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² Nuclear structure              (C.Curceanu) 
² Nuclear reactions 
² Hot and dense nuclear matter            (L.Cunqueiro) 

² Fundamental symmetries and interactions in nuclei 
² Hadron structure            (M.Mirazita) 
² Nuclear astrophysics 
² Neutrinos and nuclei 
² Hadrons in nuclei 
² Nuclear physics based applications  
² New facilities and instrumentation            

Topics 

25th three annual international conference 

33 (3) plenary talks 

88 (6) invited talks 

217 (19) parallel talks 

>400 posters  



Hadron Structure	
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Meson Spectroscopy in the World	


§ Many experiments in the world have studied and are studying the meson 
spectrum in the light-quark sector using different production processes	


•  proton-antiproton annihilation: 	

Crystal Barrel at CERN, Panda at GSI, ...	

	


•  e+ e- annihilation: 	

LEP, Babar at SLAC, Belle at KEK,  CLEO at Cornell, KLOE at 
Frascati, BES at Beijing, KLOE-II, Belle II at SuperKEKB,…	

	


•  proton-proton scattering:  	

WA experiments at CERN, GAMS at Protvino, LHC, …	

	


•  pion beams on fixed target: 	

E852 at BNL, VES at Protvino, COMPASS at Cern, …	

	


•  photoproduction experiments: 	

CLAS at Jefferson Lab, GlueX and CLAS12 at Jefferson Lab	
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Scalar Mesons	


•  The scalar meson nonet should be composed 
by a0(I=1),K* (I=1/2), f0 and f0’(I=0), with the a0 
as lightest state and the f0’ showing a large 
strange content 	


•  At present, given the I=1 and I=1/2 states that 
have been identified, there is an excess of I=0 
states	
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isospin!

Scalars are fundamental states because they represent the Higgs sector of 
strong interaction:	


•  same quantum numbers of the QCD 
vacuum 	


•  responsible for chiral symmetry 
breaking	


 I=0        I=1/2       I=1!

?	  

?	  
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Higher mass scalars	

Abundance of I=0 states with unexpected decay patterns between 1.3 and 2 GeV led to 
speculate about the presence of a glueball in this sector	


f0(1370)	

f0(1500)	

f0(1710)	

f0(2100)	

…	


•  Lower two states seen first by Crystal Barrel	

•  Higher mass states seen by WA102 and BES	

•  Discrepancies between different experimental observations	

•  High statistics/high precision data needed!	


	  	  	  

BES, arXiv:1301.0053, to appear in PRD 	


New high statistics data set from BESIII in Beijing:	

•  clear structures in the ηη mass spectrum from J/ψ radiative decays 	

•  full partial wave analysis to isolate S wave contribution	

•  f0(1710) and f0(2100) are dominant scalars	

•  f0(1500) exists (8.2σ)	

•  f0(1710) and f0(2100) strength ~10x larger than f0(1500) 	


Additional data expected in the near future from this and 
other experiments can lead to a full understanding of the 
scalar sector	
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•  Several phenomenological models predict the existence of such states 
and give indications of masses and decays	


•  Supporting evidence is provided by Lattice QCD calculations	

•  Experimental evidence has been searched in many laboratories	


-  X(3872) observed at B-factories interpreted as tetraquark	

-  Indication of hybrids below 2 GeV reported by several 

experiments	

-  …	

	


•  If unambiguously confirmed, these state would provide the mean to 
further investigates aspects of QCD as confinement and gluonic 
excitations	


Beyond the quark model…Exotics	


QCD tells us that bound states have to be color neutral but does not prohibit 
the existence of state with unconventional quark-gluon configurations as 
tetraquarks, glueballs or hybrids	


glueball	


regular meson	


hybrid	


tetraquarks	
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Lattice QCD	

J. Dudek et al., Phys. Rev. D84, 074023 (2011)	


Predictions of the meson spectrum from Lattice QCD are now available	


isovector mesons, mπ~700 MeV	


•  Good reproduction of the 
regular meson spectrum	


•  Indication of the existence of 
states with high gluonic 
content	


normal mesons	


exotics	
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The exotic π1(1600) 	


leakage from non-
exotic wave!

exotic signal	  

P+ or Mε=1+       natural-parity exchange!
P0,- or Mε=0-,1-   unnatural-parity exchange!

Significant intensity in the 1-+ wave with clear 
phase motion with respect to the 2-+	


M = 1.593± 0.080−0.047
+0.029( )GeV

Γ = 0.168± 0.020−0.012
+0.150( )GeV

π 

p!
p!

π 
X!

π 

π 

Exotic signal reported by BNL-E852 
experiment in the analysis of the 3 
pion final state	

Opposite findings reported by the 
CLAS Collaboration in photo-
production	
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H. Avakian, Roma, Nov 28 10 

The Nucleon Spin Puzzle 

~20% from Deep Inelastic Scattering (DIS) 
EMC at CERN (85): 

Understanding of the orbital motion of partons crucial!!! 

Proton’s spin 

DIS (DSSV-2009) RHIC Spin & SIDIS	
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Spin “pizza” 1

2
⌘ �q

2
+ Lq +�G+ Lg

The quark spin and gluon spin contributions are common to both the 
Bashinsky-Jaffe decomposition (LF) and the improved Ji decomposition . 

Need to go to twist-3 to compare 
kinetic and canonical quark OAM 

Polyakov et al, ,Ji,Xiong &Yuan, Hatta,Lorce,.. 

potential orbital momentum, can  be 
interpreted as the orbital momentum 
generated due to the color force on 
quark 

Ji decomposition (Wakamatsu ) 

Kinetic �qLq

Lg �G

Jaffe-Manohar(Bashinsky,Chen,Hatta,Lorce)  

Lq

Lg �G

Canonical �q
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3D structure: GPDs 

H. Avakian, INPC,  June 3 

epèe’pπ0	


Spin-azimuthal asymmetries in hard exclusive  production of 
photons and pions  give access to underlying  GPDs 

Transverse photon dominates the x-
section for exclusive π0 production Lattice (QCDSF) 

�cos 2�
UU � | < ET > |2

CLAS e1dvcs 

x	  +	  ξ	   x	  -‐	  ξ	  

~	  

GPDs	  

* 

Asymmetries measured at 
HERMES & JLAB 
More measurements at 
JLab, Compass, RHIC 

Michel Guidal  
Francois-Xavier Girod  

Liuti&Goldstein 
Kroll&Goloskokov 



Flavor‐dependent multiplicities 

Avakian, Jlab May 28 13 

A. Signori (Evolution-2013) 

Using a set of Gaussian fits of  the 
Multiplicities from HERMES and COMPASS 

Introducing a flavor dependence 
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Hrayr Matevosyan  Strong flavor dependence of transverse momenta in 
hadronization was  predicted from model studies 

1. One‐photon exchange 
2. Small transverse momenta 
3. Leading‐twist (LT): not including powers of M/Q 
4. Leading‐order (LO): zero-order α2

S 







SIDIS at JLab12  
 π	


16 H. Avakian, INPC,  June 3 

Larry Cardman  



Sivers	  Asymmetry	  in	  CLAS12	  for	  π	


17	  

M.Mirazita - LNF 



 µ 
beam 

Polarised 
Target 

Drell-Yan  

H. Avakian, INPC,  June 3 18 

FNAL 

Nuclotron based Ion Collider fAcility 

P1 

P2 

q

q̄ l̄

l

a test of QCD 

Low Drell-Yan cross section 
requires a high intensity beams 

SeaQuest 
Spectrometer 

Clean probe to study hadron structure: 
➡   convolution of parton distributions  
➡   no QCD final state effects  

➡   no fragmentation process 

BNL 
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Pibero Djawotho - INPC2013 - Gluon polarization and jet production at STAR 

Polarized pp collisions at RHIC 
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Δf: polarized parton distribution functions 

For most RHIC kinematics, gg and qg 
dominate, making ALL for jets 
sensitive to gluon polarization. 
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Pibero Djawotho - INPC2013 - Gluon polarization and jet production at STAR  
  26 

From 2006 to 2009 

•  2009 STAR data is a factor of 3 (high-pT) to >4 (low-pT) more precise than 2006 STAR 
data 

•  Results fall between predictions from DSSV and GRSV-STD 
•  Precision sufficient to merit finer binning in pseudorapidity 

arXiv:1106.5769 



New global analysis with 2009 RHIC data 

Pibero Djawotho - INPC2013 - Gluon polarization and jet production at STAR  
  27 

Special thanks to the DSSV group! 

•  DSSV++ is a new, preliminary global analysis from the DSSV group that 
includes the 2009 RHIC ALL data (STAR inclusive jets and PHENIX π0’s) 

 
•  First experimental evidence of non-zero Δg(x) in RHIC range (0.05 ≤ x 
≤ 0.2) 

Δg(x,Q2 =10 GeV2)dx = 0.10−0.07
+0.06
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Hadrons in Nuclei	




Kaon and Anti-Kaon in Nuclear Matter 

Laura Fabbietti 
Technische Universität München and  

Excellence Cluster Universe 



AntiKaon Flow 
FOPI, submitted to PLB 

•  Models predict the 
highest sensitivity to a 
potential for v1 at 
backwards rapidities 
•  <UK>~-50 MeV 
•  Not conclusive 
•  Other ways? 
•  HADES measured Au
+Au @ 1.25 AGeV 
->~3500 K-  

Ni+Ni 1.9 AGeV 



Kaonic Hydrogen and scattering Data 

SIDDHARTA experiment @LNF : Kaonic Hydrogen, most precise measurement 
of the K-p scattering length at the threshold 
SIDDHARTA, Phys. Lett. B 697 (2011) 199. 
SIDDHARTA, Phys. Lett. B 681 (2009) 310. 



INPC 2013, Firenze 

Only Nucleons in Neutron Stars 

From the EOS to the Mass-Radius 
relationship through the TOV equations:  

€ 

dP(r)
dr

= −
G
c 2

ε(r)+ P(r)[ ] M(r)+ 4πr3P(r) /c 2[ ]
r r −2GM(r) /c 2[ ]

dM(r)
dr

= 4πε(r)r2

€ 

P = P(ε,ρ,T)
EOS gets softer 

Private communication W. Weise 



INPC 2013, Firenze 

Small Neutron Stars and Hyperon Appereance 
The heavy-ion results constrain 

nuclear matter at densities 
relevant to light neutron stars 

Sagert, Tolos, Chaterjee, Schaffner-Bielich /PhysRevC.86.045802 

Measure the radius of Stars with 
M< 1.4 M¤ 

On the other hand.. 

J. Schaffner-Bielich, NPA 804 (2008) 

What about Hyperons? 
Pt /Y, PWA, Resonances and.. 
Λp correlations in cold nuclear matter 
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Neutron-rich Λ-hypernuclei 
study with the FINUDA  

experiment  
 

Elena Botta 
INFN-Torino and Torino University	  



Production reaction 
(K-

stop, π+)  
K- + p → Λ + π0    π0 + p → n + π+       (2-step)    S-EX + C-EX 
K- + p → K0 + n    K0	  + p	  → Λ +	  π+	  	  	  	  	  	  	  	  	  (2-step)     C-EX + S-EX 
K- + p →	  Σ- + π+ 	  	  	  	  	  Σ- + p 	  	  	  	  	  	  	  n +	  Λ       (1-step)     S-EX 
	


K.Kubota et al, NPA 602 (1996) 327. 
9
ΛHe	  (9Be) U.L.=2.3 10-4/K-

stop;  12
ΛBe(12C) U.L.=6.1 10-5/K-

stop;    
16
ΛC(16O) U.L.=6.2 10-5/K-

stop 
 
PLB 640 (2006) 145: upper limits 6ΛH, 7ΛH and 12

ΛBe 
oct 2003 - jan 04: ~220 pb-1 
6
ΛH	  (6Li) U.L.= (2.5 ± 1.4) 10-5/K-

stop;  7ΛH(7Li) U.L.= (4.5± 1.4) 10-5/K-
s;   

12
ΛBe(12C) U.L.= (2.0 ± 0.4) 10-5/K-

stop (inclusive π+ spectra analysis)	  
 
PRL 108 (2012) 042501, NPA 881 (2012) 269:  6ΛH observation 
PRC 86 (2012) 057301: upper limits 9ΛHe 
 

Search for light n-rich  
hypernuclei in FINUDA 
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Background sources: 
 
•  fake coincidences: T(π+)+T(π-‐)(202÷204 MeV) &	  π+(250÷255 MeV/c) &	  	  

	
 	
 	
 	
 	
π-(130÷137 MeV/c)        0.27±0.27 ev. 
	  
•  K-

stop + 6Li →	  Σ+	  +	  π-‐	  + 4He + n 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (end point ~190 MeV/c) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  n	  +	  π+	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  (end point ~282 MeV/c)  0.16±0.07 ev. 
	  
• 	  K-

stop + 6Li →	  4ΛH	  + n + n + π+	  	  	   	   	   	  (end point ~252MeV/c)     negligible 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4He +	  π-‐	  	   	  	   	  	  (p(π-) = 132.8 MeV/c) 	  T(π+)+T(π-‐) cut 	   	  

	   	   	   	   	   	   	   	   	   	   	  	  
6
ΛH/K-

stop production rate 
Total background: BGD1 + BGD2 = 0.43 ± 0.28 events on 6Li   
Poisson statistics: 3 events DO NOT belong to pure background: C.L.= 99% 

	  
R * BR(π-) = (3 – BGD1 – BGD2) / [ε(π-) ε(π+) (n. K-

stop on 6Li)] 
	   	   	   	   	   	  	  

	  

	   	   	  R * BR(π-) =  (2.9 ± 2.0) 10-6/K-
stop 

	   	   	   	   	  	  
	   	   	   	  	  	  	  	  	  	  	  R = (5.9 ± 4.0) 10-6/K-

stop     (2.5 ± 0.4+0.4
-0.1) 10-5/K-

stop 

                             Agnello et al., PLB 64(2006) 145  

6
ΛH/K-

stop production rate 

36	  FINUDA Coll. and A. Gal, PRL 108 (2012) 042501, NPA 881 (2012) 269	  

H. Tamura, et al.,  
PRC 40 (1989) R479 
BR(π-) 4ΛH = 0.49 



Conclusions 
(K-

stop, π+) production rate vs A 

FINUDA: inclusive spectra 
 
FINUDA: coincidence 
 
KEK  
 
full bars:  U.L.,  90% C.L. 
 
experimental and theoretical 
efforts needed (H. Sugimura and 
A. Gal talks) 
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Combined PID (TPC+TOF) 

just because something is impossible today 
doesn’t mean it will be impossible in the future. 

Preliminary 

Yu-Gang Ma  
Shanghai Institute of Applied Physics 

(SINAP),  
Chinese Academy of Sciences 
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Combined PID (TPC+TOF) 

just because something is impossible today 
doesn’t mean it will be impossible in the future. Very clean identification after search of > half-trillion tracks  

from almost one billion gold-gold collisions. 



ALICE’s observation for 
anti-Helium 4	

4
3 
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Lifetime puzzle: So short?	

Zhu Yuhui（SINAP)， PhD thesis, 2013	



Nuclear Astrophysics	




LUNA site 

LUNA 1 
(1992-2001) 

50 kV 

LUNA 2 
(2000à…) 

400 kV 

Laboratory for Underground 

 Nuclear Astrophysics 

Radiation LNGS/surface 

Muons 
Neutrons 

10-6 

10-3 
 

LNGS 
(1400 m rock shielding ≡ 4000 m w.e.) LUNA MV 

(2012->...) 

Alessandra Guglielmetti 
Universita’ degli Studi di Milano and 
INFN, Milano, ITALY 
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AGB stars 
19 F 

Big Bang 

H-burning & 
He-burning 

Nuclear Astrophysics ambitious task is to 
explain the origin and relative abundance 
of the elements in the Universe  

Element abundances in the solar system	  



 p + p        → 2H + e+ + ν  
 p + e- + p →  2H + e+ + ν	

3He + p    →  4He + e+ + ν   
7Be + e-      →  7Li + ν	

8B            →  8Be + e+ + ν 
13N           →  13C  + e+ + ν	

15O           →  15N + e+ + ν 
17F            →  17O + e+ + ν	


p-p  
chain 

CNO  
cycle 

Neutrino production in stars 

Solar neutrino puzzle: solved! 
Neutrino flux from the Sun can be used to 
study: 
•  Solar interior composition 
•  Neutrino properties 
ONLY if the cross sections of the involved 
reactions are known with enough accuracy 



reaction Q-value 
(MeV) 

17O(p,γ)18F 
17O(p,α)14N 
 

5.6 
1.2 

18O(p,γ)19F 
18O(p,α)15N 
 

8.0 
4.0 

23Na(p,γ)24Mg 11.7 
22Ne(p,γ)23Na 8.8 
D(α,γ)6Li 1.47 

just started 

LUNA 400 kV program 

Still three reactions to be measured to be completed by 2015 

just started 
completed 

completed 

Higher energy machineà 3.5 MV single ended positive ion 
accelerator 



Oxygen-16 

  
     
      

Consequences 
§  late stellar evolution 
§  composition of C/O White dwarfs 
§  Supernova type I explosion 
§  Supernova type II nucleosynthesis 

relevant questions: 
Energy production and time scale 
of Helium burning: 
 

4He(2α,γ)12C(α,γ)16O(α,γ)20Ne 
 
Neutron sources for s process: 
 
14N(α,γ)18F(β+ν)18O(α,γ)22Ne(α,n) 

         22Ne(α,γ) 

12C(α,γ)16O – Holy Grail of Nuclear Astrophysics 

Stellar Helium burning in Red Giant Stars 
the He burning is ignited on the 4He and 14N ashes of 
the preceding hydrogen burning phase (pp and CNO) 



Neutrinos and Nuclei	
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flux before oscillation 
observed here 

Oscillations observed as a 
deficit of anti-neutrinos 

sin22θ13 

  
P νe →νe( )≈ 1− cos4θ13 sin2 2θ12 sin2 1.27Δm12

2 L
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Eν

⎛

⎝
⎜

⎞

⎠
⎟

the position of the 
minimum is defined by 
Δm2

13 (~Δm2
23) 

Experimental Method of θ13 Measurement 

q  Find disappearance of νe fluxes due to neutrino oscillation as a function of energy using 
multiple, identical detectors to reduce the systematic errors in 1% level.  

Soo-Bong Kim (KNRC, Seoul National University) 



Reactor Antineutrino Oscillations 



§   A clear disappearance of reactor antineutrinos is observed. The 
smallest mixing angle θ13 that was the most elusive puzzle of 
neutrino oscillations, is firmly measured by the reactor experiments."

§   A surprisingly large value of θ13 will strongly promote the next round 
of neutrino experiments to find the CP phase and determine the 
mass hierarchy. 

)(015.0)(010.0100.02sin 13
2 syststat ±±=θ (RENO) 

)(005.0)(010.0089.02sin 13
2 syststat ±±=θ (Daya Bay

) 
)(025.0)(030.0109.02sin 13

2 syststat ±±=θ (Double Chooz) 

§   Precise measurement of θ13 by the reactor experiments will provide 
the first glimpse of  δCP. If accelerator results are combined."



Hot and Dense Nuclear Matter	




The Relativistic Heavy Ion Collider 
Recent Results 

Thomas Ullrich 
BNL and Yale University 
INPC 2013, Florence, June 7, 2013 

Steve Zimic	


Enrique Diaz	
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RHIC: Huge Performance Improvements 

2001 

2004 

2007 
2010 2011 Collisions 

System 
Beam Energy  

(GeV/n) 

Used to date 
Au+Au 3.85, 4.6, 5.75, 9.8, 

13.5, 19.5, 31, 65, 100 
d+Au 100 
Cu+Cu 11, 31, 100 

p↑+p↑	
 11, 31, 100, 205, 250, 
255 

Cu+Au 100 
U+U 96 

Considered for future 
Au+Au 2.5, 7.5 
p↑+Au 100 

p↑+3He↑	
 166 

2 new colliding beam  
species/combinations  
in 2012 
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RHIC: Charting the Phase Diagram 
Mapping the features of the 
QCD matter phase diagram 
is key to our understanding 
dense matter 
 
Three Goals: 
• Turn-off of QGP 

signatures 
• Critical Point 
• First order phase 

transition 
 
RHIC Beam-Energy-Scan: 
√s as control parameter to 
vary initial temperature and 
chemical potential 

Beam energy range in area of 
relevance is unique to RHIC  
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Beam Energy Scan: Charged Hadron RCP 

Drops below unity for 
√sNN ≥ 39 GeV 

At low energies 
strongly enhanced 
Cronin effect 

Note: RCP  < 1 does not imply the absence of suppression (jet 
quenching)  
Need to disentangle Cronin effect and Parton Energy Loss 
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Higher Flow Harmonics 

vn (here 2,3) have similar pT 
distributions for √snn=39-200 GeV 
Numerous effects cancel out?   

π+π-	
 K+K-	
 pp 

Planck, arXiv:1303.5062v1 

Analog to measurements of 
early universe sound  
harmonics… 
Heavy Ion harmonics give key 
constraints on  
viscous damping and initial 
spatial correlations 
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Beam Energy Scan: Energy Density 
Bjorken Energy Density:  

Critical Energy 
from Lattice: 
εχ ~ 0.6 GeV/fm3 

εΒϑ above critical density for all collision energies and centralities 
NB.: means QGP at lower energies cannot be excluded from εΒϑ  
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Recent	  results	  from	  heavy-‐ions	  
collisions	  at	  CERN	  

INPC	  	  2013	  	  	  	  	  	  	  	  
Paolo	  
Giubellino	  
INFN	  Torino	  &	  
CERN	  
June	  7,	  2013	  
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Azimuthal	  Asymmetry	  

( )...)2cos(2)cos(21
2
1

21 +++= ϕϕ
πϕ

vv
dydpp

dN
dyddpp

dN

TTTT

flow" directed"   cos1 ϕ=v flow" elliptic"   2cos2 ϕ=v

l  Fourier	  expansion	  of	  azimuthal	  distribuGon:	  

Flow: Correlation between coordinate and momentum 
space => azimuthal asymmetry of interaction region 
transported to the final state 
→   measure  the strength of collective phenomena  
Large mean free path  

particles stream out isotropically, no memory of the 
asymmetry  

extreme: ideal gas  (infinite mean free path)  
Small mean free path 

larger density gradient -> larger pressure gradient -> 
larger momentum  

extreme: ideal liquid (zero mean free path, 
hydrodynamic limit) x

y z

SCIENCE Vol: 298 
2179 (2002) 7Li 

Ultra-cold 7Li 
10-12 eV , 2 ms 
of expansion 
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The	  shape	  of	  an	  individual	  event!	  

→ 	  study	  of	  
fluctuaGons	  and	  
of	  event	  features	  
vs.	  flow	  paOerns	  

hOp://arxiv.org/abs/1305.2942	  

ATLAS,	  arXiv:1209.6330	  
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5

Precision	  measurements:	  Ultra	  Central	  Collisions	  

CMS-HIN-12-011

 
Ultra-central collisions: less uncertainty on initial 
conditions 
Strong constraints on transport coefficients 
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Detailed	  studies:	  Jet	  peak	  shape	  deformaPon	


σΔη	

σΔϕ	


2 < pT,t < 3    1 < pT,a < 2 GeV/c 
4 < pT,t < 8    2 < pT,a < 3 GeV/c 

σΔϕ constant whereas σΔη  
increases with centrality. 
σΔη > σΔϕ predicted by models  
including longitudinal flow. 

N. Armesto 
et al., PRL 
93,242301 
(2004) 

Long-range Δη correlations subtracted Near-side “jet” peak 

conical	  jet	  shape	  deformed	  
by	  longitudinal	  flow	  ?	  



Leticia Cunqueiro - LNF 
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J/ψ	  suppression	  ?	  

less suppression 
than RHIC  

Phenix µµ	


 RAA 

ALICE µµ	


pT	  dependence	  in	  agreement	  	  
with	  models	  including	  	  
regeneraGon.	  
	  

regeneraGon	  

melGng	  

melGng	  	  

regeneraGon	  

events will scale as A4/3. Individual collisions between protons are thought 
to occur independently of each other, and their number can be computed 
from the distributions of the nuclear densities, the nuclear overlap for a 
given impact and the inelastic proton–proton cross-section.

Collisions of nuclei differ from collisions between protons in that the 
hard scattered partons may traverse the quark–gluon plasma before or 
during their hadronization into a jet. Jets are characteristic of collisions 
between protons in which two constituent partons scatter and recede 
from each other with a significant fraction of the initial beam momen-
tum. In the plane transverse to the beams, the momenta are large and 
opposite in direction. The two scattered partons hadronize mainly into 
mesons that are emitted in a cone — the jet — around the direction of 
parton momentum. It was realized very early31 that the quark–gluon 
plasma could modify jets resulting from collisions between nuclei. 
Calculations showed that a parton traversing a hot and dense medium 
consisting of other partons — that is, a quark–gluon plasma — should 
lose substantially more energy than one traversing cold nuclear mat-
ter32–34. This prediction appears to be borne out by data from all four 
experiments at RHIC.

A jet is much more difficult to see in a heavy-ion collision than after a 
collision between protons. The reason is the sheer number of particles 
produced: a single central (head-on) gold–gold collision generates about 
5,000 charged particles, and unless the jet has very high (transverse) 
momentum, it will not stand out in the crowd. But the presence of jets 
will affect the overall transverse momentum distribution. At low trans-
verse momenta, the spectrum in a heavy-ion collision is complex, as it is 
a superposition of hydrodynamic expansion effects and random thermal 
motion. Nevertheless, for particles of a particular species with transverse 
momenta that are significantly larger than their mass, the resulting spec-
trum is nearly exponential. The contribution of jets with high transverse 
momentum leads to a distinct power-law behaviour typically visible for 
values of transverse momentum of a few GeV or more.

To judge a possible modification of the shape of the spectrum in a 
high-energy nuclear collision, the transverse-momentum distribution 
of π mesons produced in central gold–gold collisions at RHIC can be 
compared with that measured in proton–proton collisions. To quantify 
this comparison, the ratio of the gold–gold-collision spectrum to the 
proton–proton-collision spectrum is scaled to the total number of ine-
lastic collisions in the nuclear case, providing the suppression factor RAA. 
For larger transverse momenta, this factor settles at about 0.2 (Fig. 4); 

that is, the production of high-momentum π mesons is suppressed by a 
factor of five in gold–gold collisions.

What is the origin of this suppression? The transverse-momentum 
spectrum for collisions between protons agrees well35 with theoretical 
calculations that use next-to-leading-order quantum chromodynamic 
perturbation theory. When the spectra of deuteron–gold collisions of 
varying centrality are compared with the proton–proton spectrum, RAA 
is 1 or larger (for more central collisions, values larger than 1 are even 
expected — a phenomenon known as the Cronin effect, caused by the 
scattering of partons before the hard collision). For peripheral gold–gold 
collisions, the values of RAA also correspond well to the expectation from 
collisions between protons. The clear implication is that something 
special and new happens in central gold–gold collisions: the precursor 
parton of the jet produced must lose a lot of energy, causing the trans-
verse-momentum spectrum of the mesons in the jet to fall off steeply.

Several researchers have shown that only calculations including large 
energy loss in the medium can account for these data. The clear implica-
tion is that the medium present in the collision fireball is hot and dense, 
and when partons pass through it, they lose energy. Both radiation of 
gluons and elastic scattering seem to be important here. In deuteron–
gold collisions, by contrast, the jet sees at most cold nuclear matter (or 
a vacuum), and does not seem to be perturbed.

Calculating the energy loss of a fast parton in a quantum chromody-
namic liquid, as suggested by the data discussed in the previous section, 
is beyond the current theoretical state-of-the-art. To gain insight into the 
underlying physics of energy loss, it is helpful to resort to another aspect 
of the medium: that it contains many gluons. Indeed, the RHIC data on 
parton energy loss are well explained by modelling the medium formed 
by the collision as an ultra-dense gluon gas with a density of the number 
of gluons (Ng) per rapidity interval of dNg /dy = 1,100. Here, the rapidity y 
is a logarithmic measure of the gluon’s longitudinal velocity, v. With the 
simple assumption that v = z/t (z is the longitudinal space coordinate), 
Bjorken36 showed how to map rapidity densities to spatial densities. The 
spatial gluon density in turn is linked directly to entropy density. Using 
relations from statistical mechanics for a relativistic gas of bosons (and 
fermions if quarks are included), the temperature and energy density 
can be obtained from these gluon densities. The high gluon densities 
needed to reproduce the observed gold–gold RAA correspond to an initial 
temperature of about twice the critical temperature for the formation of a 
quark–gluon plasma. The initial energy densities of 14–20 GeV fm–3 are 
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Figure 6 | Charmonium suppression. a, At low energies, the quark–gluon 
plasma screens interaction between the only pair of charm quark and 
antiquark produced (red dots) and any other two quarks (up, down, 
strange) will find themselves paired with the charm quark/antiquark in 
D mesons at hadronization (purple circles). At high energies, by contrast, 
many charm–anticharm pairs are produced in every collision and at 
hadronization, charm and anticharm quarks from different original pairs 
may combine to form a charmonium J/Ψ particle. Grey dots indicate 

light partons produced in the collision. b, Theory and experiment 
compared quantitatively. Model predictions55 for the charmonium 
suppression factor agree well with recent RHIC data from the PHENIX 
collaboration66. Owing to the increased level of statistical recombination 
expected, enhancement rather than suppression is predicted for LHC 
conditions. What the experiments deliver will be a further crucial test of 
theories of the quark–gluon plasma. Part b reproduced, with permission, 
from ref. 55.
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NATURE|Vol 448|19 July 2007INSIGHT REVIEW

Braun-‐Munzinger	  &	  Stachel,	  	  Nature	  Vol.	  448	  (2007)	  



R. De Vita 	
 	
 	
                     Meson Spectroscopy in the Light Quark Sector 	
 	
                Firenze, June 3rd 2013	


8Nuclear modification factor pPb vs PbPb

ALICE, PRL 110 (2013) 082302

● RpPb (at mid-rapidity) consistent 

with unity for pT > 2 GeV/c

● High-pT charged particles 

exhibit binary scaling  

● Unlike in PbPb, no suppression 
at high pT is observed

● Suppression at high pT in PbPb 

is not an initial state effect

1

First proton-lead results from ALICE

Constantin Loizides
(LBNL/EMMI)

on behalf of the ALICE collaboration

06 June 2013

INPC 2013



6Charged particle pseudorapidity density

ALICE, PRL 110 (2013) 032301

● Tracklet based analysis

● Dominant systematic uncertainty 

from NSD normalization of 3.1%

● Reach of SPD extended to |η|<2 

by extending the z-vertex range

● Results in ALICE laboratory system

● ycms = - 0.465

● Comparison with models

● Most models within 20%

● Saturation models have too steep 

rise between p and Pb region

● See for further comparisons 

Albacete et al., arXiv:1301.3395

NB: HIJING calculations are expected 
to increase by ~4% from INEL to NSD 

1

First proton-lead results from ALICE

Constantin Loizides
(LBNL/EMMI)

on behalf of the ALICE collaboration

06 June 2013

INPC 2013
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Two-‐parPcle	  angular	  
correlaPons	  

CMS,	  arXiv:1305.0609	  
 CMS,	  JHEP	  1009	  (2010)	  91	  

CMS,	  PLB	  718	  (2012)	  795	   ATLAS,	  arXiv:1212.5198	   ALICE,	  PLB	  719	  (2013)	  29	  

pp PbPb 

pPb pPb pPb 

Near-‐side	  ridges	  
apparent	  in	  high	  
mulGplicity	  events	  
at	  LHC	  energies	  
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SubtracPng	  the	  low-‐mult	  from	  the	  high-‐mult	  
•  A	  double-‐ridge	  structure	  appears,	  with	  remarkable	  properGes:	  	  

–  Same	  yield	  near	  and	  away	  side	  for	  all	  classes	  of	  pT	  and	  mulPplicity:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
suggest	  common	  underlying	  process	  

–  Width	  independent	  of	  pT	  
–  Shape	  of	  the	  distribuGons	  decomposed	  into	  a	  Fourier	  series,	  in	  terms	  of	  the	  

coefficients	  	  vn	  of	  the	  corresponding	  single	  parGcle	  azimuthal	  distribuGons	  
-‐	  v2	  is	  the	  dominant	  component	  
-‐	  v2	  and	  v3	  increase	  with	  pT	  and	  v2	  also	  with	  mulGplicity	  

–  possible	  explanaGons?	  CGC??	  Flow??	  

Double-‐ridge	  structure	   Also observed by ATLAS, with the same method,  and CMS 
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v3	  in	  PbPb	  
and	  pPb	  	  

•  Observe	  essenGally	  the	  same	  v3	  in	  pPb	  as	  in	  PbPb	  
•  Turn	  on	  at	  around	  M=50	  tracks	  
•  Established	  picture	  in	  PbPb	  
•  FluctuaGons	  of	  iniGal	  state	  	  are	  transformed	  into	  final	  state	  through	  interacGons	  
•  Hydrodynamical	  predicGons	  (4.4	  TeV,	  arXiv:1112.0915)	  	  consistent	  with	  pPb	  data	  

CMS,	  arXiv:1305.0609	  



Nuclear Physics Based 
Applications	




NUCLEAR PHYSICS AND NEW 

SYSTEMS FOR ENERGY PRODUCTION 

AND WASTE TRANSMUTATION 

Sponsored by  

Sylvie Leray 
CEA/Saclay, Irfu/SPhN 



NUCLEAR ENERGY 

JUNE 13, 2013 |  PAGE 82 INPC 2013 | June 2-7, 2012 

Source:  
World Nuclear 
Association  
(May 2013)  



FUTURE OF NUCLEAR ENERGY 

JUNE 13, 2013 |  PAGE 83 INPC 2013 | June 2-7, 2012 



NUCLEAR DATA NEEDS 

"   Existing, Gen-III reactors 
"  Optimization of fuel burn-up  
"  Increase of life time 
"  Safety margin reduction: decay 

heat, delayed n fraction 

"   Fast reactors (Gen-IV)  
"  New fuel, cladding, coolant 

materials  
"  Minor actinide transmutation 

"   ADS  
"  Spallation target radioactive 

inventory  
"  Material damage  

JUNE 13, 2013 |  PAGE 84 INPC 2013 | June 2-7, 2012 

"   cross-sections 
"  capture 
"  fission 
"  inelastic, (n,2n) 

"   multiplicities  
"  prompt and delayed neutrons  
"  delayed gammas 

"    characteristics of reaction 
products  

"  Energy and angular 
distributions  

"  fission fragments  
"  spallation residues  



ANDES FP7 PROJECT 
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CAPTURE AND FISSION CROSS-SECTIONS  

JUNE 13, 2013 |  PAGE 86 INPC 2013 | June 2-7, 2012 

M. Calviani et al., PRC 85, 
034616 (2012) 

n_TOF CERN 
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Modelling of spallation reactions 

" New high quality data 
"  isotopic distributions of residues at FRS 
"  excitation function measurements (Michel et al., 

Titarenko et al.)  
"  light charged particles DDXS and neutrons 

multiplicities by the NESSI / PISA collaborations 
 Highly predictive models for implementation into 
transport codes: INCL+ABLA, CEM, FLUKA… 

From	  A.	  Boudard	  et	  al.,	  Phys.	  Rev.	  C	  87,	  014606	  (2013)	  Data from Herbach et al. Data fromEnqvist et al. 



New Facilities and 
Instrumentation	
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