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The Standard Model
THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Extraordinary agreement between measurements and SM predictions



• There are conceptional problems which require a 
critical view beyond the SM

• There are small discrepancies which might grow up 
to become a problem for the SM

• It is hard to believe that the quest for the miracle of 
Nature is over

THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

•  With the Higgs Boson discovery the Standard 
Model is completed ! 

•  Why are we not satisfied and think that new 
physics exists and new discoveries will come?



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE LAGRANGIAN

possible  right handed neutrino ?
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THE LAGRANGIAN

7

G.F. Giudice

The H boson is not just … “another particle”:

q Profoundly different from all elementary particles discovered previously

q It got almost no properties; brings a different type of “force”  

q Related to the most obscure sector of Standard Model

q Linked to some of the deepest structural questions (flavour, naturalness, vacuum, ...)

à Its discovery opens new paths of exploration, provides a unique door into new physics, and 

calls for a very broad and challenging experimental programme which will extend for decades
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The Standard Model of Fundamental Interactions

Higgs  Sector Neutrino Sector

Dark Matter

New particles and Interactions

Flavour Sector



Is there another scale except for EW and Planck?

G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           
48


A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 


This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 


A 125GeV boson is a very special object 
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Accelerator Physics
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Run-2 analyses with 80 fb-1 for the first time – higher precision is coming! 

Higgs bosons – entering precision era 

ttH observation 

D. Charlton 

LHCp2018
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The electroweak vacuum is unstable under radiative corrections

The whole construction of the SM may be in trouble being metastable or even unstable

the situation crucially depends on the top and Higgs mass values and 
requires severe fine-tuning and high accuracy of calculations (3 loops)
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Discrepancy might  dissolve and might as well grow up

2.5�



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS
heavy-ion collisions

and hints of a continuum between pp and PbPb

�42

Little bangs in the laboratory

1 / 19

Florchinger: “Little bangs in the laboratory”

�43

True collectivity in small systems!

06.06.2018F.Bellini, LHCP 2018 15

CMS-PAS-HIN-17-004

v2{4} ≈ v2{6} ≈ v2{8} à true collectivity (even) in smallest systems
v2{2} larger à residual “non-flow”

pp, p-Pb

Xe-Xe

Pb-Pb

p-Pb

Pb-Pb

D. Colella - HIN, Tue. 11:48

True collectivity in small systems!

06.06.2018F.Bellini, LHCP 2018 15

CMS-PAS-HIN-17-004

v2{4} ≈ v2{6} ≈ v2{8} à true collectivity (even) in smallest systems
v2{2} larger à residual “non-flow”

pp, p-Pb

Xe-Xe

Pb-Pb

p-Pb

Pb-Pb

D. Colella - HIN, Tue. 11:48
via Bellini

on one hand, 
discovering that 

heavy-ion 
observables and 
methods reveal 
surprises to 

understand about 
basic pp physics

Collectivity in small systems

Heavy Ion Collisions: new State of Matter and new Phenomena at Density Frontier

D Charlton / Birmingham – LHCP 2018 37

Heavy ions: XeXe "microsample"Heavy ions: XeXe "microsample"

Six hours of data-taking in Oct 2017

Even tiny amounts of data can 
provide new insights and pose new 
questions ?

Sharp increase in multiplicity 
at high centrality in XeXe – not 

seen in PbPb

ATLAS-CONF-2018-007

R
AA

 = (yield in AA)/(yield in pp)

Similar p
T
 dependence in XeXe 

and PbPb collisions

Sharp increase in 
multiplicity at high 
centrality in XeXe – 
not seen in PbPb 
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Summary ATLAS

• No evidence for SUSY yet → strong message from the LHC. 
• ●  In most favourable / challenging scenarios we exclude  

gluinos up to O(2) / O(1) TeV. 
squarks up to O(1.5) / O(0.5) TeV. 
stops and sbottoms up to O(1) / O(0.7) TeV. 
EW produced sparticles up to O(0.5-1) / O(0.1) TeV. 

• ●  Regions of parameter space still not well covered.  

• ●  Next step is to complete the program with the full  

Run 2 dataset (150 fb-1 expected).  

• ●  Ensure we cover all signatures within our reach. 

SUSY or not SUSY? 
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Neutrino Physics
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Neutrino Physics 
 Absolute value of neutrino masses ?
 Mass hierarchy? 
 Dirac or Majorana?
 Fourth sterile neutrino?
 Neutrino dark matter? 

0.06 eV <
X

m⌫ < 0.12 eV

 -osc  CMB⌫

de Salas et al, 1708.01186

Normal hierarchy favoured at 3.1 𝜎
Nonzero CP phase favoured
Upper octant favoured 

PMNS-matrix parameters are measured 
with high accuracy of few %



THE STANDARD MODEL: THE WAYS BEYOND

Dark Matter



BEYOND THE STANDARD MODEL: DARK MATTER

H. Baer et al., Phy. Rep. 555, 1(2015) 

Major problem: 85% of matter is dark and remains invisible!

Is this compatible with the SM? 
Does it requires modification of the SM or addition of gravity?

Many candidates in many orders of magnitude of mass:



BEYOND THE STANDARD MODEL: DARK MATTER SEARCHES

Direct W
IMP

Colliders WIMP

Axion-likes

Y. Semertzidis 
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Flavour Sector



BEYOND THE STANDARD MODEL: THE MASS SPECTRUM AND MIXINGS

CKM vs. PMNS 

ICHEP, Melbourne, July 9, 2012 � 4 

Why these values? Are the two related? Are they related to masses? 
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• Mass spectrum? • Mixing Matrices?

mquark = yquark · v
mlepton = ylepton · v

mW = g/
p
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• Quark-Lepton Symmetry
• Strong difference in parameters

• What are the CKM and PMNS phases? 
• Where lies the source of CP violation: in 
quark or lepton sector?

SM

JCP =
1
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BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Symmetry might be tricky
E8 roots

Looking for new physics we are looking for new Symmetry of Nature!



THE STANDARD MODEL: CONCEPTUAL  PROBLEMS

BAU requires larger CP than in the SM 

•Baryon number is conserved 
in the SM with exponential 
accuracy

•Violation of baryon number occurs 
in Grand Unified Theories and in 
Lepton=fourth color models (Pati-
Salam model )

New particles = Leptoquarks, 
Extended Highs sector

CP•Violation of CP invariance in the SM achieved via phase factors in the CKM and  
PMNS mixing matrices

The presence of new phase factors in extended models (2HDM, SUSY, etc)

BB =
Nq �Nq̄

3

Possible Baryogeneses via Leptogeneses 



BEYOND THE STANDARD MODEL: CONCLUSIONS

WHAT MAKES US THINK THAT THERE IS PHYSICS BEYOND THE STANDARD MODEL?

• Small discrepancy with experimental data 

• Possible new ingredients in neutrino sector (majorana neutrino) 

• Instability of electroweak vacuum 

• Inability to describe the Dark matter (unless it has pure 
gravitational nature) 

• Baryon asymmetry of the Universe is a fundamental problem  
(Baryon and Lepton genesis might require new ingredients) 

• Lack of understanding of flavor structure of the SM calls for 
explanation at higher level 

• New era in gravity due to discovery of gravitational waves and black 
holes might change the landscape
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Which way to go ?



BEYOND THE STANDARD MODEL: CONCLUSIONS

How Will We Make Progress? 

 The energy frontier
 The precision frontier and neutrinos 
 Cosmology and astrophysics



FUTURE ACCELERATORS

Preparation for the future



SUPER BEAUTY FACTORY IN JAPAN (KEK)

STYDY OF B-PHYSICS, EXOTIC HADRONS, CP VIOLATION, ETC

FUTURE ACCELERATORS



HEAVY-ION COLLIDERS

FUTURE ACCELERATORS

FAIR (GSI, Germany)

NICA (JINR, Dubna)

NEW STATE OF MATTER



ELECTRON-POSITRON LINEAR COLLIDER (JAPAN)

TECHNOLOGY EXISTS, CONSTRUCTION DID NOT START YET

FUTURE ACCELERATORS



Linear e+e- collider with √s up to 3 TeV

100 MV/m accelerating gradient 
needed for compact (~50 km) machine
à based on normal-conducting 

accelerating structures and a 
two-beam acceleration scheme:
power transfer from low-E high-intensity 
drive beam to (warm) accelerating 
structures of main beam 

Compact Linear Collider (CLIC) 

TECHNOLOGY IS 

TESTED

FUTURE ACCELERATORS



Future Circular Colliders (FCC)  

Conceptual design study of a ~100 km ring:

q pp collider (FCC-hh): ultimate goal

√s ~ 100 TeV,  L~2x1035; 4 IP, ~20 ab-1/expt

q e+e- collider (FCC-ee): possible first step 

√s = 90-350 GeV,  L~200-2 x 1034; 2 IP

q pe collider (FCC-he): option √s ~ 3.5 TeV, L~1034

FCC-hh: a ~100 TeV pp collider is expected to: 

q explore directly the 10-50 TeV E-scale

q conclusive exploration of EWSB  dynamics

q say the final word about heavy WIMP dark matter 

FCC-ee: 90-350 GeV

q measure many Higgs couplings to few permill 

q indirect sensitivity to E-scale up to O(100 TeV) by improving by ~20-200 times 

the precision of EW parameters measurements, ΔMW < 1 MeV, Δmtop ~ 10 MeV

Main technology challenge: ~ 16 T magnets

FUTURE ACCELERATORS



FUTURE ACCELERATORS

CIRCULAR EP COLLIDER (CHINA)



AWAKE
Advanced Proton Driven Plasma Wakefield Acceleration Experiment

Proof-of-concept demonstrated: 400 GeV protons from SPS generate strong EM fields in a 
10 m plasma cell à injected e- beam accelerated in the wake of the p beam
~ 3x1011 p/bunch at 400 GeV à 20 kJ  (cfr ~ 40 J for laser/e- driving pulses)

2018: first demonstration of p-driven e- acceleration (paper published in Nature):
20 MeV à 2 GeV over 10 m: corresponds to gradient of 200 MV/m 

protons

quadrupoles

spectrometer 
dipole scintillator

camera

Laser 
dump

e-

SPS
protons

10m Rubidium plasma
RF gun

Laser

Proton diagnostics
OTR, CTR, TCTR

p 

NEW TECHNOLOGY, HIGHT GRADIENT, COMPACT ACCELERATOR

FUTURE ACCELERATORS


