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Energy density at RHIC energies"

!  Estimated from measured transverse energy 
!  As a function of centrality and collision energy 
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More than enough 
for deconfinement! 

From RHIC to LHC:  
!  increase of size in the 3 dimensions 

"  out, long, and side 
!  “homogeneity” volume ~ 5000 fm3 ~ x 2 

!  for comparison: RPb ~ 7 fm # V ~ 1500 fm3 

#  substantial expansion! 
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Temperature from Photon spectrum"
!  Prompt γ = Inclusive γ – γ from π0 decays 

" Direct photons from QCD processes: power law spectrum – 
dominant at high pT 

"  Thermal photons, emitted by the hot system (analogy with black 
body radiation): exponential spectrum – dominant at low pT 
o From inverse slope: 

  

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 61"
M. Wilde (ALICE), NPA904-905 2013 (2013) 573 

T = 304 ± 51 MeV 
   ~ 2 Tc 
   ~ 1.4 TRHIC 
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   ~ 1.4 TRHIC 

Strangeness enhancement at the SPS"
!  Enhancement in Pb-Pb relative to p-Be (WA97/NA57) 

64 

Enhancement is larger for 
particles of higher strangeness 
content (QGP prediction!) 
 up to a factor ~ 20 for Ω"
 
No model without QGP has 
reproduced these observations 
 
First unambiguous indication 
for QGP formation in these 
collisions 
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1 

NA57 

number of participant nucleons 

64"

NA57, JPG 32, 427 (2006), JPG 37, 045105 (2010)  
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Anisotropic (Elliptic) Flow	

u  Non-central collisions are azimuthally 

asymmetric 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	
 10	




Reaction
plane

In-planeO
ut
-o
f-p
la
ne

Y

X
Flow

Fl
ow

Reaction
plane

In-planeO
ut
-o
f-p
la
ne

Y

X
Flow

Fl
ow

Reaction
plane

In-planeO
ut
-o
f-p
la
ne

Y

X
Flow

Fl
ow

Anisotropic (elliptic) flow	

u  Non-central collisions are azimuthally 

asymmetric 
→  The transfer of this asymmetry to momentum 

space provides a measure of the strength of 
collective phenomena  

u  Large mean free path  
Ø  particles stream out isotropically, no memory 

of the asymmetry  
Ø  extreme: ideal gas  (infinite mean free path)  

u  Small mean free path 
Ø  larger density gradient à larger pressure 

gradient à larger momentum  
Ø  extreme: ideal liquid (zero mean free path, 

hydrodynamic limit) 
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v1 = cosφ    "directed flow" v2 = cos2φ    "elliptic flow"
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central rapidity ΨRP ΨRP 



Azimuthal Anisotropy at RHIC	


Measurement at RHIC: 
u  Elliptic flow almost as large 

as expected at hydro limit! 
u  Very far from “ideal gas” 

picture of the QGP 
u  Looks like a “liquid” 
u  Particles interact frequently 
 à strongly-interacting QGP 
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dN
pTdpTdydφ

=
1
2π

dN
pTdpTdy

1+ 2v1 cos(φ)+ 2v2 cos(2φ)+...( )

v2 = cos2φ    "elliptic flow"

(sQGP) 

13	




Elliptic flow v2 at the LHC	


u  v2 still large at the LHC 

à  system still behaves very close 
to ideal liquid 

u  v2(pT) very similar at LHC and RHIC 

à similar hydrodynamical behaviour? 
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Two-particle correlations	


u  Widely used analysis technique for heavy ion collisions 
u  Consider a high-pT particle in the event (“trigger particle”) 
u  Correlate all other particles (“associated particles”) with it 

à Δφ, Δη correlation distributions 
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η	


φ	
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Two-particle correlations:���
Structures in (Δφ,Δη)	
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near side jet peak 

long range structure  
in η on away side, 
“away-side ridge” 
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pp (min. bias) 

CMS, JHEP1009 (2010) 091 
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Pb-Pb (non-central) 

CMS, EPJC 72 (2012) 10052 

pp 

… and on near side, 
“near-side ridge” 
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Pb-Pb (non-central) 

CMS, EPJC 72 (2012) 10052 

pp 

… and on near side, 
“near-side ridge” 

Elliptic flow 
modulation 
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Pb-Pb (non-central) 

CMS, EPJC 72 (2012) 10052 

Pb-Pb (central) 

The away-side ridge 
becomes very broad, 

a deep in the middle appears 



Two-particle correlations:���
Structures in (Δφ,Δη)	
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two shoulders  
on away side 

(at 120° and 240°) 
aka “double hump”  
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Pb-Pb (ultra-central) 

ATLAS, PRC86 (2012) 014907 ALICE, PLB708 (2012) 249 



Higher harmonics	


u  “Ideal” shape of nuclear overlap is 
elliptic 
Ø  no odd harmonics expected (v3, v5, …) 
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Higher harmonics	
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u  “Ideal” shape of nuclear overlap is 
elliptic 
Ø  no odd harmonics expected (v3, v5, …) 

u  but fluctuations in initial conditions: 
Ø  participants plane ψ2 ≠ reaction plane ΨRP 

à v3  (“triangular”) harmonic appears 
 [B Alver & G Roland, PRC81 (2010) 054905] 



Higher harmonics	


 

u  and indeed, v3 > 0 ! 
u  v3 has weaker centrality dependence 

than v2 

u  when calculated wrt participants plane, 
v3 vanishes  
Ø  as expected, if due to fluctuations… 
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ALICE: PRL 107 (2011) 032301 

v2 

v3 
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u  “Ideal” shape of nuclear overlap is 
elliptic 
Ø  no odd harmonics expected (v3, v5, …) 

u  but fluctuations in initial conditions: 
Ø  participants plane ψ2 ≠ reaction plane ΨRP 

à v3  (“triangular”) harmonic appears 
 [B Alver & G Roland, PRC81 (2010) 054905] 



Event-by-event shapes	

u  And not only v3 (triangular events), also v4, v5, … 
u  At LHC, multiplicity large enough to “see” event-by-event 

shapes 
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Dominant v2 Dominant v3 Dominant v4 



Harmonic decomposition ���
of correlation distribution	


u  Double hump structure on 
away-side appears on 1% 
most central 

u  First five harmonics describe 
shape at 10-3 level 

u  Fourier analysis of new data 
suggests very natural 
alternative explanation in 
terms of  hydrodynamic 
response to initial state 
fluctuations 
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ALICE, PLB708 (2012) 249 

dN
pTdpTdydφ

=
1
2π

dN
pTdpTdy

1+ 2v1 cos(φ)+ 2v2 cos(2φ)+...( )
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Initial conditions and viscosity of the QGP	


u  Medium viscosity: one of 
its fundamental 
properties 

u   η/s: shear viscosity / 
entropy ratio 
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Energy density profile in the transverse plane: 

initial 



Initial conditions and viscosity of the QGP	


u  Medium viscosity: one of 
its fundamental 
properties 

u   η/s: shear viscosity / 
entropy ratio 

 
u  Large viscosity washes 

out the details of the 
initial-state  

   à Final state fluctuations 
can give information on 
viscosity 
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Energy density profile in the transverse plane: 

after 6 fm/c 

initial 

viscous 
(η/s>>0) 

ideal 
(η/s=0) 



Addressing the QGP viscosity 	
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à Data prefer values of η/s ~ 0.08-0.40 

Example: 

See e.g. Luzum QM2012 

+ comparison to many other measurements at RHIC and LHC 



The lowest viscosity liquid?	


u  η/s ratio has a minimum at the phase transition for all fluids 
u  Current estimates for QCD matter: η/s 10 times smaller 

than water and >5 times smaller than Helium  
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Lacey et. al, PRL98:092301 

Still far from a precise 
measurement of this 
fundamental property 
à Need to combine many 
observables, studied with % 
accuracy 



Identified particles:���
system expansion and hadronization	
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System expansion: radial flow	

u  During expansion, particles are 

pushed radially by an isotropic flow 
Ø  Like elliptic flow, develops via multiple 

elastic collisions 
Ø Stops at Kinetic Freeze-out (formed 

hadrons stream-out freely) 

u  Mass-dependent effect: heavier 
particles gain more momentum 
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mT = m0
2 + pT

2

mT
flow =mT + (βγ )

flow ⋅m0



pT spectra and v2 vs. hydrodynamics	

u  Identified particle spectra and v2 at LHC, compared to 

hydrodynamics predictions 

 

u  Strong effect visible in spectra and in v2 

u  Both well described by hydrodynamic models of system 
expansion 
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ALICE, PRL109 (2012) 252301  



Expansion à Hadronization	
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Hadronization	


u  How does the partonic system hadronize? 
Ø Mass ordering observed 
Ø Particle and anti-particles get close with 

increasing energy 

u  Can all these yields be describe with 
    a single model? 
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Courtesy A.Andronic 



Statistical hadronization approaches	


u  The system is in hadro-chemical equilibrium at freeze-out 

u  Fit hadron yields with two params: µB, (ch. Freeze-out) T  
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See e.g. A. Andronic et al. NPA722(2006)167  



Statistical hadronization approaches	


u  Example: latest fit at LHC 
Ø T ~ 156-164 MeV 
Ø µB ~ 1 MeV 
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u  Chemical freeze-out line 
on phase diagram 

Andronic et al. NPA722(2006)167  
Becattini et al. PRC69(2004)024905 



Statistical hadronization approaches	


u  Example: latest fit at LHC 
Ø T ~ 156-164 MeV 
Ø µB ~ 1 MeV 
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u  Chemical freeze-out line 
on phase diagram 

u  Note: doesn’t coincide 
with phase transition line 
(especially at low energy) 
Ø Hadronic rescattering 



Hadronization mechanism: 
recombination?	


u  Recall strangeness enhancement: suggests that hyperons are 
formed by recombination of quarks present in the partonic system 

u  If this hadronization mechanism dominates over in-vacuum 
fragmentation in some momentum range, it should have visible 
effects on hadron pT spectra à easier to form baryons 
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Recombination at play? Baryon/Meson	

u  Compare Baryon and Meson pT spectra: p/π	


Ø Also measured for Λ/K 
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Fragmentation 
in vacuum 

Recombination 
in medium? 

pT
hadron = nq ⋅ pT

parton

pT
hadron = z ⋅ pT

parton



Recombination at play? Baryon/Meson	

u  Compare Baryon and Meson pT spectra: p/π	


Ø Also measured for Λ/K 

u  Qualitatively described by models  
    including recombination 
u  But also by models including 
    only radial flow  
à No conclusive statement yet 
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recombination 

radial flow 



Parton energy loss:���
high-pT suppression and jet quenching	
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Parton Energy Loss	

"   Partons travel ~4 fm in the high-density medium 
"   Bjorken (`82): energy loss due to elastic scattering 

… 

Bjorken, FERMILAB-Pub-82/59-THY (1982). 
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Parton QCD Energy Loss	

" Partons travel ~4 fm in the high colour-density medium 
"   Successive calculations (`92 →): a QCD mechanism 

dominates, medium-induced gluon radiation 
"   Coherent wave-function gluon acumulates kT due to 

multiple inelastic scatterings in the medium → it decoheres 
and is radiated 

hard 
parton 

path length L 

Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Peigne’, Schiff, Levai, Vitev, Zhakarov, Salgado, 
Wiedemann, … 

kT 
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An instructive example	


⎩
⎨
⎧

≥

<
∝

cc

cc
RsC

I
ωωωω

ωωωω
α

ω
ω

for   )/(
 for   /

d
d

2

Baier, Dokshitzer, Mueller, Peigne‘, Schiff, NPB 483 (1997) 291. 
Zakharov, JTEPL 63 (1996) 952. 
Salgado, Wiedemann, PRD 68(2003) 014008. 

BDMPS-Z formalism path length L 

λ	

kT 

ω	

Radiated-gluon energy distrib.: 

λ

2

ˆ Tkq = transport coefficient 

2/ˆ 2Lqc =ω
LR cω=

sets the scale of the radiated energy 
related to constraint kT < ω,  
controls shape at ω << ωc 

Casimir coupling factor: 4/3 for q, 3 for g RC

(BDMPS case) 
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2

0
 ˆ    

d
d d LqCCIE RscRs

c
αωα

ω
ωω

ω
∝∝≈Δ ∫

Probe the medium 

∝∝Δ qE ˆ gluons volume-density and  
interaction cross section 
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An instructive example	




Probing the QCD medium	


courtesy T.Ullrich 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	
 50	




HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	
 51	


courtesy T.Ullrich 

Probing the QCD medium	
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courtesy T.Ullrich 

Probing the QCD medium	




Nuclear modification factor RAA	


u  Nuclear modification factor of pT distributions: 

RAA (pT ) =
1
Ncoll

×
d2NAA / dpTdη
d2Npp / dpTdη

Number of inelastic 
nucleon-nucleons collisions 
in the nucleus-nucleus collision 

Assumption on initial production in AA collisions: 
d2NAA / dpTdη = Ncoll ×d

2Npp / dpTdη

€ 

RAA (pT ) =1
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b 
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High pT suppression	


Parton Energy Loss by  
§  medium-induced gluon radiation 
§  collisions with medium gluons 

 
p ' = p−ΔE(εmedium )

‘QGP medium’  
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ALICE, PLB 696, 30 (2011) 

dNAA / dpT Ncoll dNpp / dpT< 

p	

p’	


Nuclear modification factor: 



Discovery at RHIC: high-pT suppression	


u  Nuclear modification factor of pT distributions: 

PHENIX π0 (0-10%) 

RAA (pT )<<1

factor 5 
suppression! 

compilation by D.d’Enterria, 2004 
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RAA at SPS, RHIC, LHC	


u  RAA(pT) for charged 
particles produced in 
0-5% centrality range at 
LHC: 
Ø minimum (~ 0.14) for pT 

~6-7 GeV/c 
Ø  then slow increase at high 

pT  
Ø  still significant suppression 

at  pT ~ 100 GeV/c ! 

u  Essential quantitative 
constraint for  parton 
energy loss models! 
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compiled in: CMS, EPJC 72 (2012) 1945  
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Suppression vs. event plane	


u  Significant effect! 
u  Further constraints to energy loss models 

à path-length dependence of energy loss 
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Final-state and initial-state effects	


medium formed in  
the collision 

A 

A q 

q 
h 

h q 

dN AA

dpT
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Final-state and initial-state effects	


medium formed in  
the collision 

A 

A q 

q 
h 

h q 

dN AA

dpT

Ncoll ×
dN pp

dpT

A 

A q 

q h 

h 
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Final-state and initial-state effects	


medium formed in  
the collision 

A 

A q 

q 
h 

h q 

dN AA

dpT

Ncoll ×
dN pp

dpT

A 

A q 

q h 

h 

A 

A q 

q h 

h 

Ncoll ×
dN pp

dpT
 ??
Initial-state 
modification?? 
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A parenthesis ���
on initial-state saturation / shadowing	
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(             )	
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Gluon Saturation at small xBjorken	

u  Initial state: high-p nucleus = set of gluons with pg distribution 

according to PDF g(xBjorken,Q2), with x=pg/pN and Q2 the scale of the 
process (~ 1/“area” of the gluon)   

u  HERA DIS (ep) data: strong rise of xg(x,Q2) at low-x & low-Q2 
u  New (unknown) regime of QCD: when gluons are numerous enough 

(low-x) & extended enough (low-Q2) to overlap à Saturation 
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Gluon Saturation at small xBjorken	


Enhanced in the nucleus:  
factor A1/3 (≈6) more gluons  
per unit transverse area 

u  Initial state: high-p nucleus = set of gluons with pg distribution 
according to PDF g(xBjorken,Q2), with x=pg/pN and Q2 the scale of the 
process (~ 1/“area” of the gluon)   

u  HERA DIS (ep) data: strong rise of xg(x,Q2) at low-x & low-Q2 
u  New (unknown) regime of QCD: when gluons are numerous enough 

(low-x) & extended enough (low-Q2) to overlap à Saturation 
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Color Glass Condensate?	


u Color Glass Condensate: 

“Color” from the gluon color charge. “Glass” is borrowed from the term for 
silica and other materials that are disordered and act like solids on short 
time scales but liquids on long time scales. In the “gluon walls,” the gluons 
themselves are disordered and do not change their positions rapidly 
because of Lorentz time dilation. “Condensate” means that the gluons 
have a very high density. 
 64	


McLerran,Venugopalan PRD49 (1994) 2233 
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Shadowing Parametrizations	


u  Shadowing ≈ low-x gluon “fusion”: gx1 + gx2 à gx1+x2  
u  Shadowing factor for PDFs:  xGA(x,Q2) = A xg(x,Q2) RG

A(x,Q2) 

u  Most of the low-x data are in non-pert. range à limited 
applicability of pQCD analysis à large uncertainties on RG

A 

x1 

x2 

x1+x2 

see e.g. Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Effective reduction of the parton flux (shadowing)  
à also described with nuclear-modified PDFs   
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Control “experiments”:���
proton-nucleus and medium-blind probes	


HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	
 66	




Nuclear modification factor���
in proton-nucleus (LHC)	


no high-pT suppression in proton-nucleus 
In nucleus-nucleus it must be a final-state effect 

See also: PHENIX Coll., PRL 91 (2003) 072303. 
STAR Coll., PRL 91 (2003) 072304. ALICE, PRL110 (2013) 082302  
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LHC 

pPb 

Central PbPb 



Nuclear modification factor���
in proton-nucleus (LHC)	


u  Good description by 
calculations including that 
implement of a reduction 
of the effective low-x 
gluon flux, via: 

 
Ø Saturation (Color Glass 

Condensate) 

Ø Shadowing of gluon 
densities + standard 
perturbative QCD 
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ALICE, PRL110 (2013) 082302  



Medium-blind probes	

u  Photons and electro-weak bosons (W, Z, in their leptonic 

decay channels) should not “see” the strongly-interacting 
medium 

u  Verified with photons at RHIC 
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RAA ~ 1 
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PHENIX, PRL109, 152302 (2012) 



Medium-blind probes	

u  Photons and electro-weak bosons (W, Z, in their leptonic 

decay channels) should not “see” the strongly-interacting 
medium 

u  Verified with photons at RHIC; W, Z become available at LHC 
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RAA ~ 1 
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CMS, PLB710 (2012) 256, PRL106 (2011) 212301, PLB715 (2012) 66  



From single particles to jets	
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Two-particle correlations at RHIC	


Jets via di-hadron correlations: 
u  trigger: highest-pT track (e.g. 4--6 GeV) 
u  Δφ distribution: 2 GeV < pT < pT

trigger 

pp → 2 back-to-back jets 

STAR, PRL 90 (2003) 082302 

near side away side 

Looks like jets! 
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Central Au-Au collisions at RHIC:���
no away-side jet!	


STAR, PRL 90 (2003) 082302. 

p+p 
Au+Au 
central 

Au+Au 
peripheral 
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STAR, PRL 90 (2003) 082302. 

p+p 
Au+Au 
central 

Au+Au 
peripheral 
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d+Au 

Central Au-Au collisions at RHIC:���
no away-side jet!	




LHC: Jet Quenching!	

u  Full jet reconstruction: typically anti-kT algorithm + 

sophisticated background subtraction techniques 
u  Jets and Di-jets with ~100 GeV energies 
u  Pb-Pb events with large di-jet imbalance observed 

à Direct observation of jet quenching at single event level! 
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ATLAS, PRL105 (2010) 252303 



LHC: Jet Quenching!	

u  Full jet reconstruction: typically anti-kT algorithm + 

sophisticated background subtraction techniques 
u  Jets and Di-jets with ~100 GeV energies 
u  Pb-Pb events with large di-jet imbalance observed 

à Direct observation of jet quenching at single event level! 
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Di-jet Energy Imbalance AJ	


u  Detailed study of di-jets carried out, in comparison with pp 
expetaction 

u  Energy imbalance quantified by the di-jet asymmetry variable 

u  with increasing centrality:  
à  enhancement of 

asymmetric di-jets with 
respect to pp 
Ø  & HIJING + PYTHIA simulation 
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ATLAS, PRL105 (2010) 252303 
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Di-jets in proton-nucleus collisions	


u  In p-Pb: no sign imbalance for high pT di-jets 
Ø pT,2/pT,1  consistent with PYTHIA pp 

à Large imbalance seen in Pb-Pb is an effect of the medium 
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Pb-Pb p-Pb (various event classes) 

CMS, PLB712(2012) 176 
CMS, PAS HIN 13-001 



From single particle suppression …	


u  Described by parton energy loss 
models 
Ø Mainly gluon radiation 

Fundamental question: where does the 
radiated energy (gluons) go? 
Learn about parton interaction in QGP 

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT

<<1

ALICE, PLB720 (2013) 52 
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Measure RAA of jets! 
Jet RAA~1 



… to jet suppression measurement	


u  Jet yield suppressed by factor 3-5 
Ø  Consistent with single particle, taking 

into account fragmentation 
u  Suggests that “lost” energy is radiated 

at large angles, outside the jet 
(otherwise jets would be less 
suppressed than single particles) 
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ALICE, arXiv:1304.5945 
CMS, PAS HIN-12-004 



Jet nuclear modification factor���
in proton-nucleus	


u  Jet RpA measured by ALICE shows consistency with 
binary scaling 

u  RAA suppression x2-3 is a medium effect  
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Pb-Pb p-Pb 

ALICE, arXiv:1304.5945 



Modification of jet shape	


u  Jet fragmentation function 
   à energy distribution of 
particles within the jet 

u  Expectations from parton 
energy loss: fragmentation 
function should get softer 
Ø Depletion at high z (low ξ) 
Ø Enhancement at low z (high ξ) 
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Borghini,Wiedemann, hep-ph/0506218  
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Modification of jet shape	

u  Jet fragmentation function measured at LHC 
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A powerful tool: ���
jet-boson (γ, Z) correlation	


u  Eγ = Ejet ! Direct measurement of total jet energy 
u  First measurement of γ-jet pT imbalance pT

Jet/pT
γ	
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A powerful tool: ���
jet-boson (γ, Z) correlation	


u  Eγ = Ejet ! Direct measurement of total jet energy 
u  First measurement of γ-jet pT imbalance pT

Jet/pT
γ	
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Large imbalance observed in central collisions 
 
With future LHC runs:  
à Very precise measurement of the medium 

modified fragmentation function 
à Differential studies as a function of event 

geometry and “shape” 
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End of Part 2	
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EXTRA MATERIAL	
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Recombination at play? v2	


u  Compare Baryon and Meson flow 

u  At RHIC: clear grouping of mesons and baryons 
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v2
hadron (nq ⋅ pT

parton ) = nq ⋅ v2
parton (pT

parton ) ? 



Recombination at play? v2	


u  Look at 

 

u  This “number of  constituent quarks” scaling works very well 
for v2 at RHIC 
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v2
hadron / nq (pT

hadron / nq )



Recombination at play? v2	


u  At LHC clearly less good: π and p remain separated 

u  Additional mechanisms at play at high pT? 
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LHC RHIC 
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(x,Q2) evolution of PDFs	

u  DGLAP evolution equation is linear in the gluon PDF: 

u  Linear equations (single parton splitting gàgg) fail at low x  (even more 
for multi-parton systems = nuclei)    

 

(i) Too high gluon density: non-linear gluon- 
    gluon fusion ggàg,  ~(gluon PDF)2, 

balances splittings, gàgg 
 

(ii) pQCD factorization assumptions invalid:  
parton scattering not incoherent 
 

(iii) Violation of unitarity 
      (too large perturbative cross-section: 
          σhard > σgeom = 4 π RA

2 ) 

Onset of Saturation:	

small-x 

large-x 

91	




Saturation scale QS
2	


u  Onset of non-linear QCD when gluons are numerous 
enough (low-x) & extended enough (low-Q2) to overlap: 

(λ~0.3) 

Saturation affects processes with  Q2 < Qs
2 

€ 

1
Q2 ⋅ Ag(x,Q

2) ~ πRA
2 ~ πA2 / 3

area 
of the  
gluon 

Q2 
~1/Q 

number 
of gluons 

area 
of the  
overlap region 

€ 

QS
2 ~ Ag(x,QS

2)
πA2 / 3

~ A1/ 3g(x,QS
2) ~ A1/ 3 1

x λ

using the LO expression                    :  

€ 

x ~ pT
s
e−y

€ 

QS
2 ~ A1/ 3 s ey( )

λ

à small x, large √s, large y, large A 
We have saturation when Qs

2 is larger than approx. 1 GeV2 
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Di-jet Azimuthal Correlation Δφ	


u  No visible angular de-correlation in Δφ wrt pp collisions 
 
 

à large imbalance effect on jet energy, but very little effect on 
jet direction! 
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CMS, PRC84 (2011) 024906  
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