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Dark Matter 

Cosmological   
parameters 

Bariogenesis 
CP, B     

General relativity 

GW  

 Primordial GW 
GUT 

Dark Energy 

Cosmos is the “ultimate” laboratory to study fundamental physics, up 
to energy scales unreachable with the most powerful accelerators…...   

EW Unification  

Strings 

Line 2 
Rare processes 
Line 3 
Cosmic radiation from ground 
Line 4 
Cosmic radiation from space 

Line 5 
Gravitational waves 



 Line	
  1	
  Neutrino	
  Physics	
  
 Line	
  2	
  Rare	
  Processes	
  (Dark	
  ma8er,	
  0ν2β	
  
decays,	
  SN	
  ν)	
  

 Line	
  3	
  Cosmic	
  rays	
  by	
  ground	
  based	
  and	
  
underwater	
  experiments	
  

 Line	
  4	
  Study	
  of	
  the	
  cosmic	
  rays	
  by	
  
experiments	
  in	
  the	
  space 	
  	
  

 *Line5	
  Search	
  for	
  gravitaLonal	
  waves	
  
 Line	
  6	
  General	
  Physics	
  
 Others	
  

FTE
 607


PEOPLE
 800


	
  	
  	
  	
  	
  	
  	
  2011	
  Funding	
  12.8	
  	
  M€	
  *	
  	
  	
  	
  (-­‐14%	
  vs	
  2010)	
  

*Note:	
  addiLonal	
  6.2	
  M€	
  for	
  AdV	
  during	
  2009-­‐2011	
  



Year
 2011
 2010
 2009
 2008
 2007
 2004-06

(average)


2001-03

(average)


FTE
 607
 650
 644
 674
 676
 646
 579


People
 ≈800
 ≈820
 860
 ≈850
 ≈850
 742
 -


Note: the decrease in FTE  2010-2011 is mainly due to change in counting rules 	





ISI	
  publicaLon	
  rate	
  keep	
  increasing	
  for	
  
the	
  5th	
  year	
  in	
  a	
  row	
  



Impact	
  Factor	
  



Line	
  1:	
  neutrino	
  physics	
  	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  	
  BOREXINO	
  (Solar),	
  OPERA	
  	
  2	
  ντ,	
  
ICARUS-­‐CNGS,	
  T2K	
  θ13	
  

• NEXT	
  YEAR(S)	
  :	
  	
  BOREXINO	
  (sterile),	
  CNGS	
  END,	
  
T2K	
  CONTINUES,	
  ICARUS+NESSIE@CERN	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  ICARUS+NESSIE@CERN,	
  
DAYA	
  BAY	
  2	
  (?),	
  LONG	
  BASELINE	
  (CERN,	
  US,	
  JP)	
  (?)	
  

8	
  



θ13	
  

θ23	
  

θ12	
  
Appearance	
  

Disappearance	
  



Neutrino oscillation: what we don’t know 

•  + A number of anomalies:   
•  LSND ? 
•  Reactor neutrino flux ? 
•  Sterile neutrinos ? MiniBoone 
•  V > C ? 

•  Unknown parameters in neutrino oscillation: 
–     θ13 , mass hierarchy, CP phase δ + Majorana phase  

Atmospheric       Solar  Majorana phase   CP phase & θ13 

Atmospheric 
accelerator 

solar 
reactor 

Double beta  
decays 

reactor 
accelerator 



Neutrino oscillations & sterile neutrinos  

• Atmospheric neutrinos(θ23) 
•  SuperK，HyperK/UNO，INO，TITAND,… 

• Solar neutrinos(θ12):   
•  GALLEX/SAGE, SuperK, SNO, Borexino, XMASS, … 

• Reactor neutrinos(θ12,θ13  mass hierarchy):  
– KamLAND, Daya Bay, Double CHOOZ, Reno,… 

• Accelerator neutrinos(θ23,θ13  mass hierarchy, 
δ, …):  
– MINOS, OPERA, MiniBooNe, T2K, NOVA, ICARUS… 



Veto 
(RPC’s) 

High Precision Tracker   Instrumented dipolar magnet !
● 2 x 3 planes !     ● 1.53 T !
   of drift tubes !     ● 22 x 2 XY planes of RPCʼs !

! !            !!
                  Muon spectrometer (8×10 m2)!

Target section (6.7m)2!

● Target: 77500 bricks !
   (Pb – nuclear emulsions) !
   arranged into 29 walls !

● Target tracker : XY doublets of  
scintillator strips + WLS fibres  + multi-
anodes PMT  

SUPERMODULE 1! SUPERMODULE 2!

Hall C Laboratori Nazionali Gran Sasso!

OPERA  @ CNGS 
     tau neutrino appearance   
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The	
  T2K	
  experiment	
  

•  Tokai-­‐to-­‐Kamioka	
  neutrino	
  oscillaLon	
  experiment	
  

"   to	
  precisely	
  measure	
  the	
  νµ	
  disappearance,	
  i.e.	
  θ23	
  and	
  Δm2
23	
  (~Δm2

13)	
  
"   to	
  intensively	
  search	
  for	
  νµ	
  	
  νe	
  appearance,	
  i.e.	
  non-­‐zero	
  θ13	
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Borexino	
  	
  

P(ve	
  -­‐-­‐>	
  ve)	
  	
  
Ma8er	
  

Vacuum	
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ICARUS	
  



a 

Events in the data "

NOW_Sept2012" Slide#  : 19"

b 

● Two CC events have been 
observed in data sample, with 
a clearly identified electron 
signature: 

(a) total energy: 11.5 ± 1.8 GeV, 
Pt = 1.8 ± 0.4 GeV/c  

(b) total visible  energy:  17 
GeV,  Pt = 1.3 ±0.18 GeV/c 

●  In both events the single 
electron shower in the 
transverse plane is clearly 
opposite to the remaining of 
the event  



LSND-like exclusion due to the present experiment "

NOW_Sept2012" Slide#  : 20"

New exclusion 
 area from ICARUS 



Comparing ICARUS and reactor disappearance anomaly ?"

Slide#  : 21"

Δm2
21 ≈ 8 x 10-5 eV2  

Δm2
31 ≈ 2.4 x 10-3 eV2 

L/
E ν

 ν
µ	



IC
A

RU
S 

wi
nd

ow
 

●  ICARUS may offer in the future also the possibility of 
comparing the observed/predicted ratio Rµ of neutrino events 
to the one expected from the CERN accelerator neutrino 
beam. 

● The ν production flux may then be compared with predictions 
and checked with the observed muon flux at nearby distances. NOW_Sept2012"



T600 TPC transport"
● The TPCs will be transported inside 

clean and lightweight containers 
using the trolleys already used for 
the transport from Pavia to LNGS. 

● Feasibility study and cost 
estimate for T600 
transport from LNGS to 
CERN carried out in close 
collaboration with CERN 
Transport Group. 

● No major works in LNGS 
underground Laboratory. 

Slide#  : 22"



Line	
  1:	
  neutrino	
  physics	
  	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  	
  BOREXINO,	
  OPERA	
  	
  2	
  ντ,	
  ICARUS-­‐
CNGS,	
  T2K	
  θ13	
  

• NEXT	
  YEAR(S)	
  :	
  	
  BOREXINO	
  (sterile),	
  CNGS	
  ENDS,	
  
T2K	
  CONTINUES,	
  ICARUS+NESSIE@CERN	
  (under	
  
discussion)	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  ICARUS+NESSIE@CERN,	
  
DAYA	
  BAY	
  2	
  (?),	
  LONG	
  BASELINE	
  (CERN,	
  US,	
  JP)	
  (?)	
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Line	
  2:	
  rare	
  processes	
  	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  	
  
– 	
  DAMA-­‐LIBRA,	
  XENON-­‐100	
  

– 	
  GERDA	
  (operaLon),	
  CUORE	
  (construcLon)	
  

• NEXT	
  YEAR(S)	
  :	
  
– 	
  DAMA-­‐LIBRA,	
  XENON-­‐1T	
  (constr.),	
  DARK-­‐SIDE	
  (constr.)	
  

– 	
  GERDA,	
  CUORE	
  	
  	
  Planck	
  and	
  CMB	
  results	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  	
  CUORE+	
  (?),	
  XENON+	
  (?),	
  
DARK-­‐SIDE+	
  (?),	
  CRYOGENIC	
  CRYSTALS	
  (?)	
   24	
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LNGS:	
  the	
  best	
  laboratory	
  in	
  the	
  
world	
  for	
  the	
  search	
  of	
  Dark	
  Ma8er	
  

and	
  the	
  study	
  of	
  Rare	
  Decays.	
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Power spectrum  

Multiple hits events =  
Dark Matter particle “switched off” This result offers an 

additional strong support 
for the presence of DM 
particles in the galactic 
halo further excluding any 
side effect either from 
hardware or from 
software procedures or 
from background 

2-6 keV 

Comparison between single hit residual rate (red points) and multiple hit residual rate 
(green points) for  (DAMA/LIBRA 1-6); Clear modulation in the single hit events; No 
modulation in the residual rate of the multiple hit events A=-(0.0006±0.0004) cpd/kg/keV	



EPJC 56(2008)333, EPJC 67(2010)39  

continuous line: t0 = 152.5 d,  T = 1.00 y 
Acos[ω(t-t0)] 	



DAMA/NaI (7 years) + DAMA/LIBRA (6 years). Total exposure: 1.17 ton⋅yr (the largest 
exposure ever collected in this field)	



Experimental single-hit residuals rate vs time in 2-6 keV	



A=(0.0114±0.0013) cpd/kg/keV 
χ2/dof = 64.7/79     8.8 σ C.L. 

Absence of modulation? No 
  χ2/dof=140/80 P(A=0) = 4.3⋅10-5	



fit with all the parameters free: 
A = (0.0116 ± 0.0013) cpd/kg/keV      
t0 = (146±7) d   
T = (0.999±0.002) y 

Principal mode  
2.735 · 10-3 d-1 ≈ 1 y-1 
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The future: Xe 1 T


F. Arneodo, XCVII Congresso SIF, L’Aquila, 27 Settembre 2011  



MOON!
CUORE!

NEMO!

MAJORANA!

GERDA!

EXO!

CUORICINO!

Are neutrino Maiorana particles ?   
Neutrinoless double beta decay experiments 



LNGS, Ottobre 2010 C.M	
  Ca8adori	
  Piano	
  Triennale	
  2010	
  

The rendering of the setup 

•  Insert rendering as at KTK public lecture 
slide n.27 

status:  

cryo-mu-lab 

water plant 
Rn monitor 

control room 

water tank - rdy 

clean room – rdy 

cryostat - rdy 

phase I  lock – under test 

phase I array 
rdy (scaled:) 

FE electronics 
2 version avlb 

µ veto  
rdy 

GERDA 
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Cosmological disfavoured  
region (WMAP) 

Direct hierarchy 
Δm2

12= Δm2
sol 

Δm2
12= Δm2

atm => CUORE	



“quasi” degeneracy 
m1≈ m2 ≈ m3 

With the same matrix elements the  
        Cuoricino limit is 0.53 eV 

Present Cuoricino region 

  Possible evidence 
(best value  0.39 eV) 

Arnaboldi et al., submitted to PRL, hep-ex/0501034 (2005). 

4 

Limit of Cuoricino and expected sensitivity of CUORE 
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Line	
  2:	
  rare	
  processes	
  	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  	
  
– 	
  DAMA-­‐LIBRA,	
  XENON-­‐100	
  

– 	
  GERDA	
  (operaLon),	
  CUORE	
  (construcLon)	
  

• NEXT	
  YEAR(S)	
  :	
  
– 	
  DAMA-­‐LIBRA,	
  XENON-­‐1T	
  (constr.),	
  DARK-­‐SIDE	
  (constr.)	
  

– 	
  GERDA,	
  CUORE	
  	
  	
  Planck	
  and	
  CMB	
  results	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  	
  CUORE+	
  (?),	
  XENON+	
  (?),	
  
DARK-­‐SIDE+	
  (?),	
  CRYOGENIC	
  CRYSTALS	
  (?)	
   39	
  



Line	
  3:	
  cosmic	
  rays	
  from	
  ground	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  	
  ARGO,	
  AUGER,	
  MAGIC	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ANTARES,	
  KM3-­‐NET	
  

• NEXT	
  YEAR(S)	
  :	
  	
  AUGER,	
  MAGIC	
  	
  	
  CTA	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  KM3	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  AUGER	
  (?),	
  CTA	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  KM3-­‐NET	
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5% at 1.4 TeV  at 90% c.l.!
6% at 5 TeV  at 90% c.l.!

In this energy range the p 
fraction in CR is ≈70%!

Antimatter galaxy 
contribution for  
diffusion coefficients 
0.6, 0.7�

Heavy DM model (Cirelli) !

Secondary 
production!

ARGO-YBJ  

B. D’Ettorre Piazzoli 51 



MAGIC-II is completed 
First Light Ceremony April 2009 

Improve sensitivity by a factor of　three 
Effectively lower the threshold energy 
(upgrade with HPD 55%QE photodetectors) 

New technologies 
to lower the threshold energy 

17m diameter world largest Cherenkov tel. 
0.1°High resolution camera 
Hemispherical High QE PMT 
Optical fibre analogue signal transmission 
2GS/sec Ultra Fast FADCs 

Current MAGIC-I Performance 

Fast rotation for GRB < 40s 
Trigger threshold  ~55GeV  ~25GeV 
Sensitivity ~1.6% of Crab (50hrs) 
Angular resolution ~0.1 degrees 
Energy Resolution 20-30% 

85m 

MAGIC2: 1m2 mirrors (bigger, lighter):  
140 Al mirrors (INFN Padova) ; 

 100 glass (INAF Brera) 
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KM3	
  at	
  Capo	
  Passero	
  
Sito	
  studiato	
  e	
  cara8erizzato	
  dalla	
  collaborazione	
  NEMO	
  nei	
  passaL	
  12	
  anni	
  
Infrastru8ura	
  so8omarina	
  e	
  di	
  terra	
  già	
  realizzata	
  dall’INFN	
  da	
  upgradare	
  con	
  il	
  
proge8o	
  KM3NeT-­‐Italia	
  

Infrastru8ure	
  esistenL	
  
•  ConverLtore	
  so8omarino	
  
da	
  10	
  kW	
  DC/DC	
  

•  Cavo	
  ele8ro-­‐oqco	
  da	
  100	
  
km	
  

•  Sistema	
  di	
  alimentazione	
  
•  Stazione	
  di	
  terra	
  
•  Connessione	
  a	
  larga	
  banda	
  
(1	
  Gbps)	
  con	
  I	
  LNS	
  	
  (da	
  16/6	
  
operaLivo)	
  



Line	
  3:	
  cosmic	
  rays	
  from	
  ground	
  	
  
SUMMARY	
  

•  PAST	
  	
  YEAR(S)	
  :	
  	
  ARGO,	
  AUGER,	
  MAGIC	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ANTARES,	
  KM3-­‐NET	
  

•  NEXT	
  YEAR(S)	
  :	
  	
  AUGER,	
  MAGIC	
  	
  	
  CTA	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  KM3	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  AUGER	
  (?),	
  CTA	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  KM3-­‐NET	
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Line	
  4:	
  cosmic	
  rays	
  from	
  space	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  PAMELA,	
  AGILE,	
  FERMI,	
  AMS-­‐02	
  

• NEXT	
  YEAR(S)	
  :	
  	
  FERMI,	
  AMS-­‐02	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  AMS-­‐02,	
  JEM-­‐EUSO	
  (?),	
  
GAMMA-­‐400	
  (?),	
  HERD	
  (?)	
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PAMELA 



ApJ 457, L 103 1996 
ApJ 532, 653, 2000   

arXiv:0810.4994, PRL, 
 NJP11,105023 

arXiv:0810.4995, 
Nature, Astrop. Phys 

Science 2011 
arXiv:1103.4055  

arXiv:0708.2587 
 2008AdSpR..41..168C 
2008AdSpR..41.2037D 
2008AdSpR..41.2043C 

Pamela results  

Prl in press 



Fermi	
  4	
  years	
  in	
  orbit	
  
•  OperaLons	
  Milestones	
  

– 3	
  yrs	
  operaLons	
  last	
  June	
  
– >150B	
  triggers	
  

•  >	
  35B	
  evts	
  to	
  ground	
  
•  >500M	
  candidate	
  photons	
  

•  Instrument	
  
– Remarkably	
  stable	
  	
  

•  +	
  ~	
  0.01%	
  new	
  noisy	
  TKR	
  chans	
  
•  1/8	
  CAL	
  bad	
  chan	
  	
  (~	
  0.5%)	
  

– CalibraLons	
  limited	
  to	
  few	
  hours/yr	
  
(>99.99%	
  upLme)	
  

•  CollaboraLon	
  Status	
  
– >150	
  papers	
  published	
  

•  h8ps://www-­‐glast.stanford.edu/cgi-­‐bin/pubpub	
  

– ~1400	
  talks	
  since	
  launch	
  
– >	
  300	
  citaLons	
  



Energetic bubbles in our galaxy 

31	
  
Meng Su et al, ApJ 724, 1044 (2010) 
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1.03 TeV electron 
front 
view 

205 GeV positron 

TRD: identifies  
electron 

Tracker and Magnet:  
measure momentum 

front 
view 

ECAL: identifies electron and 
measures its momentum 

RICH charge of 
electron 

front 
view 

front 
view 

369 GeV positron 424 GeV positron 

AMS data: High energy e± 

R. Battiston   Irsee 2012 



Integral e+/e- rates & ratio 

57 

pointing 

flares… 

badruns… 



Line	
  4:	
  cosmic	
  rays	
  from	
  space	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  PAMELA,	
  AGILE,	
  FERMI,	
  AMS-­‐02	
  

• NEXT	
  YEAR(S)	
  :	
  	
  FERMI,	
  AMS-­‐02,	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  AMS-­‐02,	
  JEM-­‐EUSO	
  (?),	
  
GAMMA-­‐400	
  (?),	
  HERD	
  (?)	
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Line	
  5:	
  gravitaLonal	
  waves	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  3	
  BARS	
  (Explorer,	
  Auriga,	
  
NauLlus),	
  VIRGO,	
  VIRGO+,	
  LISA-­‐PATHFINDER	
  

• NEXT	
  YEAR(S)	
  :	
  2	
  BARS	
  (Auriga,	
  NauLlus),	
  
ADVANCED	
  VIRGO,	
  	
  LISA-­‐PATHFINDER	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  ADVANCED	
  VIRGO,	
  LISA,	
  
Einstein	
  Observatory	
  (?)	
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LNF INFN 
MiniGrail 



ADVANCED	
  VIRGO	
  (AdV)	
  	
  2009-­‐2014	
  

•  	
   	
   GOALS:	
  
 SensiLvity:	
  about	
  

10x	
  be8er	
  than	
  
Virgo	
  

 Timeline:	
  be	
  back	
  
online	
  with	
  Adv	
  
LIGO	
  

We	
  will	
  explore	
  a	
  Universe	
  volume	
  1000	
  Lmes	
  
larger	
  than	
  VIRGO	
  

108	
  ly	
  

Enhanced	
  LIGO/Virgo+	
  
2009	
  

Virgo/LIGO	
  

Credit:	
  R.Powell,	
  B.Berger	
  

Adv.	
  Virgo/Adv.	
  LIGO	
  
2014	
  

Project	
  approved	
  	
  by	
  the	
  
CSN2-­‐INFN	
  
Reviewed	
  by	
  CCS	
  –INFN	
  
Class	
  Ranking	
  A	
  	
  	
  



Line	
  5:	
  gravitaLonal	
  waves	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  3	
  BARS	
  (Explorer,	
  Auriga,	
  
NauLlus),	
  VIRGO,	
  VIRGO+,	
  LISA-­‐PATHFINDER	
  

• NEXT	
  YEAR(S)	
  :	
  2	
  BARS	
  (Auriga,	
  NauLlus),	
  
ADVANCED	
  VIRGO,	
  LISA-­‐PATHFINDER	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  ADVANCED	
  VIRGO,	
  LISA,	
  
Einstein	
  Observatory	
  (?)	
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Line	
  6:	
  fundamental	
  physics	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  MAGIA,	
  MIR,	
  LARES,	
  PVLAS	
  	
  

• NEXT	
  YEAR(S)	
  :	
  MAGIA,	
  HUMOR,	
  LARES,	
  G-­‐
GRANSASSO,	
  PVLAS	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  G-­‐GRANSASSO	
  (?),	
  
MAGIA	
  -­‐>	
  GW	
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LARES: Towards a One Percent  
Measurement of Frame Dragging 

Launched	
  	
  	
  	
  2012	
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Line	
  6:	
  fundamental	
  physics	
  	
  
SUMMARY	
  

• PAST	
  	
  YEAR(S)	
  :	
  MAGIA,	
  MIR,	
  LARES,	
  PVLAS	
  	
  

• NEXT	
  YEAR(S)	
  :	
  MAGIA,	
  HUMOR,	
  LARES,	
  G-­‐
GRANSASSO,	
  PVLAS	
  

•  LONG	
  TERM	
  	
  STRATEGY:	
  G-­‐GRANSASSO	
  (?),	
  
MAGIA	
  -­‐>	
  GW	
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