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EMPIRICAL,	
  CONCEPTUAL,	
  OR	
  BOTH:	
  
	
  

•  Νeutrino	
  oscillations:	
  

astrophysics	
  &	
  cosmology	
  	
  
	
  	
  	
  	
  	
  once	
  SM	
  is	
  effectively	
  coupled	
  to	
  Einstein’s	
  gravity:	
  
	
  	
  	
  	
  	
  Dark	
  Matter	
  and	
  Energy,	
  Inflation,	
  	
  Baryon	
  asymmetry	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
•  Inclusion	
  of	
  quantum	
  gravity	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
•  Naturalness	
  of	
  the	
  EW	
  scale	
  
•  The	
  strong	
  CP	
  problem	
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A	
  recent	
  monumental	
  breakthrough	
  
DIRECT	
  DETECTION	
  OF	
  GRAVITATIONAL	
  WAVES	
  
Honoured	
  (also)	
  by	
  Giuseppe	
  &	
  Vanna	
  Cocconi	
  Prize	
  

	
  
Test	
  of	
  classical	
  GR	
  in	
  highly	
  non-­‐linear	
  regime	
  	
  

	
  
Obvious	
  extraordinary	
  impact	
  on	
  astrophysics	
  
very	
  rich	
  forthcoming	
  experimental	
  program:	
  

A-­‐LIGO,	
  A-­‐Virgo,	
  KAGRA,	
  LIGOIndia,	
  Einst.Tel,	
  LISA	
  	
  
	
  

Limited	
  consequences	
  so	
  far	
  for	
  our	
  understanding	
  
of	
  the	
  fundamental	
  interactions	
  at	
  the	
  quantum	
  level	
  

(more	
  in	
  Punturo)	
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SM	
  +	
  GR	
  consistent	
  as	
  quantum	
  EFT	
  at	
  low-­‐energy	
  
But:	
  new	
  physics	
  must	
  appear	
  before	
  MP	
  ~	
  1018	
  GeV	
  

	
  
We	
  miss	
  a	
  microscopic	
  theory	
  of	
  Quantum	
  Gravity	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  String	
  theory	
  still	
  insufficiently	
  predictive	
  for	
  HEP	
  
	
   	
  	
  	
  	
  important	
  theoretical	
  tools:	
  amplitudes,	
  AdS/CFT	
  

	
  

Coupling	
  SM	
  to	
  gravity	
  reveals	
  the	
  	
  
cosmological	
  constant	
  (dark	
  energy)	
  problem:	
  	
  
origin/stability	
  of	
  <V>	
  ~	
  (10-­‐3	
  eV)4	
  <<	
  (MP)4	
  

No	
  understanding,	
  link	
  with	
  the	
  EW	
  naturalness	
  problem?	
  

(latter	
  used	
  also	
  by	
  Papadodimas	
  in	
  his	
  talk	
  on	
  the	
  BH	
  information	
  paradox)	
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Small	
  parameters	
  only	
  because	
  of	
  symmetries	
  
	
  

No	
  quantum	
  SM	
  symmetry	
  recovered	
  for	
  mHè0	
  
Unprotected	
  ratio	
  mH/Λ	
  for	
  any	
  NP	
  scale	
  Λ>>mH	
  

SM	
  unnatural	
  unless	
  New	
  Physics	
  at	
  the	
  TeV	
  
	
  

Superficially	
  (too	
  superficially?):	
  
	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Λ	
  <	
  O(500	
  GeV)	
  



Model ℓ, γ Jets† Emiss
T

∫
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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So	
  far:	
  	
  
•  No	
  new	
  particles	
  found	
  at	
  the	
  LHC	
  
•  Higgs	
  boson	
  SM-­‐like	
  within	
  errors	
  
•  Further	
  SM	
  precision	
  tests	
  still	
  OK	
  

(more	
  in	
  D’Onofrio,	
  Meridiani,	
  Shapiro)	
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Traditional	
  “natural”	
  models	
  excluded	
  (technicolor)	
  or	
  	
  
in	
  troubles	
  (MSSM,	
  composite	
  Higgs,	
  extra	
  dimensions)	
  	
  

So	
  far:	
  	
  
•  No	
  new	
  particles	
  found	
  at	
  the	
  LHC	
  
•  Higgs	
  boson	
  SM-­‐like	
  within	
  errors	
  
•  Further	
  SM	
  precision	
  tests	
  still	
  OK	
  

(more	
  in	
  D’Onofrio,	
  Meridiani,	
  Shapiro)	
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1.	
  More	
  complicated	
  models	
  to	
  minimize	
  tuning	
  

Neutral	
  naturalness,	
  Twin	
  Higgs,	
  …	
  	
  
Some	
  tuning,	
  possible	
  LHC	
  signatures,	
  a	
  bit	
  ad	
  hoc	
  

2.	
  Meso-­‐tuning	
  to	
  keep	
  the	
  models	
  simple/motivated	
  
Mini-­‐split	
  supersymmetry,	
  partial	
  compositeness,	
  …	
  
Direct	
  LHC	
  signatures	
  not	
  guaranteed.	
  Elsewhere?	
  	
  

3.	
  Radical	
  revision	
  of	
  naturalness:	
  “conformality”?	
  
[Bardeen	
  1995;	
  Shaposhnikov	
  et	
  al;	
  Nicolai	
  et	
  al;	
  ‘t	
  Hooft;	
  Strumia	
  et	
  al;	
  …]	
  

Spontaneous	
  generation	
  of	
  all	
  mass	
  scales,	
  including	
  MP	
  
	
  No	
  fully	
  consistent/convincing	
  formulation	
  known	
  
So	
  far	
  model-­‐dependent	
  hints	
  more	
  than	
  predictions	
  	
  

(more	
  in	
  Craig)	
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final	
  answer	
  can	
  only	
  come	
  from	
  experiment	
  	
  

Two	
  main	
  options	
  for	
  what	
  we	
  did	
  not	
  understand:	
  
•  Some	
  detail	
  è	
  	
  NP	
  signals	
  at	
  the	
  LHC	
  or	
  later	
  
	
  	
  	
  	
  will	
  guide	
  us	
  to	
  understand	
  what	
  we	
  missed	
  
	
  
•  The	
  whole	
  point	
  è	
  experiment	
  must	
  confirm	
  it	
  

beyond	
  doubt	
  to	
  reshape	
  theory	
  on	
  a	
  new	
  basis	
  
In	
  both	
  cases,	
  a	
  fundamental	
  lesson	
  to	
  be	
  learnt	
  	
  

WAY	
  TOO	
  EARLY	
  TO	
  CONCLUDE	
  NOW!	
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Much	
  more	
  in	
  SUSY	
  than	
  MSSM	
  vs	
  hierarchy	
  problem	
  	
  
Phenomenologically:	
  

•  Best	
  hint	
  at	
  the	
  unification	
  of	
  gauge	
  couplings	
  
•  Flavour	
  and	
  h-­‐SM	
  improve	
  with	
  heavier	
  spectrum	
  
•  LSP	
  still	
  viable	
  (although	
  tuned)	
  candidate	
  for	
  DM	
  

Theoretically:	
  
•  Most	
  general	
  symmetry	
  of	
  relativistic	
  D=4	
  QFT	
  
•  Special	
  UV	
  properties	
  of	
  extended	
  SUSY/SUGRA	
  	
  
•  Plays	
  a	
  crucial	
  role	
  in	
  superstring	
  theories	
  

May	
  eventually	
  fit	
  the	
  picture,	
  but	
  how?	
  
Need	
  new	
  ideas	
  more	
  than	
  studies	
  of	
  parameter	
  spaces	
  

(more	
  in	
  Craig)	
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Energy	
  frontier:	
  direct	
  searches	
  for	
  new	
  particles	
  
√SLHC/√STev~6.5	
  	
  (~7	
  Run≥3)	
  but	
  s=x1x2S	
  &	
  PDFs	
  count	
  	
  

	
  	
  	
  

	
  

	
  

	
  

Data	
  collected	
  so	
  far	
  <	
  2%	
  of	
  the	
  final	
  statistics:	
  
still	
  (moderate)	
  room	
  for	
  new	
  particles	
  at	
  the	
  LHC	
  
Another	
  factor	
  of	
  2	
  with	
  16T	
  magnets	
  at	
  HE-­‐LHC?	
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No	
  more	
  four	
  fundamental	
  (gauge)	
  forces:	
  
Gravity	
  (spin-­‐2)	
  +	
  Strong	
  &	
  Weak	
  &	
  EM	
  (spin-­‐1)	
  
Different	
  forces	
  involving	
  the	
  spin-­‐0	
  Higgs	
  boson	
  	
  

Yij	
  ψi	
  ψj	
  H	
  è	
  Yukawa	
  interactions	
  
λ	
  |H|4	
  è	
  Higgs	
  self-­‐interactions	
  

We	
  must	
  study	
  them	
  as	
  precisely	
  as	
  possible	
  

Knowledge	
  is	
  not	
  only	
  discovering	
  new	
  particles	
  
it	
  is	
  also	
  finding	
  out	
  about	
  their	
  interactions	
  	
  

with	
  the	
  highest	
  possible	
  precision	
  



Forthcoming	
  Higgs	
  physics	
  at	
  the	
  LHC	
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from	
  Meridiani	
  	
  

Careful	
  with	
  the	
  gap	
  	
  
	
  from	
  evidence/observation	
  	
  
to	
  precision	
  measurement	
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In	
  this	
  respect,	
  the	
  SM	
  is	
  still	
  unfinished	
  job:	
  
long	
  way	
  from	
  SM	
  Lagrangian	
  to	
  precise	
  predictions	
  	
  

as	
  beautifully	
  shown	
  by	
  the	
  QCD/EW/top	
  talks	
  
	
  

expect	
  continuing	
  progress	
  in	
  pQCD,	
  PDFs,	
  MCs	
  
	
  

Interesting	
  observation	
  [Panico	
  et	
  al,	
  1609.08157]	
  
Non-­‐trivial	
  EW	
  precision	
  tests	
  possible	
  at	
  the	
  LHC	
  
exploiting	
  d=6	
  EFT	
  operators	
  with	
  ΔΘ/Θ~E2/Λ2	
  

e.g.:	
  oblique	
  parameters	
  W	
  and	
  Y	
  from	
  Drell-­‐Yan	
  
LHC	
  can	
  beat	
  LEP	
  thanks	
  to	
  its	
  much	
  higher	
  energy	
  

(see	
  Dittmaier,	
  Czakon,	
  Shapiro)	
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Still	
  many	
  opportunities	
  for	
  a	
  SM	
  crisis:	
  
Bd,sèμμ,	
  τèμγ,	
  μNèeN,	
  Kèπνν,	
  EDMs,	
  …	
  

Today’s	
  hot	
  topic:	
  “anomalies”	
  in	
  s.l.	
  B	
  decays	
  
	
  

	
  

	
  
Potential	
  message:	
  R≠1	
  è	
  LFU	
  violation	
  è	
  New	
  Physics	
  

LHCb	
  1705.05802	
  	
  

LHCb	
  1406.6482	
  

HFAG	
  avg.	
  
of	
  Babar,	
  

Belle,LHCb	
  

NC	
  	
  	
  bèsll	
  	
  
[SM	
  1-­‐loop]	
  

CC	
  bèclν	
  	
  
[SM	
  tree]	
  

(more	
  in	
  Gori,	
  Egede,	
  Serrano,	
  Schwanda)	
  	
  

Indirect	
  access	
  	
  
to	
  scales	
  >>	
  TeV	
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Still	
  many	
  opportunities	
  for	
  a	
  SM	
  crisis:	
  
Bd,sèμμ,	
  τèμγ,	
  μNèeN,	
  Kèπνν,	
  EDMs,	
  …	
  

Today’s	
  hot	
  topic:	
  “anomalies”	
  in	
  s.l.	
  B	
  decays	
  
	
  

	
  

	
  
Potential	
  message:	
  R≠1	
  è	
  LFU	
  violation	
  è	
  New	
  Physics	
  

LHCb	
  1705.05802	
  	
  

LHCb	
  1406.6482	
  

HFAG	
  avg.	
  
of	
  Babar,	
  

Belle,LHCb	
  

NC	
  	
  	
  bèsll	
  	
  
[SM	
  1-­‐loop]	
  

CC	
  bèclν	
  	
  
[SM	
  tree]	
  

(more	
  in	
  Gori,	
  Egede,	
  Serrano,	
  Schwanda)	
  	
  

Indirect	
  access	
  	
  
to	
  scales	
  >>	
  TeV	
  

Not	
  so	
  easy	
  to	
  fit	
  both	
  effects	
  in	
  a	
  single	
  model	
  
Special	
  role	
  of	
  the	
  third	
  generation	
  for	
  NP	
  effects?	
  

Additional	
  features	
  in	
  other	
  channels	
  in	
  many	
  models	
  
Wait	
  and	
  see	
  (remember	
  the	
  di-­‐photon	
  story	
  in	
  2016!)	
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A	
  long-­‐standing	
  “anomaly”	
  of	
  the	
  SM:	
  (g-­‐2)μ 	
  
aμEXP=	
  116592091	
  (63)	
  x	
  10-­‐11	
  [BNL-­‐E821	
  (2006)]	
  
Δaμ=aμEXP-­‐aμSM=	
  250-­‐330	
  (85)	
  x	
  10-­‐11	
  [2.9-­‐3.9	
  σ]	
  

aμSM	
  uncertainty	
  dominated	
  by	
  hadronic	
  LO	
  aμHLO	
  	
  
	
  	
  	
  Fermilab	
  E989	
  starting	
  Nov	
  2017	
  aims	
  at	
  ±	
  16	
  x	
  10-­‐11	
  
	
   	
  Recent	
  idea:	
  

           çè	
  

could	
  aim	
  at	
  ±20x10-­‐11	
  in	
  aμHLO	
  with	
  μe	
  scattering	
  exp	
  after	
  
	
  further	
  studies	
  of	
  systematics	
  and	
  TH	
  NNLO	
  calculation	
  	
  

Carloni-­‐Calame,	
  Passera,	
  
Trentadue,	
  Venanzoni,	
  …	
  



Beyond	
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  neutrinos?	
  	
  

25	
  

Minimal	
  embedding	
  of	
  ν	
  masses	
  in	
  the	
  SM:	
  
1.  	
  Dirac	
  (include	
  νR	
  ,	
  impose	
  B-­‐L)	
  
2.  	
  	
  	
  Majorana	
  (do	
  not	
  impose	
  B-­‐L)	
  

A	
  wide	
  open	
  chapter	
  of	
  SM	
  flavour	
  physics	
  
many	
  questions	
  will	
  be	
  answered	
  “soon”:	
  

-­‐mass	
  ordering	
  and	
  absolute	
  scale	
  
	
  -­‐more	
  precise	
  determination	
  of	
  ϑ23	
  
-­‐CP	
  violation	
  (δ)	
  in	
  neutrino	
  sector	
  

Rich	
  and	
  structured	
  experimental	
  programme	
  
	
  important	
  input	
  also	
  from	
  cosmology	
  

(see	
  Smirnov,	
  
Lisi,	
  Kopp)	
  	
  

(see	
  Lasserre,	
  
Nakaya)	
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With	
  a	
  combination	
  of	
  luck	
  and	
  ingenuity	
  
	
  much	
  more	
  radical	
  discoveries	
  possible	
  

“tickets	
  to	
  Stockholm	
  of	
  neutrino	
  physics”	
  
-­‐neutrino-­‐less	
  double	
  beta	
  decay	
  	
  

is	
  B-­‐L	
  a	
  broken	
  symmetry	
  of	
  Nature?	
  	
  	
  
-­‐direct	
  detection	
  of	
  relic	
  neutrinos	
  
formidable	
  experimental	
  challenge	
  
another	
  crucial	
  cosmic	
  connection	
  	
  

	
  -­‐breakdown	
  of	
  standard	
  3-­‐neutrino	
  picture	
  
weaker	
  motivation,	
  potentially	
  disruptive	
  



Beyond	
  the	
  SM	
  with	
  Dark	
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Convincing	
  (gravitational)	
  evidence	
  for	
  DM	
  	
  
No	
  compelling	
  option	
  in	
  a	
  wide	
  spectrum	
  

Lampost	
  principle:	
  focus	
  on	
  motivated	
  detectable	
  candidates	
  
Cirelli	
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The	
  WIMP	
  miracle:	
  DM	
  of	
  weak-­‐scale	
  mass	
  and	
  interactions	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  For	
  a	
  thermal	
  relic:	
  	
  
	
  	
  	
  	
  	
  	
  <σχv>	
  ~	
  0.12	
  pb/(Ωχh2)	
  	
  

Very	
  roughly:	
  	
  	
  	
  	
  	
  	
  <σχv>	
  ~	
  (α/mχ)2	
  
Natural	
  WIMPs:	
  	
  	
  	
  	
  	
  	
  α	
  ~	
  αW	
  	
  	
  	
  	
  	
  	
  mχ	
  ~	
  mW

	
  	
  
Weakened	
  by	
  failure	
  of	
  naïve	
  naturalness	
  

(not	
  to	
  mention	
  single	
  specific	
  realizations!)	
  
still	
  motivated,	
  worth	
  exploring	
  more	
  broadly	
  	
  

TeV-­‐scale	
  WIMPs:	
  α	
  ~	
  1	
  	
  	
  mχ	
  ~	
  TeV	
  	
  

Weakly	
  coupled	
  WIMPs:	
  α	
  <	
  αW	
  	
  	
  	
  mχ	
  	
  <	
  	
  mW
	
  	
  

	
  

Cirelli	
  



WIMP	
  collider/direct/indirect	
  searches	
  	
  

29	
  

A	
  massively	
  advertised	
  “complementarity”:	
  

	
  Hochberg	
  



Comments	
  on	
  WIMP	
  searches	
  (I)	
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Indirect:	
  
	
  

•  Backgrounds	
  still	
  poorly	
  understood:	
  more	
  and	
  
better	
  data	
  èprogress	
  in	
  understanding	
  physics	
  
astrophysics	
  and	
  MC	
  modeling	
  of	
  Cosmic	
  Rays	
  

•  There	
  are	
  “dirty”	
  and	
  “clean”	
  channels:	
  most	
  
promising	
  those	
  with	
  sharp	
  spectral	
  features	
  

•  Should	
  be	
  as	
  broad	
  as	
  possible	
  in	
  energy	
  range	
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Collider:	
  
	
  

•  Conceptualy	
  difficult	
  to	
  organize	
  DM	
  searches	
  
“per	
  se”:	
  limitations	
  of	
  EFT	
  with	
  NR	
  operators	
  
	
  vs.	
  proliferation	
  of	
  models	
  (simplified	
  or	
  not)	
  	
  

•  At	
  the	
  LHC,	
  positive	
  info	
  more	
  likely	
  as	
  spin-­‐off	
  
from	
  discovery	
  of	
  other	
  resonances	
  (messengers)	
  

Direct:	
  
	
  

•  Towards	
  the	
  ultimate	
  ν	
  background	
  with	
  multi-­‐
ton	
  experiments	
  (and	
  attempts	
  to	
  overcome	
  it)	
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Motivated	
  by	
  the	
  strong	
  CP	
  problem	
  
θ=θQCD+Nf	
  δ	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  why	
  θ<10-­‐10	
  ?	
  

	
  
Automatic	
  candidate	
  for	
  DM	
  (with	
  subtleties	
  
in	
  the	
  theoretical	
  estimate	
  of	
  the	
  relic	
  density)	
  

ma
	
  	
  =	
  √χ	
  /	
  fa	
  	
  	
  	
  	
  with	
  	
  	
  √χ	
  ≈	
  (75.5	
  MeV)2	
  

	
  
Intensification	
  of	
  axion	
  search	
  experiments	
  
More	
  generally,	
  new	
  low-­‐energy	
  frontier	
  also	
  
connected	
  to	
  other	
  very	
  light	
  DM	
  candidates:	
  
very	
  light	
  particles,	
  very	
  weakly	
  coupled	
  to	
  SM	
  

(more	
  in	
  
Redondo)	
  



Some	
  axion	
  search	
  experiments	
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Redondo	
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34	
  

Boundaries	
  between	
  HEP,	
  astro	
  and	
  cosmo	
  are	
  fading	
  away	
  	
  
(see	
  Lebedev,	
  Bertucci,	
  Hofmann,	
  DeJong,	
  Lasserre,	
  Lindner,	
  Bouchet,	
  Krause,	
  Riotto)	
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Boundaries	
  between	
  HEP,	
  astro	
  and	
  cosmo	
  fading	
  away	
  	
  

Neutrinos,	
  DM,	
  baryo-­‐/lepto-­‐genesis,	
  inflation	
  
	
  

Increasing	
  emphasis	
  on	
  Higgs	
  role	
  in	
  cosmology:	
  	
  
instabilities,	
  relaxation	
  mechanisms,	
  inflation	
  	
  

	
  
Another	
  big	
  boost	
  could	
  come	
  from	
  the	
  detection	
  
of	
  the	
  B-­‐mode	
  of	
  the	
  CMB	
  polarization	
  (after	
  	
  
the	
  2014	
  false	
  alarm	
  on	
  r~0.2	
  from	
  BICEP2):	
  	
  
sensitivity	
  down	
  to	
  r~10-­‐3	
  seems	
  within	
  reach	
  	
  

(see	
  Lebedev,	
  Bertucci,	
  Hofmann,	
  DeJong,	
  Lasserre,	
  Lindner,	
  Bouchet,	
  Krause,	
  Riotto)	
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From	
  the	
  80s	
  on,	
  all	
  collider	
  discoveries	
  (W/Z,	
  t,	
  H)	
  	
  
strongly	
  “guided”	
  by	
  theory:	
  	
  no-­‐lose	
  theorems	
  

we	
  won’t	
  be	
  again	
  in	
  such	
  a	
  condition	
  for	
  some	
  time	
  
	
  

Experiment	
  now	
  leading	
  in	
  the	
  search	
  for	
  new	
  phenomena	
  
plenty	
  of	
  open	
  problems	
  to	
  address,	
  limited	
  resources	
  	
  	
  

	
  diversify	
  efforts	
  to	
  maximize	
  chances	
  	
  
(until	
  new	
  discovery	
  or	
  new	
  compelling	
  theory)	
  
•  Ballistic	
  projects	
  with	
  guaranteed	
  return	
  
•  High-­‐risk	
  high-­‐gain	
  exploratory	
  projects	
  

(including	
  detector,	
  accelerator	
  and	
  data	
  analysis	
  R&D)	
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But	
  it	
  will	
  not	
  come	
  by	
  itself:	
  
we	
  	
  must	
  work	
  hard	
  for	
  that!	
  



38	
  

But	
  it	
  will	
  not	
  come	
  by	
  itself:	
  
we	
  	
  must	
  work	
  hard	
  for	
  that!	
  

Big	
  discoveries	
  often	
  required	
  patience	
  	
  
and	
  very	
  long-­‐term	
  commitment,	
  e.g.:	
  

•  Neutrino	
  oscillations	
  
•  Higgs	
  boson	
  

•  Gravitational	
  waves	
  
WE	
  CAN	
  EXPECT	
  MANY	
  MORE	
  

WHAT	
  WILL	
  COME	
  NEXT,	
  AND	
  WHEN?	
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