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I.	
  Why	
  to	
  search	
  for	
  DM	
  

•  The	
  man	
  in	
  the	
  street	
  	
  	
  à	
  	
  we’ve	
  to	
  know	
  what	
  
more	
  than	
  80%	
  of	
  the	
  ma2er	
  in	
  the	
  Universe	
  is	
  
made	
  of	
  

•  The	
  physicist:	
  man	
  in	
  the	
  street	
  +	
  since	
  DM	
  is	
  
non-­‐baryonic	
  à	
  DM	
  portal	
  to	
  new	
  physics	
  
beyond	
  the	
  SM	
  of	
  par@cle	
  physics	
  

•  The	
  parGcle	
  physicist:	
  man	
  in	
  the	
  street	
  +	
  
physicist	
  +	
  DM	
  may	
  be	
  related	
  to	
  O(1	
  TeV)	
  new	
  
physics	
  needed	
  to	
  naturally	
  stabilize	
  the	
  energy	
  
where	
  the	
  electroweak	
  symmetry	
  breaking	
  
occurs	
  



2012:	
  the	
  conquest	
  of	
  	
  	
  
a	
  new	
  energy	
  scale	
  in	
  physics	
  

•  ~1900	
  	
  	
  ATOMIC	
  SCALE	
  	
  	
  10	
  -­‐8	
  	
  cm.	
  	
  	
  	
  	
  	
  	
  1/(αme)	
  
•  ~1970	
  	
  	
  STRONG	
  SCALE	
  	
  	
  10	
  -­‐13	
  cm.	
  	
  	
  	
  Me	
  -­‐2Π/αsb	
  

• ~2010	
  	
  	
  WEAK	
  SCALE	
  	
  10	
  -­‐17	
  cm.	
  TeV-­‐1	
  
FUNDAMENTAL	
  OR	
  DERIVED	
  SCALE?	
  

EX.	
  	
  EXTRA-­‐DIMENSIONS	
  
or	
  
TeV	
  STRING	
  THEORY	
  

EX.:	
  TECHNICOLOR	
  or	
  
	
  SUSY	
  with	
  ELW	
  RAD.	
  BREAKING	
  	
  

NEW	
  PARTICLES	
  AT	
  THE	
  TEV	
  SCALE?	
  



2013:	
  the	
  thiumph	
  of	
  the	
  	
  STANDARD	
  
•  PARTICLE	
  STANDARD	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MODEL	
  
	
  
	
  

•  COSMOLOGY	
  STANDARD	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  MODEL	
  

ΛCDM	
  +	
  “SIMPLE”	
  INFLATION	
  	
  



HIGGS	
  MECHANISM	
  

HIGGS	
  MECHANISM?	
  



The	
  extracted	
  value	
  of	
  Neff	
  depends	
  whether	
  
one	
  makes	
  use	
  of	
  the	
  value	
  of	
  the	
  Hubble	
  
parameter	
  from	
  the	
  Planck	
  data	
  or	
  from	
  
independent	
  observa@ons	
  

Recent	
  (and	
  controversial!)	
  BICEP2	
  results:	
  	
  
from	
  the	
  measurement	
  of	
  the	
  B-­‐mode	
  polariza@on	
  of	
  the	
  CMB	
  photons	
  
à	
  ini@al	
  inflaGonary	
  epoch	
  at	
  energies	
  ~	
  V1/4	
  =	
  1.94	
  x	
  1016	
  	
  
GeV	
  (r/0.12)1/4	
  ;	
  r=	
  ra@o	
  of	
  the	
  CMB	
  tensorial/scalar	
  components	
  –	
  
from	
  BICEP2	
  r	
  ~0.2	
  ,	
  r≠0	
  at	
  ~6	
  σ	
  	
  
INFLATON	
  at	
  ~	
  1016	
  	
  GeV,	
  	
  not	
  standard	
  Higgs	
  infla@on	
  	
  (see,	
  
however,	
  Bezrukov	
  and	
  Shaposhnikov)	
  	
  
	
  
	
  	
  



MICRO MACRO 
GWS STANDARD MODEL    HOT BIG BANG 

STANDARD MODEL 

NUCLEOYINTHESIS 

BUT ALSO FRICTION POINTS 

- COSMIC MATTER-ANTIMATTER ASYMMETRY 
- INFLATION ??? 
- DARK MATTER + DARK ENERGY 

OBSERVATIONAL EVIDENCE OF NEW PHYSICS 

                BEYOND THE STANDARD  

UNIVERSE	
  EXPANSION	
  +	
  
WEAK	
  INTERACTIONS	
  
	
  	
  1	
  sec.	
  aner	
  BB	
  

NUMBER	
  OF	
  BARYONS	
  and	
  OF	
  
NEUTRINO	
  SPECIES	
  à	
  
CONFIRMED	
  FROM	
  CMB	
  350000	
  
YEARS	
  AFTER	
  BB	
  



The	
  Energy	
  Scale	
  from	
  the	
  
“Observa@onal”	
  New	
  Physics	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  neutrino	
  masses	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  dark	
  ma2er	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  baryogenesis	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  infla@on	
  C	
  

NO NEED FOR THE 
NP SCALE TO BE 
CLOSE TO THE 
ELW. SCALE 

         The Energy Scale from the 
         “Theoretical” New Physics 

               Stabilization of the electroweak symmetry breaking 
at MW calls for an ULTRAVIOLET COMPLETION of the SM 
already at the TeV scale            +  
          CORRECT GRAND UNIFICATION “CALLS” FOR NEW PARTICLES 
AT THE ELW. SCALE 

	
  	
  



LOW-ENERGY SUSY AND 
UNIFICATION  



THE	
  COMPREHENSION	
  OF	
  THE	
  ELECTROWEAK	
  SCALE	
  
μ	
  ~	
  102	
  GeV	
  	
  

To	
  comprehend	
  (i.e.	
  stabilize)	
  the	
  elw.	
  scale	
  need	
  
NEW	
  PHYSICS	
  (NP)	
  to	
  be	
  operaGve	
  at	
  a	
  scale	
  	
  	
  	
  	
  

ONLY	
  FOR	
  SCALARS;	
  SM	
  FERMIONS	
  AND	
  
GAUGE	
  BOSON	
  MASSES	
  ARE	
  PROTECTED	
  BY	
  
THE	
  SU(2)	
  ×	
  U(1)	
  SYMMETRY	
  !	
  



•  UNNATURAL	
  or	
  FINE-­‐TUNING	
  SOLUTION	
  	
  tuning	
  of	
  
parameters	
  at	
  the	
  scale	
  M	
  with	
  precision	
  O(	
  mH/M)2	
  	
  

	
  
•  NATURAL	
  SOLUTION	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Dynamics	
  or	
  symmetries	
  or	
  space-­‐@me	
  	
  	
  	
  	
  	
  
modifica@ons	
  giving	
  rise	
  to	
  a	
  UV	
  cut-­‐off	
  	
  ~	
  (mH)2	
  	
  

• SYMMETRY	
  vs.	
  MULTIVERSE	
  	
  	
  	
  	
  	
  	
  	
  	
  



DM: the most impressive evidence at the 
“quantitative” and “qualitative” levels of 

New Physics beyond SM   
•  QUANTITATIVE:  Taking into account the latest WMAP 

data which in combination with LSS data provide stringent 
bounds on ΩDM and   ΩB                                EVIDENCE 
FOR NON-BARYONIC DM AT MORE THAN 10 
STANDARD DEVIATIONS!! THE SM DOES NOT 
PROVIDE ANY CANDIDATE FOR SUCH NON-
BARYONIC DM 

 
•  QUALITATIVE: it is NOT enough to provide a mass to 

neutrinos to obtain a valid DM candidate; LSS formation 
requires DM to be COLD             NEW PARTICLES NOT 
INCLUDED IN THE SPECTRUM OF THE 
FUNDAMENTAL BUILDING BLOCKS OF THE SM !  

     



THE DM ROAD TO NEW 
PHYSICS BEYOND THE SM:  
IS DM A PARTICLE OF 
THE NEW PHYSICS AT 
THE ELECTROWEAK 

ENERGY SCALE ?  

 II. DM and ELW. SYMMETRY BREAKING 



TEN COMMANDMENTS TO BE A “GOOD” 
DM CANDIDATE  

•  TO MATCH THE APPROPRIATE RELIC DENSITY 

•  TO BE COLD 

•  TO BE NEUTRAL 

•  TO BE CONSISTENT WITH BBN 

•  TO LEAVE STELLAR EVOLUTION UNCHANGED 

•  TO BE COMPATIBLE WITH CONSTRAINTS ON SELF – INTERACTIONS 

•  TO BE CONSISTENT WITH DIRECT DM SEARCHES 

•  TO BE COMPATIBLE WITH GAMMA – RAY CONSTRAINTS 

•  TO BE COMPATIBLE WITH OTHER ASTROPHYSICAL BOUNDS 

•  “TO BE PROBED EXPERIMENTALLY” 

BERTONE, A.M., TAOSO 



Weak couplings 

MASS OF THE DM PARTICLE 

DM INTERACTIONS   
WITH ORDINARY MATTER 





THE “WIMP MIRACLE” 

Many possibilities for DM candidates, but WIMPs are really 
special: peculiar coincidence between particle physics 
and cosmology parameters to provide a VIABLE DM 
CANDIDATE AT THE ELW. SCALE 

Bergstrom 



	
  
WIMPS	
  (Weakly	
  InteracGng	
  

Massive	
  ParGcles)	
  

#χ~#γ	
   	
  mχ	
  	
  
#χ	
  	
  exp(-­‐mχ/T)	
   #χ	
  does	
  not	
  change	
  any	
  more	
  

Tdecoupl.	
  typically	
  ~	
  	
  mχ	
  /20	
  	
  

χ	
  

Ω	
  χ	
  depends	
  on	
  par@cle	
  physics	
  (σannih.)	
  and	
  “cosmological”	
  quan@@es	
  (H,	
  T0,	
  …	
  
χ	
  

Ωχ	
  h2_	
  	
  	
  

	
  
~	
   10-­‐3	
  

<(σannih.)	
  V	
  χ	
  >	
  	
  	
  TeV2	
  

~	
  α2	
  /	
  M2χ	
  
	
  

From	
  	
  	
  T0	
  MPlanck	
  

Ωχh2	
  	
  in	
  the	
  range	
  10-­‐2	
  	
  -­‐10-­‐1	
  to	
  be	
  cosmologically	
  interes@ng	
  (for	
  DM)	
  

	
  mχ	
  ~	
  102	
  -­‐	
  103	
  GeV	
  (weak	
  interac@on)	
  	
  	
  	
  	
  	
  	
  Ωχh2	
  ~	
  10-­‐2	
  	
  -­‐10-­‐1	
  !!!	
  	
  

THERMAL	
  RELICS	
  (WIMP	
  in	
  thermodyn.equilibrium	
  with	
  the	
  

	
   	
   	
   	
   	
  plasma	
  un@l	
  Tdecoupl)	
  	
  	
  

COSMO	
  –	
  PARTICLE	
  	
  

CONSPIRACY	
  



CONNECTION DM – ELW. SCALE 
THE WIMP MIRACLE :STABLE ELW. SCALE WIMPs  

1) ENLARGEMENT 
OF THE SM 

SUSY            EXTRA DIM.           LITTLE HIGGS.
    (xµ, θ)                (xµ, ji)                  SM part + new part 

Anticomm.          New bosonic               to cancel Λ2 
Coord.                      Coord.                   at 1-Loop 

2) SELECTION 
RULE  
DISCRETE SYMM. 

STABLE NEW 
PART. 

R-PARITY LSP       KK-PARITY LKP     T-PARITY LTP 

Neutralino spin 1/2              spin1                    spin0 

3) FIND REGION (S) 
PARAM. SPACE 
WHERE THE “L” NEW 
PART. IS NEUTRAL + 
ΩL h2  OK 

mLSP 

~100 - 200 
GeV  

 mLKP  

~600 - 800 

GeV 

 mLTP  

~400 - 800 

GeV 



SUSY & DM : a successful marriage 
•  Supersymmetrizing the SM does not lead necessarily to 

a stable SUSY particle to be a DM candidate.  
•  However, the mere SUSY version of the SM is known to 

lead to a too fast p-decay. Hence, necessarily, the SUSY 
version of the SM has to be supplemented with some 
additional ( ad hoc?) symmetry to prevent the p-
decay catastrophe.  

•  Certainly the simplest and maybe also the most 
attractive solution is to impose the discrete R-parity 
symmetry  

•  MSSM + R PARITY                  LIGHTEST SUSY 
PARTICLE  (LSP) IS STABLE .  

•   The LSP can constitute an interesting DM candidate in 
several interesting realizations of the MSSM ( i.e., with 
different SUSY breaking mechanisms including gravity, 
gaugino, gauge, anomaly mediations, and in various 
regions of the parameter space). 



III. DESPERATELY SEEKING 
(SUSY) WIMPS 



DM COMPLEMENTARITY: efficient 
annihilation in the early Universe implies 

today 



Info to extract from the 
 direct searches 

Y. Kahn, IPA2014 
 Kahn, McCullough, Fox  2014  



N.B.: crucial for a comparison of the 
  mW – σ exclusion regions among  
different exps. 



INTERACTION RATE FOR ELASTIC SCATTERING 
 after integrating over WIMP velocity distribution 

Examples of SUSY 
predictions 



L. BAUDIS 





IMPRESSIVE EFFORT TO LOOK FOR 
WIMPS WORLDWIDE 

WHITE: BOLOMETERS 
ORANGE: NOBLE LIQUIDS 







Relevant to 
intensify the efforts 
here: ex. 
asymmetric DM 
with DM particles 
of mass~ baryon 
mass given that 
ρDM not much 
different from ρB 

Kolb SUSY2012 



RELEVANCE	
  OF	
  THE	
  DAMA-­‐LIBRA	
  RESULT–	
  IMPORTANCE	
  OF	
  AN	
  
INDEPENDENT	
  VERIFICATION	
  (hard	
  to	
  reach	
  the	
  same	
  level	
  of	
  
sensiGvity)	
  



L. BAUDIS, SAC of 
APPEC  April 2014 







NEUTRINOS, the 
ultimate, uneliminable 
background 

Baudis 





IV.  TOUGH LIFE FOR A  
SUSY WIMP: 

controversial medical bulletins 
on neutralino health: 

(still) alive, sick, dead? 







Hewett, Rizzo et al	


125k models pMSSM  under scrutiny 



Hewett, Rizzo et al 2013	





Alessandro	
  De	
  Angelis	
   43	
  HeweE,	
  Rizzo	
  et	
  al.	
  2013	
  

pMSSM	
  models	
  



INDIRECT SEARCHES FOR DM ���
IN SPACE	



BATTISTON   2013	





AMS Positron Fraction 
2014 @ Low Energies 

AMS Positron Fraction 2014 
@ High Energies 

Origin	
  of	
  
Positron	
  
Frac@on:	
  	
  
Par@cle	
  
Physics	
  or	
  

Astrophysics
?	
  

Po
si

tr
on

 fr
ac

tio
n 

e± energy [GeV] 

Pulsars 

mχ = 700 GeV Collision of 
cosmic rays 

M.	
  Pohl,	
  	
  
IPA2014	
  



GAMMA	
  –	
  ASTRONOMY	
  FROM	
  	
  EARTH	
  AND	
  SPACE	
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A	
  summary	
  (oversimplified…)	
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At the knee 

Alessandro	
  De	
  Angelis	
  



HE NEUTRINOS: good news from the ice 
(28 events to attribute to HE eneutrinos), ���

encouraging news for KM3 	


 	





DM, DE, ANTIMATTER AND 
VACUUM ENERGY 

Courtesy of H. Murayama 



	
  PHD	
  Syndrome	
  	
  
(Post	
  Higgs	
  Depression)?	
  



	
  	
  Post-­‐Higgs	
  Depression?	
  No,	
  thanks	
  	
  
just	
  the	
  opposite….	
  

	
  •  If	
  the	
  naturalness	
  issue	
  is	
  indeed	
  a	
  relevant	
  issue,	
  
the	
  fact	
  that	
  we	
  discovered	
  a	
  light	
  higgs	
  means	
  
that	
  there	
  MUST	
  EXIST	
  some	
  mechanism	
  
stabilizing	
  its	
  mass	
  and	
  this	
  mechanism	
  
NECESSARILY	
  ENTAILS	
  THE	
  PRESENCE	
  OF	
  SOME	
  
FORM	
  OF	
  NEW	
  PHYSICS	
  AT	
  THE	
  ELECTROWEAK	
  
SCALE	
  	
  

•  Time	
  to	
  get	
  ready	
  (joint	
  exp.-­‐theor.	
  effort)	
  for	
  the	
  
new	
  results	
  in	
  high	
  energy,	
  high	
  intensity,	
  
neutrino	
  physics,	
  gravitaGonal	
  waves,	
  cosmic	
  
radiaGon,	
  dark	
  maEer	
  and	
  dark	
  energy	
  searches	
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HIGH	
  ENERGY,	
  HIGH-­‐INTENSITY,	
  
ASTROPARTICLE	
  PHYSICS	
  COMPLEMENTARY	
  	
  
ATTACK	
  TO	
  THE	
  NEW	
  PHYSICS	
  FORTRESS	
  

FERRONI	
  



BACKUP SLIDES	





Some final considerations	


•  The search for DM is crucial in our quest for new physics beyond 

the SM	


•  Most efforts are now focused on WIMPS: best (theoretically 

motivated) candidate for DM at the TeV scale – interplay with the 
LHC for searching new physics at the elw. Scale	



•  Important to coordinate the efforts at least in the two main areas 
of searches with bolometers and with noble liquids (exchange of 
codes, data, etc.)	



•  Joint effort with the theoretical community (also for theor. 
Groups beneficial to coordinate)	



•  At the same time, given our ignorance of what DM may be, it’s 
healthy to keep alternative approaches open; actually, they should 
be encouraged	



•  Direct, Indirect, LHC DM searches: vast communities which have 
to efficiently interact for this difficult, but fascinating, enterprise. 	









Keep	
  in	
  mind:	
  we	
  don’t	
  know	
  at	
  all	
  
what	
  DM	
  is	
  made	
  of	
  !	
  	
  AlternaGves	
  to	
  

WIMPs	
  –	
  for	
  instance,	
  AXIONS	
  



SuperCDMS Soudan        SuperCDMS SNOLAB 









PROJECTED SENSITIVIES FOR THE SPIN-
INDEPENDENT CROSS SECTIONS 

 
. 

J. MONROE, SAC APPEC, OCT. 2013 





SINGLE-PHASE DETECTORS (position resolution ~cm)   

DOUBLE-PHASE DETECTORS (position resolution ~mm 

DM NOBLE LIQUIDS DETECTORS 



Relevant to 
intensify the efforts 
here: ex. 
asymmetric DM 
with DM particles 
of mass~ baryon 
mass given that 
ρDM not much 
different from ρB 





PROJECT UNDER 
CONSTRUCTION 

L. BAUDIS, SAC of 
APPEC OCT. 2013 

FUTURE ARGON AND 
XENON DM DETECTORS 



J. Monroe, SAC 
APPEC 2013 



SPIN-DEPENDENT LIMITS 



ENERGY SCALE 
FOR ELECTRONIC 
RECOILS à LIGHT 
YIELD 

ENERGY SCALE 
FOR NUCLEI 
RECOILS à LIGHT 
YIELD 



DAMA	
  

CRESST	
  COGENT	
  

EDELWEISS	
  

XENON100	
   CDMSII	
  

MWIMP	
  =	
  8.6	
  GeV	
  	
  ;	
  σ	
  =	
  1.9	
  ✕	
  10-­‐41	
  cm2	
   CDMSII	
  2013	
  







RELEVANCE OF THE DAMA-LIBRA RESULT– IMPORTANCE 
OF AN INDEPENDENT VERIFICATION (hard to reach the 
same level of sensitivity) 


