle transverse momenta measured inside the jet, D(pT). The D(z) distributions are defined
as

D(z) ⌘ 1
Njet

dNch

dz
, (1)

where Njet is the total number of jets, Nch is number of charged particles associated with a jet, and the
longitudinal momentum fraction z is defined as

z ⌘ pT

pjet
T

cos�R =
pT

pjet
T

cos
q
�⌘2 + ��2. (2)

Here pT stands for the transverse momentum of a charged particle, �⌘ and �� are the distance between
the jet axis and the charged particle position in pseudorapidity and azimuth1, respectively 2. The D(pT)
distributions are defined as

D(pT) ⌘ 1
Njet

dNch(pT)
dpT

. (3)

The fragmentation distributions are measured for jets reconstructed with the anti-kt algorithm [11] with
the radius parameter R = 0.4. The charged particles are associated to a jet by requiring the distance
between the jet axis and the charged particle to be �R < 0.4.

In the first measurement of the jet fragmentation by ATLAS [8], the jet fragmentation was measured
for jets with the radius parameters R = 0.2, 0.3, and 0.4. Jet fragments having minimum pT of 2 GeV

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

2The �R used here is a boost invariant replacement for the polar angle ✓.

1

https://cdsweb.cern.ch/
record/2055676 
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Heavy	  Flavor	  Suppression	  

16 

Tpp
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Select muons 
from HF decay, 
measure 
production rate 

• Heavy flavor suppressed 

• Intermediate scale between 
inclusive charged particles 
and jet results 

https://cdsweb.cern.ch/record/2055674 
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Heavy	  Flavor	  Suppression	  

17 

Study angular 
dependence of 
HF production, 
quantified as v2 

Assume suppression is 
related to length of 
medium traversed 

More suppressed 

Less suppressed 
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Heavy	  Flavor	  Suppression	  

18 

Study angular 
dependence of 
HF production, 
quantified as v2 

Assume suppression is 
related to length of 
medium traversed 

More suppressed 

Less suppressed 
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• Many	  other	  observables	  that	  show	  ‘color	  
opacity’	  

•  Extrac<ng	  detailed	  mechanisms	  of	  jet	  
suppression/energy	  loss	  not	  trivial	  

•  EW	  bosons	  demonstrate	  understanding	  of	  
collision	  geometry	  and	  func<on	  as	  ‘standard	  
candles’	  unbiased	  by	  the	  medium	  

19 

Hard	  Probes	  Story	  
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What	  About	  the	  Medium	  Itself?	  

20 

Reaction plane 

• Lots going on in addition to the rare processes! 
• Study collective bulk properties of the medium  
• Spatial anisotropies observable in momentum space due to collective flow 
• Study of the moments, vn, and correlations between reaction planes, Φn, 
teaches us about the initial geometry and expansion  
• Medium flows like a liquid 

Fourier decomposition of 
azimuthal distribution 
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Near-side (Δφ, Δη ~ 0) correlations from single jets 

  Correlations in proton-proton collision

10

Probing	  the	  Medium	  Using	  Pair	  
Correla<ons	  

21 
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‘Near side jet peak’ 
Δη≈ΔΦ≈0 

Multi-faceted correlation patter even in pp 
collisions 

Away side 
ΔΦ≈π 
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Probing	  the	  Medium	  Using	  Pair	  
Correla<ons	  

22 

Learn about the liquid properties of the 
medium with a Fourier decomposition in 
PbPb collisions 

Initial spatial anisotropies propagate 
into azimuthal anistropies in particle 
production 
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Event	  Averaged	  Flow	  

§  Higher order Fourier coefficients 
•  vn coefficients rise and fall with centrality. 
•  vn coefficients rise and fall with pT. 
•  vn coefficients are ~boost invariant. 

Phys. Rev. C 86, 
014907 (2012) 

23 
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Event	  by	  Event	  Fluctua<ons	  

24 
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Event by event analysis of flow parameters à 
Detailed description of bulk dynamics 
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Correla<on	  of	  Flow	  Harmonics	  

25 

Correlations between flow 
harmonics�

!  Can study correlation between different harmonics via shape 
selection 

! Understand initial geometry & non-linear hydrodynamic response 

  ε2ε3 → v5  ε2( )2
→ v4

v2,

v3, v4,

v2,

v5,

v2,

9,

MEASUREMENT OF THE CORRELATION BETWEEN FLOW . . . PHYSICAL REVIEW C 92, 034903 (2015)
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FIG. 8. (Color online) The correlation of v2 (x axis) with v3 (y axis) in 0.5 < pT < 2 GeV for 15 q2 selections in thirteen 5% centrality
intervals. The data are compared with the rescaled ϵ2-ϵ3 correlation from MC Glauber and MC-KLN models in the same centrality interval.
The data are also parametrized with a linear function [Eq. (15)], taking into account both the statistical and the systematic uncertainties. The
Npart dependence of the fit parameters is shown in the last two panels. The error bars and shaded bands represent the statistical and systematic
uncertainties, respectively.

034903-11

•  Lower flow harmonics arise primarily from ellipticity (ε2) and 
triangularity (ε3) 

•  Measure how much of higher orders arise proportionally from lower 
order ε 

•  Detailed measurement shows models still need work 

G. AAD et al. PHYSICAL REVIEW C 92, 034903 (2015)
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FIG. 7. (Color online) The correlation of v2 (x axis) with v3 (y axis) both measured in 0.5 < pT < 2 GeV. The left panel shows the v2 and
v3 values for fourteen 5% centrality intervals over the centrality range 0%–70% without event-shape selection. The data points are connected to
show the boomerang trend from central to peripheral collisions, as indicated. The right panel shows the v2 and v3 values in the 15 q2 intervals
in seven centrality ranges (markers) with larger v2 value corresponding to larger q2 value; they are overlaid with the centrality dependence from
the left panel. The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

vn [see Eq. (13)]:

sn = vn√〈
ϵ2
n

〉 . (14)

The parameter sn changes with centrality but is assumed to be a
constant within a given centrality interval. These constants are
then used to rescale the ϵ2-ϵ3 correlation to be compared with
the v2-v3 correlation in each centrality interval, as shown in
Fig. 8. In most centrality intervals the rescaled ϵ2-ϵ3 correlation
shows very good agreement with the v2-v3 correlation seen in
the data. However, significant deviations are observed in more
central collisions (0%–20% centrality range). Therefore, the
v2-v3 correlation data presented in this analysis can provide
valuable constraints for further tuning of the initial-geometry
models. The v2-v3 correlations in Fig. 8 are parametrized by a
linear function,

v3 = kv2 + v0
3, (15)

where the intercept v0
3 provides an estimate of the asymptotic

v3 value for events that have zero v2 for each centrality. The fit
parameters are summarized as a function of centrality (Npart)
in the last two panels of Fig. 8.

D. v2-v4 and v3-v4 correlations

Figure 9(a) shows the correlation between v2 and v4 in
0.5 < pT < 2 GeV prior to the event-shape selection. The
boomeranglike structure is less pronounced than that for
the v2-v3 correlation shown in Fig. 7(a). Figure 9(b) shows
the v2-v4 correlation for different q2 event classes (markers)
overlaid with the centrality dependence taken from Fig. 9(a)
(thick solid line). The correlation within a given centrality
interval is broadly similar to the trend of the correlation
without event-shape selection, but without any boomerang

effect. Instead, the shape of the correlation exhibits a nonlinear
rise for large v2 values.

To understand further the role of the linear and nonlinear
contributions to v4, the v2-v4 correlation data in Fig. 9 are
shown again in Fig. 10, separately for each centrality. The data
are compared with the ϵ2-ϵ4 correlation rescaled according to
Eq. (14). The rescaled ϵ2-ϵ4 correlations fail to describe the
data, suggesting that the linear component alone associated
with ϵ4 in Eq. (5) is not sufficient to explain the measured
v2-v4 correlation.

To separate the linear and nonlinear components in the v2-v4
correlation, the data are fitted to the following functional form:

v4 =
√

c2
0 +

(
c1v

2
2

)2
. (16)

This function is derived from Eq. (5), by ignoring the
higher-order nonlinear terms (those in “· · · ”) and a possible
cross term that is proportional to ⟨cos 4("2 − "4)⟩. The fits,
which are shown in Fig. 10, describe the data well for all
centrality intervals. The excellent description of the data by
the fits suggests that either the contributions from higher-order
nonlinear terms and ⟨cos 4("2 − "4)⟩ are small or the cross-
term is, in effect, included in the nonlinear component of the
fits. The centrality (Npart) dependence of the fit parameters is
shown in the last two panels of Fig. 10.

The c0 term from the fits can be used to decompose v4,
without q2 selection, into linear and nonlinear terms for each
centrality interval as

vL
4 = c0, vNL

4 =
√

v2
4 − c2

0. (17)

The results as a function of centrality are shown in Fig. 11
(open circles and squares). The linear term associated with
ϵ4 depends only weakly on centrality and becomes the
dominant part of v4 for Npart > 150, or 0%–30% centrality
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FIG. 7. (Color online) The correlation of v2 (x axis) with v3 (y axis) both measured in 0.5 < pT < 2 GeV. The left panel shows the v2 and
v3 values for fourteen 5% centrality intervals over the centrality range 0%–70% without event-shape selection. The data points are connected to
show the boomerang trend from central to peripheral collisions, as indicated. The right panel shows the v2 and v3 values in the 15 q2 intervals
in seven centrality ranges (markers) with larger v2 value corresponding to larger q2 value; they are overlaid with the centrality dependence from
the left panel. The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

vn [see Eq. (13)]:

sn = vn√〈
ϵ2
n

〉 . (14)

The parameter sn changes with centrality but is assumed to be a
constant within a given centrality interval. These constants are
then used to rescale the ϵ2-ϵ3 correlation to be compared with
the v2-v3 correlation in each centrality interval, as shown in
Fig. 8. In most centrality intervals the rescaled ϵ2-ϵ3 correlation
shows very good agreement with the v2-v3 correlation seen in
the data. However, significant deviations are observed in more
central collisions (0%–20% centrality range). Therefore, the
v2-v3 correlation data presented in this analysis can provide
valuable constraints for further tuning of the initial-geometry
models. The v2-v3 correlations in Fig. 8 are parametrized by a
linear function,

v3 = kv2 + v0
3, (15)

where the intercept v0
3 provides an estimate of the asymptotic

v3 value for events that have zero v2 for each centrality. The fit
parameters are summarized as a function of centrality (Npart)
in the last two panels of Fig. 8.

D. v2-v4 and v3-v4 correlations

Figure 9(a) shows the correlation between v2 and v4 in
0.5 < pT < 2 GeV prior to the event-shape selection. The
boomeranglike structure is less pronounced than that for
the v2-v3 correlation shown in Fig. 7(a). Figure 9(b) shows
the v2-v4 correlation for different q2 event classes (markers)
overlaid with the centrality dependence taken from Fig. 9(a)
(thick solid line). The correlation within a given centrality
interval is broadly similar to the trend of the correlation
without event-shape selection, but without any boomerang

effect. Instead, the shape of the correlation exhibits a nonlinear
rise for large v2 values.

To understand further the role of the linear and nonlinear
contributions to v4, the v2-v4 correlation data in Fig. 9 are
shown again in Fig. 10, separately for each centrality. The data
are compared with the ϵ2-ϵ4 correlation rescaled according to
Eq. (14). The rescaled ϵ2-ϵ4 correlations fail to describe the
data, suggesting that the linear component alone associated
with ϵ4 in Eq. (5) is not sufficient to explain the measured
v2-v4 correlation.

To separate the linear and nonlinear components in the v2-v4
correlation, the data are fitted to the following functional form:

v4 =
√

c2
0 +

(
c1v

2
2

)2
. (16)

This function is derived from Eq. (5), by ignoring the
higher-order nonlinear terms (those in “· · · ”) and a possible
cross term that is proportional to ⟨cos 4("2 − "4)⟩. The fits,
which are shown in Fig. 10, describe the data well for all
centrality intervals. The excellent description of the data by
the fits suggests that either the contributions from higher-order
nonlinear terms and ⟨cos 4("2 − "4)⟩ are small or the cross-
term is, in effect, included in the nonlinear component of the
fits. The centrality (Npart) dependence of the fit parameters is
shown in the last two panels of Fig. 10.

The c0 term from the fits can be used to decompose v4,
without q2 selection, into linear and nonlinear terms for each
centrality interval as

vL
4 = c0, vNL

4 =
√

v2
4 − c2

0. (17)

The results as a function of centrality are shown in Fig. 11
(open circles and squares). The linear term associated with
ϵ4 depends only weakly on centrality and becomes the
dominant part of v4 for Npart > 150, or 0%–30% centrality
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FIG. 9. (Color online) The correlation of v2 (x axis) with v4 (y axis) both measured in 0.5 < pT < 2 GeV. The left panel shows the v2 and
v4 values for thirteen 5% centrality intervals over the centrality range 0%–65% without event-shape selection. The data points are connected to
show the boomerang trend from central to peripheral collisions, as indicated. The right panel shows the v2 and v4 values in different q2 intervals
in seven centrality ranges (markers) with larger v2 value corresponding to larger q2 value; they are overlaid with the centrality dependence from
the left panel. The error bars and shaded boxes represent the statistical and systematic uncertainties, respectively.

range. The nonlinear term increases as the collisions become
more peripheral and becomes the dominant part of v4 for
Npart < 120.

Because the contributions of higher-order nonlinear terms
are small, as suggested by the fits discussed above, the linear
and nonlinear contributions can also be estimated directly from
the previously published EP correlator ⟨cos 4(!2 − !4)⟩ from
ATLAS [14]:

vNL,EP
4 = v4⟨cos 4(!2 − !4)⟩, vL,EP

4 =
√

v2
4 −

(
vNL,EP

4

)2
.

(18)

Results for this decomposition are shown in Fig. 11 (the hashed
bands labeled EP), and they agree with the result obtained from
the present analysis.

Figure 12(a) shows the correlation between v3 and v4 in
0.5 < pT < 2 GeV prior to the event-shape selection. The data
fall nearly on a single curve, reflecting the similar centrality
dependence trends for v3 and v4 [11]. Figure 12(b) shows
the v3-v4 correlation for different q3 event classes (colored
symbols) overlaid with the centrality dependence taken from
Fig. 12(a) (thick solid line). A slight anticorrelation between
v3 and v4 is observed, which is consistent with the fact that v4
has a large nonlinear contribution from v2 (Fig. 11), which, in
turn, is anticorrelated with v3 (Fig. 7).

E. v2-v5 and v3-v5 correlations

The analysis of v2-v5 and v3-v5 correlations proceeds in
the same manner as for the v2-v4 and v3-v4 correlations. A
separation of the linear and nonlinear components of v5 is
made.

Figure 13 shows the v2-v5 correlation in 0.5 < pT < 2 GeV
with q2 selection, separately for each centrality interval.

The data are compared with the ϵ2-ϵ5 correlations rescaled
according to Eq. (14). The rescaled ϵ2-ϵ5 correlations fail
to describe the data in all centrality intervals, suggesting
that the nonlinear contribution in Eq. (6) is important. To
separate the linear and nonlinear component in the v2-v5
correlation, the data are fitted with the function

v5 =
√

c2
0 + (c1v2v3)2, (19)

where the higher-order nonlinear terms in Eq. (6) and a
possible cross-term associated with ⟨cos(2#2 + 3#3 − 5#5)⟩
are dropped. For each centrality interval, Eq. (15) is used to fix
the v3 value for each v2 value. The fits are shown in Fig. 13 and
describe the data well for all centrality intervals. The centrality
(Npart) dependence of the fit parameters is shown in the last
two panels of Fig. 13. The c0 represents an estimate of the
linear component of v5, and the nonlinear term is driven by c1,
which has a value of ∼1.5–2.

Figure 14 shows the v3-v5 correlations with q3 selection in
various centrality intervals. If Eq. (19) is a valid decomposition
of v5, then it should also describe these correlations. Figure 14
shows that this indeed is the case. The parameters extracted
from a fit to Eq. (19), as shown in the last two panels of Fig. 14,
are consistent with those obtained from v2-v5 correlations.

From the fit results in Figs. 13 and 14, the inclusive v5 values
prior to event-shape selection are decomposed into linear and
nonlinear terms for each centrality interval as

vL
5 = c0, vNL

5 =
√

v2
5 − c2

0. (20)

The results as a function of centrality are shown in the two pan-
els of Fig. 15, corresponding to Figs. 13 and 14, respectively.
Results for the two decompositions show consistent centrality
dependence: The linear term associated with ϵ5 dominates
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Bulk	  Observables	  Story	  

26 

•  Here	  too	  many	  detailed	  observables	  not	  
shown	  
–  Iden<fied	  par<cle	  flow	  
–  Event	  plane	  correla<ons	  
–  Long	  range	  vs	  short	  range	  correla<ons	  

•  Hydrodynamics	  are	  important	  part	  of	  but	  not	  
the	  whole	  story	  –	  models	  are	  necessary	  and	  
s<ll	  are	  not	  consistently	  successful	  	  
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State	  of	  Heavy	  Ion	  Data	  

•  Seem	  to	  have	  a	  strongly	  coupled	  QGP	  in	  AA	  collisions	  
•  Many	  measurements	  of	  jet	  modifica<on	  and	  collec<ve	  

proper<es	  (not	  to	  men<on	  quarkonia,	  etc.)	  
•  Theory	  is	  s<ll	  catching	  up	  

–  Progress	  but	  fully	  consistent	  model	  of	  suppression	  s<ll	  doesn’t	  
exist	  

–  Hydro	  calcula<ons	  have	  improved,	  but	  ambigui<es	  in	  ini<al	  
condi<ons	  and	  implementa<on	  remain	  

•  Room	  for	  improvement	  in	  measurements	  
–  Beaer	  centrality,	  beaer	  reconstruc<on,	  new	  measurements	  etc	  
–  New	  data	  is	  coming	  

•  Where	  else	  can	  we	  ‘push’	  the	  physics	  forward?	  
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Semi	  Heavy	  Ion	  Collisions	  
•  Tradi<onal	  Heavy	  Ion	  Playbook	  

–  AA:	  Create	  QGP	  
–  pp:	  Establish	  baseline	  to	  contrast	  with	  AA	  observables	  
–  pA:	  Control	  experiment	  that	  isolates	  ini<al	  state	  physics	  

•  pA	  (or	  dA)	  has	  its	  own	  interes<ng	  physics	  –	  ‘cold	  
nuclear	  maaer’	  
–  Low-‐x	  physics:	  shadowing,	  satura<on,	  etc	  
–  Nuclear	  PDFs	  
–  Cronin	  effect	  

•  Measured	  at	  RHIC	  with	  d+Au	  in	  2003	  and	  2008	  
•  Measured	  at	  LHC	  with	  p+Pb	  in	  2013	  
•  Some	  surprises	  …	  
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Jets	  in	  p+Pb	  Collisions	  

29 
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•  Nuclear modification in p+Pb 

•  Overall jet production in p+Pb 
scales as expected 
compared to p+p 
•  RpA close to unity 
•  Compared to pQCD 

calculation with nPDF 

•  Control for Pb+Pb 
•  Moving towards nPDF studies 

p-going side 

Pb-going 
side 

+y -y 

p Pb 

1.57 TeV 

y* ≈ ylab + 0.465 

4 TeV 

PLB 748 (2015) 392-413 
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Studying	  nPDF	  with	  EW	  Bosons	  

30 

p Pb 

1.57 TeV 4 TeV 

Rapidity differential Z boson cross section 

•  Asymmetric in y 
•  Shape matched 

only with inclusion 
of nuclear PDF 
modification 

•  (Models 
underestimate 
total cross-
section) 

PRC 92 (2015) 044915 
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Studying	  nPDF	  with	  EW	  Bosons	  
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p Pb 

1.57 TeV 4 TeV 

x differential Z boson cross section 

•  Asymmetric in y 
•  Shape matched 

only with inclusion 
of nuclear PDF 
modification 

•  (Models 
underestimate 
total cross-
section) 

•  x to <10-3 

PRC 92 (2015) 044915 
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p Pb 

1.57 TeV 4 TeV 

Lepton η differential W boson cross section 

Similar trend as 
observed in Z 
bosons 

https://cdsweb.cern.ch/record/2055677 
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Unraveling	  centrality	  &	  nPDF	  effects	  
•  Centrality	  is	  difficult	  in	  pPb	  collisions	  

–  Less	  overall	  ac<vity	  and	  asymmetric	  system	  
–  Small	  physics	  effects	  that	  get	  averaged	  over	  in	  PbPb	  may	  become	  significant	  

•  ‘Centrality	  bias’	  -‐	  hard	  processes	  are	  correlated	  with	  
larger	  underlying	  event	  

•  	  Glauber	  model	  may	  not	  be	  the	  	  
full	  story:	  ‘Gribov’	  color	  	  
fluctua<ons	  may	  be	  at	  play	  which	  	  
allow	  the	  nucleon-‐nucleon	  	  
cross-‐sec<on	  to	  fluctuate	  

33 

Eur. Phys. J. C (2016) 76:199 
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34 

Modification of nPDF seen in both Z and W bosons looks centrality dependent 

Z boson y distributions  W boson η distributions  
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Unraveling	  centrality	  &	  nPDF	  effects	  
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•  ‘Raw’ Z boson yield grows 
with centrality 

•  Centrality bias or Gribov 
color fluctuations can 
‘restore’ binary scaling 



Zvi Citron 

QCD at Cosmic Energies; 17 May 2016 

Unraveling	  centrality	  &	  nPDF	  effects	  

36 



Zvi Citron 

QCD at Cosmic Energies; 17 May 2016 

Unraveling	  centrality	  &	  nPDF	  effects	  
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•  Striking similarity 
between Z boson and 
charged particle yield 

•  Suggests centrality bias 
(inapplicable to charged 
particle yield) may not be 
the culprit 

•  But … 
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‘Shift’ of ηdijet depends on centrality 
Somewhat more than  nPDF can explain 
 
Nuclear modification factor at high 
momentum splits in centrality bins. 
… looks like some type of ‘centrality 
bias’ 
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Figure 3: Measured hPETi in hard-scatter pp collisions, shown as a function of p

avg
T for |⌘dijet| < 0.3 and in

comparison with the predictions of three MC event generators. The vertical shaded bands represent total systematic
and statistical uncertainties in the data in quadrature while the vertical bars represent statistical uncertainties only.
The bottom panel shows the ratio of the predictions of the three MC generators to the data.
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Figure 4: Measured ratio hPETi / h
P

ETiref in hard-scatter pp collisions, shown as a function of p

avg
T for di↵erent

selections on ⌘dijet. The vertical shaded bands represent the total systematic and statistical uncertainties in quadrat-
ure while the vertical error bars represent statistical uncertainties only. When two error bands overlap vertically,
their horizontal widths have been adjusted so that the edges of both are visible.

variable in a narrow range and testing the dependence of hPETi on the other, and this gave results quant-
itatively similar to those in Fig. 5. The generators considered here have qualitatively similar behaviour.
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Figure 3: Measured hPETi in hard-scatter pp collisions, shown as a function of p

avg
T for |⌘dijet| < 0.3 and in

comparison with the predictions of three MC event generators. The vertical shaded bands represent total systematic
and statistical uncertainties in the data in quadrature while the vertical bars represent statistical uncertainties only.
The bottom panel shows the ratio of the predictions of the three MC generators to the data.
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variable in a narrow range and testing the dependence of hPETi on the other, and this gave results quant-
itatively similar to those in Fig. 5. The generators considered here have qualitatively similar behaviour.
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Figure 5: Measured ratio hPETi / h
P

ETiref in hard-scatter pp collisions, shown as a function of xtarg (left) and xproj
(right). The vertical shaded bands represent total systematic and statistical uncertainties in the data in quadrature
while the vertical bars represent statistical uncertainties only. The bottom panel shows the ratio of the predictions
of three MC event generators to the data.

They describe the xproj dependence well, but Pythia 6 and Pythia 8 show a slightly stronger dependence
on xtarg, while Herwig++ shows a much weaker one. The observed dependence admits a simple interpret-
ation: when the hard scattering involves a parton with large xtarg, the beam remnant has less longitudinal
energy and transverse energy production at large pseudorapidity is substantially reduced.

8 Conclusions

This Letter presents measurements of the dependence of transverse energy production at large rapidity on
hard-scattering kinematics in 4.0 pb�1 of

p
s = 2.76 TeV pp collision data with the ATLAS detector at the

LHC. The results have a number of implications. They demonstrate that the average level of transverse
energy production at large pseudorapidity is sensitive mainly to the Bjorken-x of the parton originating
in the beam-proton which is headed towards the energy-measuring region, and is largely insensitive to
x in the other proton. Specifically, the decrease in the mean transverse energy downstream of a beam-
proton is approximately linear in the longitudinal energy carried away from that beam-proton in the
hard scattering. Monte Carlo event generators generally underpredict the overall value of the transverse

13
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A	  Step	  Back	  to	  p+p	  Collisions	  

•  Interes<ng	  physics	  in	  the	  hard	  probes	  of	  p+Pb	  
•  Before	  the	  next	  surprise	  in	  p+Pb,	  let’s	  consider	  
high	  mul<plicity	  p+p	  …	  

41 
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Select highest multiplicity p+p 
collisions 
Long range y correlation 
observed  
Similar to structure 
observed in HI which 
corresponds to collective 
flow 
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‘Double	  Ridge’	  in	  p+Pb	  Collisions	  

43 

= –  

High multiplicity  Low multiplicity  

2nd Ridge is … 

Select high multiplicity p+Pb events 
Look at two particle correlation 
 
Subtract off the uninteresting part of the correlation as found in low 
multiplicity collisions 

Double Ridge 
indicates … 
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‘Double	  Ridge’	  in	  p+Pb	  Collisions	  
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= –  

High multiplicity  Low multiplicity  Double Ridge 
indicates … 
Flow? 
 
Similar magnitude to 
Pb+Pb at about 1/6 
density 
 
 

pT scaled to match <pT> 

Phys. Rev. C 90, 044906 
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Liquid	  Drops	  Everywhere?	  

45 

Once we know to look for it: 
•  Comprehensive analysis 

in pp collisions at two 
different energies 

•  Effect seems to persist to 
collisions with fewer than 
30 tracks!  

PRL 116 (2016) 172301 
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State	  of	  the	  Data	  
Heavy	  Ion	  Collsions	  
•  The	  hot	  dense	  medium	  in	  HI	  collisions	  suppresses	  
color	  sensi<ve	  jets	  and	  aaenuates	  their	  momentum	  

•  EW	  bosons	  do	  not	  interact	  with	  the	  QCD	  medium	  
•  The	  medium	  looks	  like	  a	  liquid	  
Semi	  Heavy	  Ion	  Collisions	  
•  pQCD	  is	  a	  reasonable	  start	  

•  Learn	  about	  ini<al	  state	  modifica<on,	  nPDFs,	  etc.	  
•  Unexpected	  centrality	  phenonmena	  

•  Maybe	  gets	  at	  fundamental	  proton	  proper<es	  
•  Also	  look	  like	  a	  liquid(!)	  and	  so	  do	  pp	  collisions	  (!!)	  
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•  ‘Simple’	  story	  of	  a	  color	  opaque	  strongly	  
coupled	  liquid,	  i.e.	  QGP!,	  uniquely	  in	  high	  
energy	  AA	  collisions	  doesn’t	  seem	  to	  be	  the	  
case	  

•  Do	  liquid	  proper<es	  have	  nothing	  to	  do	  with	  
QGP/color	  opacity?	  

• Might	  we	  have	  reached	  small	  system	  QGP?	  

47 

State	  of	  the	  Data	  
v 2
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•  There	  is	  some	  collec<vity	  in	  pA	  and	  pp	  
collisions	  

•  All	  the	  details	  are	  important!	  Must	  
understand	  at	  least:	  
– Most	  peripheral	  AA	  collisions	  
– Mul<-‐parton	  interac<ons	  
–  Fluctua<ons	  in	  proton	  ‘size’	  
– Underlying	  event	  everywhere	  

•  Can	  we	  find	  (other?)	  signatures	  of	  QGP	  in	  
small	  systems?	  

48 

Where	  Can	  We	  Go	  From	  Here?	  
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Addi<onal	  Informa<on	  
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EW	  Bosons	  To	  Define	  Centrality	  (?)	  

• Agreement with scaling measured 
• Reverse our assumptions – assume scaling calculate 
geometric factor necessary for ‘perfect’ scaling 
• Derive geometric factors from EW bosons 
• Competitive uncertainties 

Centrality Bin
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Heavy	  Ion	  Collisions	  Heavy Ion Physics: Current Understanding The sQGP Paradigm

collision axis

ti
m

e

Au

QGP fluid

hadron gas

Au

Figure 1.1: (left) Space-time evolution diagram for heavy ion collisions at RHIC. (right)
Diagram displaying the various inputs for the sQGP picture and the outputs as predictions
to compare with experimental data.

above the range of QCD phase transition values, and the medium is difficult to describe
via the propagation of distinct hadronic states.

The system that is created initially has a large central pressure and steep pressure gradi-
ents that cause the system to expand explosively. For heavy-ion collisions at RHIC ener-
gies, this expansion is successfully described using nearly ideal hydrodynamics, which
was not the case at lower collision energies. The transverse momentum (pT) spectra of fi-
nal state hadrons is well reproduced up to moderate values of pT by ideal hydrodynamic
models that include a hadronic cascade afterburner. In Figure 1.3, we show recent calcu-
lations from Hirano et al. [202] using a 3+1-dimensional ideal hydrodynamics followed
by a hadronic cascade. These include fluctuating initial conditions for the hydrodynamic
calculations, a realistic equation-of-state from lattice QCD, and zero shear and bulk vis-
cosity (i.e., ideal hydrodynamics). The results show good agreement with both hadron
spectra (⇥ , k, p) up to pT ⇥ 2.0 � 2.5 GeV/c, and with elliptic flow v2 as measured by the
PHENIX experiment in Au+Au collisions at

⇤
sNN = 200 GeV.

Despite the impressive agreement of ideal hydrodynamics for the early time stage (i.e.,
with zero shear viscosity �), there is a conjectured low bound to the ratio of the shear
viscosity to entropy density �/s. This conjecture was originally motivated from simple
arguments based on the quantum mechanical uncertainty principle, and has since been
shown to be rigorously true for a broad class of gauge theories within the string theory
duality referred to as AdS/CFT [227]. This is a result with relevance far outside the field
of nuclear physics. For one thing, relativistic viscous hydrodynamics calculations have
only recently advanced sufficiently to be compared against RHIC results. This has ulti-
mately been beneficial for hydrodynamics experts in general, but was pushed in part by

3

•  Can we probe QCD dynamic properties, cross a phase transition? 
•  Time scale too short for external probes 
•  Rely on probes produced by the collision 
•  Reconstruct final state particles and work our way back  

Pb Pb 

√sNN=2.76 TeV 

1.3 Properties and Signatures of the Quark-
Gluon Plasma

Figure 1.2: Lattice predictions for �/T 4 as a function of T/Tc [13].

Although the prediction of a QGP state is based on perturbative ideas, its
properties, most importantly the transition temperature, cannot be estimated
perturbatively [14]. Although it was not recognized as such at the time, one
estimate of the transition temperature actually pre-dates the advent of QCD.
In the 1960’s Hagedorn developed an e�ective theory to explain the number
of resonance states. He found that the number of states in his model diverged
at a temperature of 160 MeV, which is surprisingly close to modern estimates
for the phase transition to a QGP [15].

With the advent of lattice QCD in the late 1970’s a new tool became avail-
able to perform calculations at large coupling and high temperature. Figure 1.2
shows lattice predictions of the energy density (�) divided by the fourth power
of the temperature (T ), which for a thermodynamic system, is proportional to
the number of degrees of freedom. The T axis has been scaled by the critical
temperature, Tc, which is calculated to be 170 MeV. �/T 4 exhibits a sharp
rise at Tc, suggesting a phase transition from hadronic to partonic degrees of
freedom. The value of �/T 4 is shown to reach a plateau at approximately 80%
of the Stephan-Boltzmann limit (indicated by arrrows) which would describe
an ideal gas of partons. The deviation from this limit has important ramifica-
tions in regards to the description of the QGP near Tc. Foremost among them,
is the observation that the matter is thought to be strongly coupled [16], in

7
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Event	  by	  Event	  Data	  Looks	  Like	  ‘Ideal’	  
Liquid	  
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Sample event azimuthal distributions 
Characterize shape 
event by event  

Event be event fluctuations close to ideal 
hydro-dyanmic calculations 


